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ABSTRACT

Viruses are widely modified andsed as gene delivery vectors for various applications
in science and therapeutics. To this end, my thesis focuses on modifying the recombinant
adeneassociated viral (rAAVyectors that are identified asafer choice for cargo delivery
compared to othémown viral vectorsTheyare widely used in the scientific communities,
haveseen promising outcomes in gene therapy clinical tréadd as of todayhavethree
products approved to use in humans. However, the natural repertoire of rAAVs have broad
tropism when delivered systemically, and there is room for further improvement on the
efficiencyandspecificity, especially fogene delivery ithe central nervous system (CNS).
The prior work done in Dr. Gradinaru lab addresses the 3susing a directedvelution
approach called CREATE re recombinatiobased AAV targeted evolutipto identify
AAV -PHP.B and AAVVPHP.eB capsids, which broadly transduce the CNS (Deverman et al,
2016; Chan et al, 201 L REATE selects for function&dx-flipped viral DNAtha crosses
the bloodbrain barrier (BBB) and successfully transduces a spec#ive celtype
expressing Crehereby appling a strong selection pressukowever the method is limited
by its ability to identify a handful of enriched varigngsd may o be prone to false
positivesresultingfrom experimentabiases.The effort tofully understand the selection
landscapgandto select for capsids that are not just efficient towards ayqedl but also
specific tavardsit, led to the development dflultiplexed CREATE (M-CREATE). M
CREATE allowsparallel positive selections across different-tghes of interestenables
posthoc negative selections across-taffgetsusing a nextgeneration sequenci®GsS)
based capsid recovendretairsthe pringples of Credependent functional recovery from
CREATE. The methodhas asynthetic library generaticapproactio minimize biases within
selection rounds, a variant replicate feature to identify the signal versus noise within a
biological system, and an awsis pipeline to groufamilies of enriched variantsased on
amino acid motifsall of whichtogetherincreases theonfidencein the outcomeandthe
throughput from a singlexperimentSelectiors across brain endothelial cells, neurcarsd
astrocyteyielded severahAV -PHP.Blike variants that broadly transduce the CNAY -

PHP.V variants that can efficiently transduce the vascular cells forming the=BBBY -



PHP.N variant that transduces neurons with greater specifiothAAV -PHP.C variantl)s(
thatcross the BBB without murine strain specificigross tested strainBheAAV -PHP.C
variants have different amino acid motifs compared toAA¥ -PHP.Bsthat havebeen
previouslyshown to havdimited CNS transduction across someousestrainsdue to its
interaction with the strain specific host cell surface receptor, ly6a, a homolog of which is not
found in humangHordeaux et al, 2018jordeaux et al, 2019; Huang et al, 2019; Batista et
al, 2019)Therefore AAVVPHP.Cs offeramehope towards translati@cross other species.

In summary, the MCREATE methodologyturns out to be a higbonfidence robust
selection platform to yieldeveral novel viral capsids for use in neurosciencepatehtial

gene therapy related applications.
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M-CREATE is a higkconfidence, multiplexedin vivo selection platform that yields
vectors (i.e., viral capsids)with desired tropisms. MCREATE identifies positively
enriched vectors from etarget tissues or cell types that are alsgatigely enriched across
off-targets through nexgeneration sequencing (NGBased vector recovery. The selected
vector librariesre subjected to clustering based on the shared mutation patterns (or motifs)
to identify distinct families of vectorgherdy generating multiple candidates to address

gene delivery challenges.
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Chapter 1

BACKGROUND ANATIMONI V

Sectionl.5 of this chaptehasbeen adapted from:

Deverman B.E., Pravdg P.L., Simpson B.P., Ravindra Kumar, S., Chan K.Y.,

BanerjeeA., Wu, W.L., Yang B., Huber N., PascaS.P., GradinaryV. Cre-dependent
Capsid Selection Yields AAVs for Global Gene Transfer to the Adult Bidature
Biotechnologyd4, 2041 209 (2016) https://doi.org/10.1038/nbt.3440

1.1. VECTORS FOR GENE DELIVERY

One of the fundamental needs in biojogre tods to study cells orassociated
pathologiesandeventuallydesigntherapiego treat the impaired cellg\t a cellular level,
all of the above involvean exogenous supply of genes encoding proteins of interest.
Molecular tools than can package a desired gene and deliverdetbaae called vectors
or vehicles. Vectorsan turn outo be the most powerful tool for a biologist if we can
design them to precisely target a agibe of interest efficientlyandcan become a vital
resource across various disciplinesich as in basiand biomedical scienceand in

clinics.

The gene deliery vectors carbe broadly classified based on the source as-non

viral and viral vectors.
Non-viral vectors

The nonviral delivery systemgomprisechemical and biochemicakctors such as
lipid-based vectors, peptidsed vectors, natural and synthetiolymers calcium
phosphatesand metal nanoparticte$’. These nonviral vectorsare attractive for their

biosafety aspect given thesiynthetic nature, and thereby thaability to elicit strong


https://doi.org/10.1038/nbt.3440
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immune response in the hostiowever these notviral vectorsare limited in their

applications due to lowdransfectionefficiency, and have beerdesignedonly for fewer

target cell populatiogiven the time, cosaind labor involved in engineering such vectbrs
15

Viral vectors

Viruses that are known to infect mammalian cells are natwalbting vectors, and
they are subjected to engineerimg making them replication deficiergtripping them of
their toxic genomeand replaing it with our gene of interesd serve as a safgenedelivery
vector(alias recombinant viral vectoiyome viuses have been recognized and engineered
for this purpose including; retroviruses, lentivirus, adenovirus (AB@neassociated virus
(AAV), herpes simplex virus (HSV)yabiesand baculovirusdowever, depending on the
viral vectors, they have their owpros and cons includingropisms, transduction
efficiency and specificity stability of transgene expressianytotoxicity, and immune
responseall of which influence their potential applications in science and thetépfes

Some notable vectors are highlighted below.
Retroviruses

Retrovirusesre RNA viruss, andwere the first to be recognized and engineered as a
viral vector inthe 1980£° and they eventually entered tirst gene therapylinical trial in
the 1990sfor adenosine deaminase deficiency (AB'AHowever,the use of retroviral
vectors observed a majeetbackdue to itsinnate ability to randomly integrate into host
genomewhich may at times lead tosertional oncogenes$?®. Hencethe issues associated
with the use of these vectors lirttieir application® .

Lentivirus

Lentivirus is a RNA retrovirugand the recombinantral vectors? 3*stands out for its
ability to transduce both dividing and rdividing cell$¥%’. Given its broad tropism, these

recombinant viral vectors have gained a lot of attention in both basic science appfftations
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42and in gene therap¥*°. However gven with the continuous engineering efforts to reduce

the random integration everitgo host genme, the risk is not eliminatét
Adenovirus (AD)

Adenoviruses are neenveloped, icosahedral, douldzanded DNA viruses that
are widely use@s gene delivery vectdrs®, and also as recombinant viral vaccitfes.
ADs are attractive for theiability to exist as episomal DNA (extteghromosomal DNA
that doesnot integrate with host DNA)to package largeggenome®® and modified
tropisms through engineeritfg?> However,one of the majodrawbackdor gene therapy
applicationis their ability toinduce stronghost innate immne responsé$®’, such as the
one seein the 18yearold Jesse Gelsinger case, whefatalinflammatory respnsein
days afteradministemg AD packaged with ornithinetranscarbamylasdéed to his
deathy8°°

1.2. ADENOASSOCIATHED VIRAL VECTORS FORGENE DELIVERY

Adencassociated viru¢AAV)

AAV s are 25 nm, nonenveloped, icosahedrffiormed from60 monomers)DNA
parvoviruseswith a singlestranded 4.7 kb genof¥&°. AAVs are replication incompetent
and depend on a second vifasinfection such as AD or HS¥ The genome carries two
genes:rep and cap, comprisingthe Rep proteins (Rep78, Rep68, Rep52, Rep40) that
coordinate AAV replicatio¥f, a capsid assembhctivating protein (AAPF and a
membraneassociated accessory prot@idAAP)®® from alternatepenreading frams, and
capsd proteins (VP1, VP2, VP3) that form the capsid bathese genes aftanked by
inverted terminal repeats (ITRs) which are packaging signals for the genome and are
involved in 29 strand DNA synthesis in the host ¢elhd also has a terminal resolution site

to enable site specific integratiarté human chromosome 19 (AST)Y Y74,

Advantages of using rAAVSs as vectors for gene delivery
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What makes rAAVs appealing for vivogene delivery applicationstheirlatent (or

harmless)infection without the helper vird§>7¢ and most of the viral genome can be
stripped off to insert the cargo of interest he only viral sequences required within the
rAAV genome are the ITRE45 bases on either endtbe genomg’” ’°. The vectors are
nonpathogenicand have been shown éxhibit low immunogenic respons&heirlong-
term persistence as episomal DNA in transduced delsers the risk of random
chromosomal integration everitsat are otherwise observed with retrovirusés of the
above features make them a safer choiqggeak deliverywector over other viruses. Above
all their ability to transduce both dividing and rdiriding cellsmakes them widely usable

for various applicatioryd 88085,

Current AAV vector applications

Vectors can find their applications across various disciplines in science.
Basic Science

There has beemore acceptance in ugitherAAV viral vectors in laboratories all
over the world to address a myriad of science questions that requires delivery of genes to a
specific target of interesthescientific needgvolve delivering a specific or multiple genes
underinvestigationwhich includes an endogenous gene, an actuator, a sensor, or a¥eporter
This could be easily achieved withAV viral vector§’. rAAVs have been used in
applications likecell circuits tracingf, probing cellular activity using techniques like
optogenetics or chemogenetitsbuilding disease modé&fs etc. The currentalternative
experimental setup using transgenic animalsycayra modified gene has limitatiorsich
as the cost and time involved in generatiod maintenanaaf transgenic lines. The growing
needs to cover the diverse cell populations or pathological conditions under investigation
limits its application¥" ®3, Compared to transgenics, the gene delivery vectors are easier and
faster to implement; they could be useddwiver broadly across various targets under
investigation, higher tissue or céjfpe specificity based on the mode of vector delivery, the
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nature of the cargo, or by the use of engineered vectors; and they alleeotitralable

gene delivery in a hasivhich is eucial for studyingpathologie®’*2
Biomedical Science

The use oAAV viral vectors for drug disc@ryin vivocan speed uprogressn these
areasof researchtherebyincreasing the potential to identify neierapeutidargets and

thereforenewer therapiéd %,
Gene therapy

Gene therapy is a methodology that uses identified therapeutic genes to be delivered
to the diseaskcells torepairtheloss of functionrAAVs, in addition to their predominant
use in science, are promising vectors in gene therapiefototreating monogenetic
disorder€¥ 1% The first long term persistence of gene expression in mammalian brain by
rAAV based gene delivery led to a great start in 1880shich then quickly followed with
the first human gene therapial for cystic fibrosis (CFf3 In 2008, rAAV was shown to
have promising outcome to treat leber congenital amarosus {PCK)

Three rAAV based gene therapies have been approved till date to use in lelinics.
2012, the first gene replacement therapy using rA#aged drug named Glybera, was
approvedby the European Regulatory Commissi(ERC) to treat lipoprotein lipase
deficiency (LPLD}". In 2017, Food and Drug Administration (FDA)prpved the first
rAAV based gene therapy in US, namagdkturna (voretigene neparvovezyl) to correct
RPE65 mutatiorassociated inherited retinal dystropty% In 2019, FDA approved
Zolgensmaonasemnogene abeparvoyextreat spinal muscular atrophy (SMA)'*2 In
additionto theseapproved theraps currently~14% of the gene therapidisat have entered
the clinical trials usesAAVs, which is at2"? positionfollowing ~27% using vaccinia virus
Other trialscomprise~11% using ADs oretrovirues, ~6%using LVs, ~4% usignakedor
plasmid DNA and ~1% using HSV

Current limitations of AAVs
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While the properties of AAVs certainly account for their use in research labs and

clinics, their useneeds a significant improvement on thensduction efficiency anrget
specificity!!3. There are currently 12 known serotypes of AAVs with sequence similarity
between 50 99% that are known to exhibit different but overlapping tropi&nkhese
tropisms are often attributed to their uptake by specific cell surface receptors. For instance,
AAV2 binds to heparin sulfate recepttrand AAV9 binds to galaose receptdt®. In
addition to these major receptors, several have identifiedagptors which contribute to
their cellular uptak€®” While these receptors contribute to some differences in the tropism
among serotypes, the receptors arbroadly expressed across different tissues. In other
words, the AAVsarenaturally evolved to have broad tropismasd this needs to be addressed

if we want to use them as safe vehicles for gene delivery to a specific barggdition to

the serotypespecific receptors and geceptors, the AAVs are also known to have a

universal receptor AAVR, and this could be crucial for host cell infectiity®

Given the presence of multiple receptors and incomplete understanding of the biology,
alternate approaches have been taken to tackle the issuaangefitransduction such lag
performing localized injectiorio deliver the cargé?, or cargo engineering to restrict
expression to cell populations of interesir by coupling injection of AAVs carrying
transgene that is controlled by a recombinase enzyme such as Cre ttan€genic
animals to get specificity in transgene expresSibha vi ng sai d that, thes:
always feasiblend are often very invasivAlternative strategie®tachieve highly targeted
gene delivery and protein expression are desiradgas that are anatomically hard to access
for AAV injection, in cell-types with unknown specific regulatory elemeatsd in celtypes

with lack ofavailablity of cell-type sgcific transgenic lins.

1.3 ENGINEERING AAV CARGOS FOR EFFICIENT AND TARGETEBROTEIN
EXPRESSION

AAVs with improved transduction efficiencies and improved-tgie specificityj.e.,

with minimal offtarget transduction via systemic injection would opprmmany potential
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applications in science to begin with and may eventually find their purpose in gene therapies

too.

These are currently addressed/ayious modifications done the cargo or the rAAV
genomé?® 127 To improve transduction efficiency, strong ubiquitous promoters or enhancers
have been engineered to fit into the rAAV genome size®fiftt'?? ITRs have also been
mutated to engineer to a sefmplementary AAV (scAAV) version which can deliver the
genome as a doubleanded DNA (dsDNA) instead ofssDNA but at half the genome size
(2.35 kb¥*°. This scAAV version alleviates the rate limiting step of the second strand
synthesis in the host cell, thereby shown to improve the transduction efficiency.

To restrict expression of delivered cargo to the-tgles of interestregulatory
elementsare engineered to fit the need<ll@ype specific promoters or enhancers can
regulate expression in a defined cell populdfidt32 Inducible promoters (such as
tetracycline inducible promoter) can control the dose or time of expr&Ssi@her
regulatory elements such as microRNA targeting signal are identified acreggpeslbf
interest and can selectively suppress expression in a cell type where the recognized miRNA

can act on #4137,

While the cargo engineering is a welcome addition to improve the efficiency and
specificity of the vector delivered gene esgsion, these strategies do not completely
alleviate the problem when a nowasive systemic delivery is preferred where the vectors
still deliver genes across different orgatierebyturning on the immune responge the
host cell*38 Also, these regulatory elementan have varying degrees of specificity or
efficiency across celtypes.Hence it is only seen as an added advantage to the existing
vectors, and not a definitiadlution to the probleraf broad tropism

1.4 ENGINEERING AAVCAPSIDSTO MODIFY THE VECTOR TROPISM

Engineering AAV capsidsto overcome the current limitations has been of great

interest to the fieldFor instance, euronspecific AAVs will be useful fomeural circuit
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mapping studiés®, and the organ specific ones, say heart, lung and kidney, will find broad

applications to study pathologies and to develop diseaseelstfd*2 Broadly, the
availablity of these specific variants can facilitate Aamasive delivery of vectorsvhich

will simplify the whole procedure involved in gene delivery both in science and in clinics.

Several groups have attempted to address this problem using a matseTatrational
approacff3 148 or directed evolution approati*4*1°3 Progress with the rational design has
been slow due to our limited understanding of the capsid strifaturgon relationship. In
light of this, directed evation seems to have mopromise for vector engineering because
it requires little to no knowledge of a receptor target or mechanism of%ftry

1.5 IN VIVO SELECTION OF AAV CAPSIDS USING CREATE

RecombinantAAVs are the preferred vehicles for manyvivogene transfer
applications across cell populatiot®wever,applicationsinvolving gene transfer to the
central nervous systenCNS) are limited due to thelower transduction efficiencyand
specificityfrom natural or engineered vectora systemic delivergcross species, and often
requires invasive routes of delivery or very high doses of V¢8> This is because
for intravenous delivery, thhighly selective bloodbrain barrier (BBB)poses a serious
challenge,and the cellular heterogeneity of the CNS preskmther challenges for gene

transferapplications.
Cre recombinatiorbased AAV targeted evolution method (CREATE)

In 2016, Deverman, Bet al*’ developedan in vivo selection methodo provide
selective pressure for capsids that cross the BBB and functionally tra@dd8cell types.
This method, calle€REATE (Cre-recombination based AAV targeted evolution) iGre
recombinationdependent approach to selectivedgaver capsids that transduce predefined
Cre-expressing target cell populatio@®REATE uses an rAAV capsid genome (rAASAp
in-cis-lox) that couples a fulength AAV capgene, controlled by regulatory elements from
the AAV repgenewith a Creinvertible switch (Figure 1.2). By building capsid libraries
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within the rAAV-Capin-cis-lox backbone and delivering the virus libraries to animals with

Cre expression in a defined cell population, the system enables the selective amplification

and recovery of sequesgthat havaansduced the target populatidfigure 1.2)*°".
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Figure 1.2 Cre-dependent recovery of AAV capsid sequences from transduced target cells.

(a) An overview of the CREATE selection process. PCR is used talunte diversity (full

visual spectrum vertical band) into a capsid gene fragment (yellow). The fragment is cloned
into the rAAV genome harboring the remaining capsid gene (gray) and is used to generate a
library of virus variants. The library is injectetto Cre transgenic animals, and PCR is used

to selectively recover capsid sequences fromi &ats.(b) The rAAV-Capin-cis-lox rAAV
genome. Cre inverts the polyadenylation (pA) sequence flanked by the lox71 and lox66 sites.
PCR primers (half arrows) atesed to selectively amplify Giecombined sequences)

PCR products from Cre recombinatialependent (top) andindependent (bottom)
amplification of capsid library sequences recovered from twd @r€ré mice are shown.
Schematics (bottom) show the PCR amplification strategigSchematic shows the AAV
genes within the RepAP AAV helper plasmid and the proteins encoded byctHpgene.

Stop codons inserted in thapgene eliminate VP1, VP2 and VP3psid protein expression.

(e) DNaseresistant AAV vector genomes (vg) produced with the split AAV2/9-R&p

and rAAV-Capin-cislox genome (top) as compared to the vg produced with standard
AAV2/9 RepCap helper and rAAMUBC-mCherry genome (middle) or \mithe AAV2/9
RepAAP and rAAV-UBC-mCherry genome (bottonm).= 3 independent trials per group;
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mean + s.d.; *P< 0.01, **P< 0.001; onevay ANOVA and Tukey's multiple
comparison tesf{f) Cloning the mer capsid library into the rAANp C aipcis vector(Q)
The AAV9 surface model shows the location of theét inserted between amino acids (aa)
588 and 589 (magenta). Sites encoded with the-§&Rrated library fragment (aa 450
592) are &own in yellow®’,

Using CREATE, the natural serotypeAV9 that is known to cross the BBBss
efficiently was chosen tevolveby targetednserton ofarandomized/-mer(7-amino acid
long peptide within a surfaceexpased site of the capsid (between AASEER) and then
intravenously injected this large library (a theoretical library size of ~1.28 billion variants)
in a Cretransgenic mouswhere Cre expression was restricted to the CNStyqa#l of
interest GFAP-Cre, a astrocyte specific Cre transgenic line was chosen given the high
prevalence of this cell population in the CNS. Two weeks ipogit/o selectionthe mice
were sacrificed to collect the brain and spinal cord. The viral DNA was extracted from the
tissueand selectively amplified the viral DNA from the &esitive cellausing primers that
can selectively yield a PCR product ofthpped viral DNA. This was then pooled together
to make a second viral library ftve second round of selectibfi

Post two rounds of selectiotine recovered variants were cloned backscherichia
coli, and the highly enriched variants were identified by sanger sequencing. The outcome
resulted in a handful of enriched varigmach of whib had a unique-ther motif A rAAV
capsid variant called AAV-PHP.B expressé the transgene broadly in CNS and the

transduction efficiency was at least#d higher compared to the parghRtgures 1.3)*°".

a AAV9 (1 x 10'?vg) AAV-PHP.B (1 x 10" vg) AAV-PHP.B (1 x 10" vg)
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Figure 1.3: AAV-PHP.B mediates efficient gene delivery throughout the CNS after
intravenous injection in adult mice.

(@) SSAAV9:CAG-GFP or sSBHPB:CAG-GFP, at 1 x 1§ or 1 x 16 vg/mouse (right), was
intravenously injected into adult mice. Images show GFP expressiesks after injection.
Representative images of GFP IHC in the brains of mice given AAV9 (left) or B (middle
and right).Scale barl mm.

The follow-up work from the Gradinaru lallny Chan, K. et af* repated additional
AAV variants using CREATE. One new variant AMRHP.S provides efficient transduction
of sensory neurons and cardiac muscle, and the second reported A&N&RHP.eB that
was further evolved from AAWPHP.B parentexhibitsbroad CNS trasduction with higher

neuron transduction efficiency compatedAV -PHP.B.

In summary, these studies suppibie use of CREATE to evolve AAVs thahow

greater efficiencyor the desireahervecell types.
16 RESEARCH MOTIVATION
Thesis ains

1. To expandhe potential use of the engineer@HP vectors through development of a
detailed easyo-follow protocol, andestablishstrategies to achieve transgene expression in
specific cell population through cargo engineering, atutlythe usageof vectorsacross

mouse strains or species.

AAV-PHP.eB or AAVPHP. B6s ability to brtypesdf y tra
CNS has been well received by the scientific community for neuroscience appli€&tions
163 However, as every study involves specific cargos to deliver into the desired cell
populations, its usage can be broadened by establishing a datailedtimizegrotocol to
help scientists produce these vectors in a laboratory setting for their own needs. Further, these
engineered vectors can further benefit from strategies to refine the delivered transgene

expression iraselect population under investigatiacros different host systems
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2. To build a highconfidence in vivo selection platform in orderdeercome current

limitations of existingselectiontechnoloy such as CREATENd therebyspeed up the
development othe AAV toolkit to target distinct cell pailations of the central nervous

system via systemic delivery

Developing highly efficient target specific and safe vehicles are ambitious goals to
achieve and any significant success in this direction will benefit the scientific and medical
communities.Such selective tropism requires ianvivo selection platform where we can
perform parallel positive selections across targets of intemedtcouplethe processvith
posthocnegative selections across-tdfgets! would like to approach this by builaly upon
the CREATEmMethod that would allow us to find high performing variants in different mouse
nerve cell types by positive and negative sélat, henceforth referred to Multiplexed
CREATE

The selected capsids could be supplemented with strategiestiter refine the
expression to the target cell population such as the one described earlier involving cargo

engineering
Current limitations with CREATE method

The published CREATE system allows us to do positive selégtitn In other
words,we can enrich for improved variants with several rounds of selection. While this is
optimal to select for high transduction efficiency, this may not be the best strategy if we want
to look for other traits such as selective tropism, functional viruses with no tropism, broad
tropisms etc. Also, the CREATE method does not provide us with an understanding of how
the enriched variants performed in every step of the selection. This is verdynfsemation
for the experimenter to analyze the root cause for ensoh Were these variants recovered
because they highly transduced the cells of interest, or simply because of some other bias
introduced by variabilities in virus production, DNA iy assemblyor PCR amplificatiof?

Since we lacked this firdtand knowledge on the performance of variants in the CREATE

method, we often do not have much confidence aboutwiaigants to test individually.
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Current limitations with the translation ofAAV-PHP.B vectors across mouse strains

and species

The recent works from different laboratories pointed out the limitations with the use
of AAV -PHP.B variants across mouse strains. A mouse strain, BAMadsJirst identified
to lack the enhance@NStransiuction seen with AAWHP.B or eB vectot&’. Follow-up
studies later noticed that the transduction was not consistent across different strains of mice,
and broadly classifieshousestrains that had PHP.B permissibility to thtisat did not®>15¢
This suggested that the BBB across strains of mice is not conserved. The differences across
these strains led to the médication of the endothelial cathembrane proteireceptor, ly6a,
to be responsible for the AAYPHP.B or eB uptake by the endothelial cells that forms the
BBB6>167.168 Thjs not only limits the use of these vectors across mouse strains but also their
ability to translate across speciesashthe homolog foty6ais not found in humans. Hence
to potentiallytranslate the use of vectors across different strains of mouse and across species,

we need to select for new variants that may surpass the current limitations on translation.
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Chapter 2

CHARACTERIZATION AND PRODUCTION OF SYSTEMIC AAV
VECTORS FOR WIDESPREAD AND TARGETED GENE
DELIVERY IN RODENTS

Challis, R. C%, Ravindra Kumar, S.*, Chan, K. Y., Challis, C., Beadle K., Jang, M. J.,
Kim H. M., Rajendran, P. S., Tompkins, J. D., Shivkumar, K., Deverman, B. E., Gradinaru,
V. Systemic AAV vectors for widesprdaand targeted gene delivery in rodehiature
Protocol14, 379 414 (2019)https://doi.org/10.1038/s41598 800973

*equal contribution.

2.1 SUMMARY

We recently developed adeassociated virugAAV) capsids to facilitate efficient
and noninvasive gene transfer to the central and peripheral nervous systems. However, a
detailed protocol for generating and systemically delivering novel AAV variants was not
previously available. In this protocol, waescribe how to produce and intravenously
administer AAVs to adult mice to specifically label and/or genetically manipulate cells in
the nervous system and organs, including the heart. The procedure comprises three separate
stages: AAV production, intrameus delivery, and evaluation of transgene expression. The
protocol spans 8 d, excluding the time required to assess gene expression, and can be
readily adopted by researchers with basic molecular biology, cell culture, and animal work
experience. We progie guidelines for experimental design and choice of the capsid, cargo,
and viral dose appropriate for the experimental aims. The procedures outlined here are
adaptable to diverse biomedical applications, from anatomical and functional mapping to

gene exprssion, silencing, and editing.


https://doi.org/10.1038/s41596-018-0097-3

2.2INTRODUCTION

Recombinant AAVs (rAAVs) are commonly used vehicles for in vivo gene transfer
and promising vectors for therapeutic applicattéhslowever, AAVs that enable efficient
and noninvasive gene delivery to defined cell populations are needed. Current gene
delivery methods (e.qg., int@arenchymal surgical injections) are invasive, and alternatives
such as intravenous admstration require high viral doses and provide relatively
inefficient transduction of target cells. We previously developed Cre recombhinatseal
AAV targeted evolution (CREATE) to engineer and screen for AAV capsids that are
capable of more efficientege transfer to specific cell types via the vascul&téité®1>!
Compared to naturally occurring capsids (e.g., AAV9), the novel AP capsids
identified by CREATE exhibit markedly improved tropism for cells in the adult mouse
cental nervous system (CNS), peripheral nervous system (PNS), and visceral organs. In
this protocol, we describe how to package genetic cargo into-RAF capsids and
intravenously administer AAVs for efficient, noninvasive, and targeted gene delivery at
sitesthroughout the bodyHgure 2.1).
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Stage 1: Production of AAVs (transfection, harvest, purification, and titration)

Steps 1-42
rAAV
pUCmini- genome
|CAP PHP O oHelper
N i v — >
AAV-PHP
capsid
HEK293T cells Purified AAV-PHP viruses

Stage 2: Systemic delivery of AAVs Stage 3: Evaluation of transgene expression
Steps 43-49 Step 50

Organs with transduced cells (¢

Figure 2.1: Overview of the protocol.

The Procedure comprises three main stages: AAV production (Stég} intravenous

delivery (Steps 439), and evaluation of transgene expression (Step 50). The pAAV
plasmid corains the rAAV genome (e.g., containing a fluorescent reporter, shown in
green) Figure 2.6 and Table2.T1), which is packaged into an AARHP capsid via triple
transient transfection. Systemic administration of ARMP viruses is achieved by retro

orbital injection into wildtype or transgenic mice; transgene expression is evaluated after
adequate time has passed for viral transduction and protein expressiotRARAViruses

target cells in the CNS (e.qg., in the brain and spinal cord) or PNS and visgarad ¢(e.9.,

in the heart and gut). Filled green circles represent transduced cells. For illustrative
purposes, we use fluorescent labeling as an example of how to assess transgene expression;
however, assessment Egparmentabdeghd ost ehcetri o mo rfmomssr (¢
SeeFigure 2.7afor a time line of the Procedure.



Among our new capsid variahtd*4157 AAV-PHP.B and the further evolvi(/j
AAV -PHP.eB efficiently transduce neurons and glia throughout the Eigaré 2.2);
another variant, AAYPHP.S, displays improved tropism for neurons within the PNS
(Figure 2.3) and organs, including the gétand heartKigure 2.4). Importantly, these
capsids target cell populations that anenmally difficult to access because of their location
(e.g., sympathetic, nodose, dorsal root, and cardiac gargiia)rés2.3ai c and2.4d) or
broad distribution (e.g., throughout the brain or enteric nervous systeguo)yés 22 and
2.3d) and can be uized in several mouse and rat straiRgy(ire 2.5). Together with the
capsid, the genetic cargo (or rAAV genome) can be customized to control transgene
expression Kigure 2.6 and Table 2.T1). The rAAV genome contains the components
required for gene expssion, including promoters, transgenes, praigifiicking signals,
and recombinasdependent expression schemes. Hence, different tapsib
combinations create a versatile AAV toolbox for genetic manipulation of diverse cell
populations in wildtype and transgenic animals. Here, we provide researchers, especially
those new to working with AAVs or systemic delivery, with resources that will help them

utilize AAV-PHP viruses in their own research.



1€

[3xmiR-204 TS] [(BxmiR-708 TS
o T (o W) (o W T
[[CAG |EaiioIXER] W [pA | [ CAG EGHoIKER] W [pA | [CAG A |

d

a ssAAV-PHP.eB:hSyn1-NLS-mNG; MBP-NLS-tdT; GFAP-NLS-mTurg2

Cortex Thalamus

|.3x miR-204 TS

on ‘ . ["cac [GGamPe] W [ pA | ["cAG [TGGaMPeL] W oA |
A eB: | - . hSym -mNG

1.0 1.0 (NeuN) $

08l® % 0.8 . * MBPdT
i 225 X T, ;& 3 (i) <
§ 0.4 %é e % 0‘4 sez - A » GFAP-mTurg2
a o o - &0 * 1$100) .
& 5 : tx (¢

02 . 0.2

00 3+ o & 00 i+ o &

Oo(\ \éo‘) ,Ol(b‘ Oo{\ \(b@‘\' 60@\
& \‘ «*\'b ®

Figure 2.2: AAV-PHP.eB and gene regulatory elements dta cell typéspecific gene
expression in the brain.

(ai c), We used AAVPHP.eB to package singitranded (ss) rAAV genomes that express
fluorescent reporters (XFPs), each with two nuclear localization signals (NLS), from cell
typé specific promoters. Gemes containing the hSynl, MBP, or GFAP (GfABC1D)
promoters were used to target neurons, oligodendrocytes, or astrocytes, respectively.
Viruses were calelivered by retreorbital injection to Aweekold C57BL/6N mice (n = 2)

at 3 x 10! vector genomes (viylirus (9 x 10! vg total). Native fluorescence in coronal
brain sections was evaluated 4 weeks later using confocal microscopy. All sections were
mounted in Prolong Diamond Antifade before imagi(@, Cell typd specific, nuclear
localized XFPs label dimct cell types throughout the brain. Tile scan of a coronal brain
slice, presented as a maximumtensity projection; inset shows a zoorniedrziew of the
hippocampus. XFPs were mNeonGreen (mNG; green), tdTomato (tdT; red), and
mTurquoise2 (mTurg2; blueBcale bars, 1 mm and 500 um (ins€bh,c), Antibody
staining can be used to determine the specificity and efficiency of cellsypeific
promoters.(b), Brain sections were stained with NeuN (purple), Olig2 (light blue), and
S100 (purple) to mark neurs, oligodendrocyte lineage cells, and a population of glia that
consists mainly of astrocytes, respectively. NhSIG (green), NLSdT (red), and NLS
mTurg2 (dark blue) indicate nuclelarcalized XFPs. Images are from a single z plane.
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Scale bar, 100 un{c), AAV -PHP.eB differentially transduces various regions and cell
types throughout the brain. O0Specifi-cityo
labeled cells to the total number of XF#? antibodylabeled cells, respectively. For image
proaessing, median filtering and background subtraction using morphological opening
were first applied to each image to reduce noise and correct imbalanced illumination. Each
nucleus expressing XFPs and labeled with antibodies was then segmented by applying a
Laplacian of Gaussian filter to the ppeocessed images. We considered cells that were
both expressing XFPs and labeled with antibodies if the nearest-tmotarter distance
between blobs (nuclei or cell bodies) in two channels was <7 um (half otlheody
size). Five images per brain region were analyzed in each mouse; we excluded images with
tissue edges because bright edges prevent accurate cell detection. Mean + s.e.m. is shown.
(d,e), miRNA target sequences (TS) mi®4-5p or miR7085p'° can be used to achieve
expression that is more restricted to neurons or astrocytes, respetiy,elfe indicated
pairs of vectors were separately packaged into AAVWP.eB and cadministered via
retro-orbital injection to 6 to 8weekold C57BL/6J mice (n = 2) at 1 x 0vg/virus (2 x
10 vg total); mNG and control XFP fluorescence were evaluated 3 weeks later using
confocal microscopy. The CABING genome (green) contained no miRNA TS (left) or
three tandem copies aiiR-204 (middle) or miR708 (right) TS; the CA&FP genome
(magenta) contained no miRNA TS and was injected as an internal contreRO#iR
reduced expression in cells with the morphology of astrocytes, and/@@Reduced
expression in cells with neurdnamorphology. Scale bar, 100 pn(e), ssAAV-
PHP.eB:CAGGCaMP6#3x-miR122TS (left) or ssAAVPHP.eB:CAGGCaMP6#3x-
MiR2045p-3x-miR122TS (right) was injected into-@o 8-weekold C57BL/6J mice (n =
2) at 1 x 18! vg/mouse; gene expression was evaluatede8ks later using confocal
microscopy. The miR04 TS reduced GCaMP6f expression (green) in S100+ glia
(magenta) in the cortex. Both vectors contained three tandem copies-@2&iR reduce
expression in hepatocyt€® Insets and asterisks highlight representative images of S100+
glia. Scale bars, 50 um and 10 um (insets). Refefable 2.T1 for details of rAAV
genones. Experiments on vertebrates conformed to all relevant governmental and
institutional regulations and were approved by the Institutional Animal Care and Use
Committee (IACUC) and the Office of Laboratory Animal Resources at the California
Institute of Tehnology. In our primary publicatid® results were obtained using the
C57BL/6J mouse line. pA, polyadenylation signal; W, WPRE.
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a Paravertebral ganglia b c
ssAAV-PHP.S:hSyn1-mNeonGreen Nodose ganglion Dorsal root ganglion
sSAAV-PHP.S:CAG-DIO-mRuby2 ssAAV-PHP.S:CAG-DIO-eYFP ssAAV-PHP.S:CAG-DIO-XFPs

TRPV1-IRES-Cre

Myenteric and submucosal plexuses in duodenum
sSAAV-PHP.S:mTH-GFP; ssAAV-PHP.S:hSyn1-tdTomato-f

76 4§

C57BL/6J

TH-IRES-Cre

Figure 2.3: AAV-PHP.S transduces neurons throughout the PNS.

We used AAVPHP.S to package singiranded (ss) rAAV genomes that express
fluorescent reporters from either newspecific (e.g., hSynl and TH (tyrosine
hydroxylase)) or ubiquitous promoters (e.g., CAG). Viruses were delivered byrbital
injection to 6 to 8weekold C57BL/6J or Cre transgenic mice, and transgene expression
was evaluatedi3 weeks later. Wholenount tissues were optically cleared using either
ScaleS&°(a (right), ¢, andd) or RIMS"11"2(b) and imaged using wideld or confocal
microscopy; confocal images are presented as maximiemsity projectionga), SSAAV-
PHP.S:hSynimNeonGreen and ssAA¥PHP.S:CAGDIO-mRuby2 were canjected into a
TH-IRESCre mouse at 1 x H/g/virus (2 x 1@ vg total). Native mNeonGreen (green) and
mRuby2 (red) fluorescence were assessed 2 weeks later usinfielddéeft) or confocal
fluorescence microscopy (right). Images are from the second to sixth thoracié) T2ft)

and eighth cervical to second thoracic {T38) (right) paravertebral ganglia, which provide
sympathetic innervation to thoracic organs, including theart. Arrows denote
mNeonGreennerve fibers. Scale bars, 1 mm (left) and 500 pum (righ}). SSAAV-
PHP.S:CAGDIO-eYFP was injected into a TRPMRES-Cre mouse at 1 x 1¥g; gene
expression in a nodose ganglion was evaluated 3 weeks later. Sc&8am.(c), A
mixture of three separate viruses (SSARWP.S:CAGDIO-XFPs) was injected into a
TRPV1-IRESCre mouse at 1 x 2/g/virus (3 x 1&vqg total); gene expression in a dorsal
root ganglion was evaluated 2 weeks later. XFPs were mTurquoise), (lmNeonGreen
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(green), and mRuby2 (red). Scale bar, 200 {a)). sSSAAV-PHP.S:mTHGFP and
ssAAV-PHP.S:hSyntdTomatof (farnesylated) were emjected into a C57BL/6J mouse at
5 x 10 vg/virus (1 x 1@ vg total); gene expression in the duodenum wasssde?2 d later.
The image stack includes both the myenteric and submucosal plexuses. Inset shows a
zoomedin view of ganglia containing THtell bodies (green); tdTomafdred) labels both
thick nerve bundles and individual fibers. Scale bars, 200 |fthdled 50 um (right). Refer
to Table 2.T1 for details of rAAV genomes. Experiments on vertebrates conformed to all
relevant governmental and institutional regulations and were approved by the Institutional
Animal Care and Use Committee (IACUC) and thec@fbf Laboratory Animal Resources
at the California Institute of Technology. In our primary publicdfi§mesults were obtained
using the ChATIRES-Cre driver mouse line.

a Whole hearts b Cardiac muscle c Cardiac nerves
CAG-NLS-GFP ssAAV-PHP.S:CAG-XFPs ssAAV-PHP.S:CAG-DIO-XFPs
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Ex vivo intracellular recordings

ChAT-IRES-Cre
Figure 2.4: AAV-PHP.S for mappimg the anatomy and physiology of the heart.

AAV -PHP.S viruses were delivered by retrbital injection to 6to 8weekold C57BL/6J

or Cre transgenic micé), AAV-PHP.S transduces the heart more efficiently than the
current standard, AAV9. ssAAVO:CAGLS-GFP or ssAAVPHP.S:CAGNLS-GFP were
injected into C57BL/6J mice at 1 x110g/mouse. Native GFP fluorescence was assessed in
wholemount hearts 4 weeks later using wifgdd fluorescence microscopy
(unpaired test,t- = 8.449,~ P <0.0001). For AAV9and AAV-PHP.Snh= 5 and 4 mice,
respectively. a.u., arbitrary units. Mean + s.e.m. is shown. Scale bar, ®)n/k mixture

of three viruses (sSAAWPHP.S:CAGXFPs) was injected into a C57BL/6J mouse at 3.3 x
10 vg/virus (1 x 1@ vg total); gene expssion in cardiac muscle was evaluated 11 d later.
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Individual cardiomyocytes can be easily distinguished from one another. Scale bar, 200
pum. (¢), A mixture of three viruses (sSSAAFHP.S:CAGDIO-XFPs) was injected into a
TRPVIIRESCre mouse at 1 x 30/g/virus (3 x 1@ vg total); gene expression in cardiac
nerves was evaluated 2 weeks later. Scale bar, 5Q)ssAAV-PHP.S:EL éDIO-ChR2
eYFP was injected into ChATIRES-Cre mice (= 2) at 1 x 18 vg; gene expression in a
cardiac ganglion was evaluat8dwveeks later (left)Ex vivointracellular recordings were
performed after 5 weeks of expression. Differential interference contrast (DIC) image
(middle) shows the optical fiber for light delivery and electrode for concurrent intracellular
recordings; iset shows a highenagnification image of a selected cell (asterisk).
Cholinergic neurons generated action potentials in response-tovlight pulses (5 Hz, 20
ms) (right). Scale bars, 50 um (left), 300 um (middle), and 10 um (inset). Vifiolat
tissues in(b), (c), and(d) (left) were optically cleared using ScaleStand imaged using
confocal microscopy; confocal images are presentsechaximuraintensity projections.
XFPs in(b) and(c) were mTurquoise2 (blue), mNeonGreen (green), and mRuby2 (red).
Refer to Table 2.T1for details of rAAV genomes. The pAA¥ f DE-ChR2eYFP
plasmid was a gift from K. Deisseroth, Stanford University @efte, plasmid no. 20298).
Experiments on vertebrates conformed to all relevant governmental and institutional
regulations and were approved by the Institutional Animal Care and Use Committee
(IACUC) and the Office of Laboratory Animal Resources at thef@ala Institute of
Technology. In our primary publicatiéfi, results were obtained using the CRIRES-Cre
driver mouse line.
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c Fischer rat Long-Evans rat

™! l:] AAV-PHP.eB

AAV9

AAV-PHP.B

129T2/svEmsJ mouse

ssAAV-PHP.eB: —_— ssAAV-PHP.eB:

Thalamus
Cerebellum Hippocampus Cerebellum

Figure 2.5: AAV-PHP.B and AAV\PHP.eB can be used in several mouse and rat stsai

Hippocampus Moy S Thalamus

e FVB/NCrl mouse
AAV-PHP.B

(a), AAV-PHP.B transduces the brain more efficiently than AAV9 in C57BL/6J, FVB/NCirl,
and 129S1/SvimJ mice, but not in BALB/cJ mice. sSSAAV9:CAlieonGreen or SSAAV
PHP.B:CAGmMNeonGreen were systemically delivered 10068-weekold C57BL/6J (=

1i 2 mice per group), FVB/NCri(= 2 mice per group), 129S1/Svirm< 2 mice per group),
and BALB/cJ micer§ = 2 mice per group) at 1 x 2@g/mouse. 3 weeks later, sagittal brain
sections were mounted in Vectashield and imaged using confocal microscoginglisrad
display parameters are matched across all panels. Scale bar(l2 grExamples of AAV
PHP.B and AAV-PHP.eBmediated brain transduction for fluorescent labe(img) and
calcium imaging(d,e) in different mouse and rat strains. Gene exprassias evaluated
using confocal microscopyb), sSAAV-PHP.eB:CAGtdTomato (Addgene) was delivered
by retreorbital injection to a 1@veekold 129T2/SvEmsJ mouse at 3 x:Mg; tdTomato
fluorescence (red) was examined 2 weeks later. Scale bars, 1 mnarftb@00 pm
(insets)(c), sSAAV-PHP.eB:CAGmMRuby2 was administered by tagin injection to a 6
weekold female Fischer rat at 3 x 110g; 3 weeks later, brain slices were mounted in
Prolong Diamond Antifade for imaging. Scale bars, 2 mm (top) and 100ngets).(d),
SSAAV-PHP.eB:CMVYhSyn:GCaMP6£3x-miR122TS was delivered by tailein
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injection to a 4weekold female Longevans rat at 1 x ¥vg; 3 weeks later, brain slices
were stained with a GFP antibody (green) for imaging. Scale bars, 1 mraf(jgmd 100
pm (insets). The vector contained three tandem copies of miIRNA target sequence (TS) miR
122 (CAAACACCATTGTCACACTCCA) to reduce expression in hepatodytebnages
in (d) courtesy of M. Fabiszak/W. Freiwald lab, Rockefeller Univer¢dy. SSAAV-
PHP.B:CaMKllaCaMPARI (calciuramodulated photoactivatable ratiometric integretdr
was administered by retarbital injecton to a 8weekold FVB/NCrl mouse at 3 x 10vg
and cortical expression was assessed 2 weeks later. Images -qna aaXimumintensity
projection of the cortex (left) and 5@0n-thick ScaleS& cleared 3D volume (right). Scale
bars, 100 um. Experiments on vertebrates conformed to all relevant governmental and
institutional regulations and were approved by the Institutional Animal CateUse
Committee (IACUC) and the Office of Laboratory Animal Resources at the California
Institute of Technology. In our primary publicatiéfy results were obtained using the
C57BL/6J mouse line. CaMKlIla, calcium/calmodediependent protein kinase type lla;
CMV, cytomegalovirus early enhancer element.

b Promoter » Transgene Locglization « 3'UTR d
signal

® Cell type—specific promoters # Fluorescent proteins ® Nuclear localization o Constitutive * miRNA target
® Ubiguitous promoters ® Opsins signal (NLS) ® Cre-dependent sequences (TS)
® Enhancers ¢ DREADDs ® Nuclear exclusion ® Flp-dependent
e Tetracycline response e Calcium sensors signal (NES)
element (TRE) e Voltage sensors ® Ras farnesylation

o CRISPR elements e CD4-2 TM domain

o shRNA e PDZ domain

® Tetracycline-controlled

transactivator (tTA)

Figure 2.6: A modular AAV toolbox for cell typispecific gene expression.

The rAAV genome, contained in a pAAV plasmid (not shown), consists of an expression
cassetteflanked by two 14%p inverted terminal repeats (ITRs); the entire genome,
including the ITRs, cannot exceed #b7kb. The promoters, transgenes, localization
signals, and recombination schemes are interchangeable. Gene regulatory elements, such
as promotes and microRNA (miRNA) target sequences (THYy(re 2.2d,6), determine

the strength and specificity of transgene expres$iofiransgenes may be constitutively
expressed or flankkeby recombination sites for flippase (Flpy Cre recombinase (Cre)
dependent expression. In the latter approach, the transgene remains in thdloboedble
inverted orientation (DIO); Crenediated inversion of the transgene enables celli type
specific eyression in transgenic animald-iqures 2.3aic and Figures 24c,d.
Localization sequences further restrict gene expression to distinct cellular compartments
such as the nucleus (via one or more nuclear localization signals (NAiGQ))d 2.2a,b),
cytosol(via a nuclear exclusion signal (NES), or cell membrane (via farnesylatith
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the CD42'7® transmembrane (TM) targeting domain, or PDZproteiri protein
interaction domainsHigure23d) . Not e that the 3a UTR cont a
posttranscriptional regulatory element (WPRE) (609 bp) and a polyadenylation signal (e.qg.,
the human growth hormone (hGH) polyA) (479 bp) (not showoifh of which enhance
transgen®®. We recommend that foreign genes be cedptimized to match the host
species to increase expression from the rAAV genome. Use seepditiog and
annotation software to determine the uniquélattes of each rAAV genome. [hable
2.T1, we list genomes used here and in our previous oK see al so Addc¢
plasmid repository for pAAVs that may be suitable for défarapplications. CRISPR,
clustered regularly interspaced short palindromic repeats; DREADDs, designer receptors
exclusively activated by designer drugs; shRNA, short hairpin RNA.

Vector name pAAV- Expression class Addgene
no.
TRE*mTurquoise2 99113
TRE-eYFP tTA-dependent 104056
TRE-mRuby?2 99114
TRE-DIOP-mTurquoise2 99115
TRE-DIO-eYFP Cre and {TA 117383
Tunable expression TRE-DIO-tdTomato dependent 99116
TRE-DIO-mRuby?2 99117
CAG®-tTA 99118
hSynE-tTA 99119
Inducer
ihSynT-tTA 99120
iIhSynL:DIO-tTA 99121
CAG-mTurquoise?2 99122
CAG-eYFP 104055
Constitutive
Tissuewide CAG-mRuby?2 99123
expression CAG-NLSY-GFP 104061
CAG-DIO-mTurquoise2 104059
Cre-dependent

CAG-DIO-eYFP 104052
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Vector name pAAV- Expression class Addgene
no.
CAG-DIO-mRuby2 104058
hSyntmTurquoise?2 99125
hSynteYFP 117382
hSyntmRuby?2 99126
GFAP-2xNLS-mTurquoise2 104053
hSynt2xNLS-mTurquoise2 118025
MBP'-2xNLS-tdTomato 104054
Cell type speific MTH-GFP . | 99128
expression hSynttdTomatofk Celltypd specific 104060
GFAP-mKate2.5f 99129
mDIx'-NLS-mRuby?2 99130
_(IggmG-eYFFLSX-miR204—5p 117380
CAG-eYFR3x-miR7085p-TS" 117381

CAG-GCaMP6#3x-miR204

5p-3x-miR122TS° 117384

Table 2.T1:pAAV plasmids

A comprehensive list of pAAV plasmids used in this and relatedk’?>” 3TREpi,
secondgeneration tetracyclineegulated promotefDIO, doublefloxed inverted
orientation°CAG, synthetic promoter containing the cytomegalovirus early enhance
element, the promoter, first exon, and first intron of chicken-aetia gene, and the splice
acceptor from the rabbit betgobin gene%TA, tetracyclinecontrolled
transactivator’hSynl, human synapsin | promoténSynl, inducible intron human
syrapsin | promoterNLS, nuclear localization signdiGFAP (GFABCD), glial fibrillary
acidic protein promoteftMBP, myelin basic protein promotémTH, mouse tyrosine
hydroxylase promotekf, farnesylation signal from-ela-Ras.mDIx, mouse distaless
homeobox promotefimiR-2045p-TS: AGGCATAGGATGACAAAGGGAA."mIR-
7085p-TS: CCCAGCTAGATTGTAAGCTCCTT’miR-122-TS:
CAAACACCATTGTCACACTCCA.



Overview of the protocol

We provide an instruction manual for users of ARWP variants. The procedure
includes thre main stagesF{gure 2.1): AAV production (Steps 142), intravenous

delivery (Steps 4i319), and evaluation of transgene expression (Step 50).

The AAV production protocol is adapted from established methods. First, HEK293T
cells are transfected with thrpasmids’®18 (Steps 13, Figure 2.1 andFigure 2.7): (i)
pAAV, which contains the rAAV genome of interestiqure 2.6 and Table 2.T1); (ii)
pUCmIinkiCAP-PHP, which encodes the viral replication and capsid prof€aid€2.T2);
and (iii) pHelper, which encodeadenoviral proteins necessary for replication. Using this
triple-transfection approach, a singig#anded rAAV genome is packaged into an AAV
PHP capsid in HEK293T cells. AAPHP viruses are then harvestédqSteps 414),
purified®2183 (Steps 1531), and titered by quardiive PCR (QPCR§* (Steps 3P42)
(Figure 2.7). Purified viruses are intravenously delivered to mice via +@tbdal
injection'® (Steps 4B49), and gene expression is later assesssidg molecular,

histological, or functional methods relevant to the experimental aims (Step 50).
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a b
Day Step Procedure From transfection
(Steps 1-3)
1 1-3 Transfection ¢
Stipalemontary Teble 2 Collect media and cells
(Steps 4-7)
3,5 4-14 AAV harvest
Figure 7b

Pause points: Steps 11 and 14

6 15-31 AAV purification
Figure 8, Supplementary Videos 1-3,
and Supplementary Table 3 Cell pellet Supernatant
Pause point: Step 31 (Step 8) (Step 8)
+ +
7 32-42 AAV titration Cell lysis PEG precipitation
Supplementary Table 4 (Step 9) (Steps 10-12)
Pause point: Step 35
8 43-49 Intravenous injection
Variable 50 Evaluation of transgene expression
PEG pellet Supernatant
{ (Step 13) (Step 13)
Combined lysate
(Step 14)
+

Pellet Clarified lysate
(Step 18) (Step 18)
+
To AAV purification

(Steps 15-31)

Figure 2.7: Time line and AAV harvest procedure.

(@), Time line of the procedure. The entire protocol spans 8 d, excluding pause points on days
5 (Steps 1 and 14), 6 (Step 31), and 7 (Step 35) and the time required to evaluate transgene
expression (Step 50). Days71(Steps 142) constitute the AAV production stageéidure

2.1). (b), Schematic of the AAV harvest procedure, with images corresponding ¢ateli

steps. The iodixanddased purification protocol does not eliminate empty capsids (i.e.,
capsids that fail to package an rAAV genome), as determined by negfaiivieg
transmission electron microscopy; empty particles are characterized by aonelecse

core. Scale bar, 50 nm. Gray arrows and text denote steps at which the supernatant and pellet
can be bleached and discarded (Steps 13 and 18).
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AAV - Plasmid In vivo characteristics Production  Addgene
PHP name efficiency no.
capsid
AAV - pUCmini- .
PHP.B iCAP-PHP B Broad CNS transduction Good 103002
AAV - pUCmink
PHP B2 iICAP- Broad CNS transduction Good 103003
' PHP.B2
AAV - pUCmink
PHP B3 iICAP- Broad CNS transduction Good 103004
' PHP.B3
AAV - pUCmink
iICAP- Broad CNS transduction Good 103005
PHP.eB
PHP.eB
AAV - pUCmink Broad transduction in PNS
PHP.S iICAP-PHP.S and visceral organs Good 103006
AAV - piCAP- Broad astrocyte transductior Poor CLOVER

PHP.A PHP.A in CNS

Table2.T2: AAV-PHP capsid plasmids

AAV -PHP capsid plasmids have a builttTA-TRE-based inducild amplification loop to
increase virus production. If the rAAV genome has a tetracyatigelated element (e.qg.,
TRE), the tTA on the capsid plasmid will drive a high level of expression from the TRE
containing rAAV genome, which may reduce virus productiTo increase viral yields,
increase the number of dishes per viral pi€pzen the poor production efficiency of AAV
PHP.A, and its tendency to aggregate after purification, we suggest usingPAR\EB to
target astrocytes. Use an astrocyte promoteh sis GFAP, to drive transgene expression
(Figure 2.2ac). To request AAVPHP.A (listed as CLOVER in the table),
visit http://www.clover.caltech.edulCAP, induciblecapexpression; pUCmini, pUC origin

of replication.

This protocol is optimized R¥vectormenontesi ce AA
(vg) /! ml &EwgishPdnd with High trasduction efficiencyn vivo33157


http://www.clover.caltech.edu/
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Applicationsof the method

We anticipate that AAWHP capsidsTable 2.T2) can be used to package rAAV
genomes (contained in pAAV plasmids that are available through Addgene and elsewhere)
(Figure 26 andTable2.T1) to enable a wide range of biomedical applicati@&etow, we
highlight current and potential applications of this method.

Anatomical mapping

Fluorescent reporters are commonly used for cell itypecific mapping and
phenotyping®>188187 (Figures 2.2i25). AAV-mediated multolor labeling (e.g.,
Brainbow®) is especially advantageous for anatomical mapping approaches that require
individual cells in the same population to be distinguished from one another. Wéarsd ot
have demonstrated the feasibility of this apprdadhe braif®*18retinal® heart Figure
24b,0, and gut®® as well as the peripheral gangli@igure 2.3c¢). Spectrally distinct
labeling is welsuited for studying the organization of cells (e.g., cardiomyocifigsie
24b)) in heathy and diseased tissues and lwagge tract tracing of individual fibers
through extensive neural networks (e.g., the erttic cardiac nervous systenf&dqure
2.40).

Functional mapping

AAV -PHP capsidsare also relevant for probing cell function. AMHP.B was
previously used to target distinct neural circuits throughout the brain for
chemogenetic®® and optical imaging applicatiot¥$!®? We predict that AAYPHP
viruses will be beneficial for manipulating neural networks that are typically difficult to
access, such as peripheral circuits controlling the hEytie 2.4d), lungs®?, or gut®3,

AAV -PHP variants could also be utilized to interrogate the function ehearonal cell
types, including cardiomyocyt€d pancreatic beta celf$®® and hepatocyté¥.
Harnessing AAVPHP viruses to modulate cell physiology may reveal novel roles for

different cells in regulating organ function and/or animal beh&§ior



31
Gene expression, silencing, and editing

AAV -PHP viruses can be used to test potential therapeutic strategies that would
benefit from orgamwide or systemic transgene expres$idrRecently, AAVPHP.B was
used to treat®and modéeP°neurodegenerative diseases with widespread pathology. Other
potential applications include gene editing (e.g., via CRISF#2%9) or silencing (e.g.,
via shRNA%); importantly, these approaches could be utilized to broadly and
noninvasively manipulate cells in both healthy and diseased states for either basic research

or therapeutically motivated studies.
AAV capsid engineering

AAV -PHP capsids can be further éxexl for more efficient transduction of specific
organs and cell types throughout the body. This protocol can be used for AAV engineering
applications (e.g., oun vivo capsid selection method CREATE!®). Using a modified
transfection protocol (Steps 3 and online methods in r&f), DNA libraries (generated
by diversification of the AAV cap gene) are packaged to produce AAV capsid libraries,
which are then harvested (Stefisl4 and online methods in r&f), purified (Steps 15
31), and titered (Steps B22). Libraries are systemically administered to Cre transgenic
animals (Steps 439) or wildtype animals in Wich Cre is introduced (e.g., by AAV
delivery), and Cralependent cap recovery from tissues of interest facilitates further rounds
of selection to isolate enriched variants. This protocol can also be used to characterize novel

serotypes identified with CRETE or other engineering methads
Limitations of the method

A major limitation of AAV capsids, including AAVWHP variants, is their relatively
small packaging capacit{<5 kb). Some elements of the rAAV genome, such as the
woodchuck hepatitis posttranscriptionetjulatory element (WPRE), can be trunceteor
removed?®2%to accommodate larger genetic components. The development of smaller

promoter$?®12°and dual expression systeffsin which genetic elements are split between
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two or more viruses (requiring efficieot-transduction), has also enabled the delivery of

larger genomes. Continued development of these approaches will help bypass restrictions on
rAAV genome size. Intravenous administration of AAVs also presents unique challenges.
For example, systemic transdtion may be undesirable for applications in which highly
restricted gene expression is vital to the experimental outcome. PossHtrgeff
transduction, due to the broad tropism of AP variants and/or lack of compatible cell

typd specific promotes, can be reduced by miRNAediated gene silencing. Sequences
complementary to miRNAs expressed in-afifget cell populations can be introduced into
the 3ag UTR of Fidgue 286); Al Yas heemshiawe to (educe-taffget
transgene expressicaand better restrict expression to cell types of int&fe®8t (Figure

2.2d,8). Another challenge of systemic delivery is that it requires a high viral load, which can
elicit an immune response against the capsid/or transgene and reduce transduction
efficiency in vive®®® Immunogenicity of AAVs may be exacerbated bypgmcapsid
contamination in viral preparatiofi$2!% The viral purification protocol (Steps i1%l)
reduces, but does not eliminate, empty capstitsufe 2.7b). If this poses a concern for
specific applications, viruses can be purified using an alternativeagy18221! The
generabn of viruses for systemic administration may impose a financial burden on
laboratories due to the doses of virus required. Neverthelesan@dashted gene delivery is
inexpensive compared to creating and maintaining transgenic animals. Moreover,
intravenous injection is faster, less invasive, and less technically demanding than other routes
of AAV administration, such as stereotaxic injection, thereby eliminating the need for

specialized equipment and survival surgery training.
Experimental design

Before proceeding with the protocol, a number of factors should be considered, namely
the expertise and resources available in the lab; the animal model, capsid, and rAAV genome
to be used; the doger intravenous administration; and the method(s) avaifablssessing
transgene expression. Each of these topics is discussed below to guide users in designing

their experiments.
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Required expertise and resources

This protocol requires that the scientists have basic molecular biology, cell culture, and
animalwork experience. Users should be approved to handle laboratory animals, human cell
lines, and AAVs. A background in molecular cloning is advantageous, although not
necessary if relying on available plasmids. In addition to having the above expertaesthe |
must be equipped for the molecular and cell culture work relevant to the procedure; we
suggest that user Materigdsa d aRrabedu@éu gshe ctthieo nesn t b erfec
to ensure that the required reagents and equipment are available argfiaepsafety
practices and institutional approvals are in place.

Animal model

This protocol describes the production of AAVs for intravenous delivery to &
weekold male and female mice. AAPHP viruses have been validated in C57BL/6J
micet33157:158.180F g ures 2.2i 2.5) and numerous Cre driver liné%!818%19%ncluding, but
not limited to, THIRES-Cre (Figure 2.3), TRPVXIRESCre Figures 2.3 and2.4), and
ChAT-IRES-Cre micé*® (Figure 2.4). Intriguingly, AAV-PHP.B demonstrates low
transduction throughout the brain when systemically administered to BALB/c3%hice
(Figure 2.54). However, the neurotropic properties of AARHP.B are not limited to the
C57BL/6J strain in which they were selected. ARWP.B transduces the brain more
efficiently than AAV9 in both FVB/NCrl and 129S1/SvimJ midagure 2.5a). We also
show exaples of AAV-PHP.eB transducing neurons in C57BL/6NCrigure 2.2ai )
and 129T2/SvEmsJ micE€ifure 2.5b), as well as FischeF{gure 2.5¢) and LongEvans
rats Figure 2.5d). Compared to AAV9 and AAPHP.B, AAV-PHP.eB results in more
efficient neuronal @nsduction in SpraguBawley rats after either intravenous
administration or intrgparenchymal stereotaxic injectidfs'®2 We predict that AAY
PHP capsids can be used in multiple species and strains for diverse applications, such as
those requiring fluorescent labelingigure 2.5ai c) and calcium imaging=igure 2.5d,8.

We have not compared the transduction efficiencies of AAW8 AAV-PHP capsids

across all rodent strains and species or determined the optimal dose for transducing specific
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organs and cell types in different animal models. Users should test these parameter

determine the utility of AAYPHP variants | rRedgén8i f or emeaseh:

rat catalog numbers.
Selecting an AANVHP capsid

We recommend choosing an AARHP capsid{able2.T2) based on its tropism and
production efficiency. Capsid @perties are listed isupplementary Table.STL; we
include species, organs, and cell populations examined to date and note typical viral yields.
We anticipate that most researchers will use ARNP.eB (Addgene, plasmid no. 103005)
or AAV-PHP.S (Addgengylasmid no. 103006) in their experiments. A/AHP.eB and
AAV -PHP.S produce viral yields similar to those of other fpgtducing naturally
occurring serotypes (e.g., AAV9) and enable efficient, noninvasive gene transfer to the
CNS or PNS and visceral orgarrespectivelf#® (Figures 2.2i 2.5). The earlier capsid
variants, which provide widespread CNS transduction, either peosiuigoptimal yields
(AAV -PHP.A)*" or have since beemifther evolved for enhanced transduction efficiency
in vivo (AAV -PHP.B (Addgene, plasmid no. 1030333)We therefore recommend using
AAV -PHP.eB for CNS applications, especially when targeting neurons. Noeteyvég
that the chosen capsid will ultimately depend on the experimental circumstances; multiple
factors, including specié$, strairt® (Figure 2.5), agé'®, gendef'® and health® can
influence AAV tropism. Testing the AAVHP variants in a variety of experimental
paradigms will contine to reveal the unique attributes of each capsid and identify those

most suitable for different applications.
Selecting an rAAV genome

Users must select an rAAV genome, contained in a pAAV plasmid, to package into
the capsidfigures 2.1 and2.6; Table2.T1). In Table2.T1, we list the pAAVs used here
(Figures 2.2i 2.4) and in our previous wotk*™® we direct wusers to A
repository for additional pAAVs developedrfgarious applications. Depending on the

experimental aims, users can elect to design their own getSaes clone from existing
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pAAVs. When customizing plasmids, it is imperatitreat the rAAV genome, the

sequence between and including the two inverted terminal repeats (ITRs), does not exceed
4715 kb Figure 2.6); larger genomes will not be fully packaged into AAV capsids,
resulting in truncated genomes and low titers. The ITRsLdBbp sequences that flank

the expression cassette and are required for replication and encapsidation of the viral
genome. ITRs are typically derived from the AAV2 genome and must match the serotype
of the rep gene contained in the capsid plasmid; pUWEIGAP-PHP plasmids contain the

AAV2 rep gene and are therefore capable of packaging genomes with AAV2 ITRs (i.e.,
almost any pAAV available from Addgene). Other genetic components (e.g., promoters,
transgenes, localization signals, and recombinatiomse$eare interchangeable and can

be customized for specific applicatiofiSgure 2.6).

Dosage for intravenous administration

The optimal dose for intravenous administration to target cell populations must be
determined empirically. We encourage usengfer toFigures 2.2i 2.5 and related work
for suggested AAWHP viral doses. AAVPHP variants have been successfully
administered to adult mié&>"1°818qFigures 2.2i 2.5), neonatal mice® and neonatal
and adult rat$*1®?(Figure 2 5c¢,d for fluorescent labeling; they have also been used for
calcium imaging®®°'and optogeneti(Figure 2.4d), chemogenetic®8 and therapeutic
application$*®1%9 We typically administer between 1 x #0and 5 x 16! vg of AAV-
PHP.eB or between 3 x #@and 1 x 16?vg of AAV-PHP.S to adult mice (8 weeks old).
However, dosage will vary depending on the target cell population, desired fraction of
transduced cells, dnexpression level per cell. AAVs independently and stochastically
transduce cells, typically resulting irultiple genome copies per céil Therefore, higher
doses generally result in strong expression fiigh copy number) in a large fraction of
cells, whereas lower doses result in weaker expression (i.e., low copy number) in a smaller
fraction of cells. To achieve high expression in a sparse subset of cells, users can employ
a twocomponent system in whictransgene expression is dependent otranesduction

of an inducer (e.g., a vector expressing 2&eFIp'®3 or the tetracyclineontrolled
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transactivator (tTAY®); inducers are injected at a lower dose (typically 1 %taQl x

10 vg) to limit the fraction of cells with transgene expressionteNbat transgenes and
gene regulatory elements (e.g., enhancers, promoters, and miRNA target sequences
(Figure 2.2d,8) can influence gene expression levels. Therefore, users should assess
transgene expression from a series of doses and at several iitsegbi®r intravenous

delivery to determine the optimal experimental conditions.
Evaluation of transgene expression

Following in vivo delivery, AAV transduction and transgene expression increase
over the course of several weeks. Although expressiorvigerd within days after
transduction, it does not reach a steathte level until at leastid weeks after
transduction. Therefore, we suggest waiting for a minimum of 2 weeks before evaluating
fluorescent labeling>1°1% (Figures 2.21 2.5) and at least i3 weeks before beginning
optogenetic(Figure 2.4d), chemogeneti€®!® and calcium imaging®'°! experiments.

Note that, ke other AAVs, AAVLPHP variants are capable of providing leegnm
transgene expression. AARHP.Bmediated cortical expression of a genetically encoded
calcium indicator, GCaMP6s, was reported to last at least 10 weekisjpobn without

toxic side efects®! (i.e., nuclear filling'"), and we have observed GFP expression
throughout the brain >1 year after vidministration (see Supplementary lHig4 in

ref1>”). However, the time points suggested here are only meant to serve as guidelines;
gene expression is contingent on multiple factors, including the animal model, capsid,
genome, and dose. The appropriate method(s) for evaluating transgene expression will vary
among users and may include functional (e.g., optical im&djndistologicat'® (e.g.,

using endogenous fluorescence, antibodies, or molecular probes), or molecular (e.g.,
Western blat'® or gPCR®3 approached®. To assess transduction efficiency across
different organs, users can perform a qH&2Red vector biodistribution assay, in which
vector genomes are quantified and normalipeithe mouse genome (e.g., a housekeeping
gene¥®’. Other approaches typically involve examining fluorescent protein expression in
thin or thick (0100 Om)-based smethods sushaas pabswves . T



CLARITY technique (PACT) and perfusiassisted agent release in situ (PAﬁé)/

render thick tissues optically transparent while preserving their -thneensional
molecular and cellular architecture, and fié&ie deep imaging of large volumes (e.g.,
using confocal or lightheet microscop$}®?? Cleared tissues are compatiblethwi
endogenous fluorophores, including commonly used markers such aS"&8F#,
eYFP'L and tdTomat®® However, some fluorescent signals, such as those from
mTurquoisé®, mNeonGreen, and mRuBycan deteriorate in chemical clearing reagents.

To visualize these reporters, we suggest using optical clearing reagents such as refractive
indexmatching solution (RIMS}8 or ScaleS&° (Figures 2.3a,c,d,2.4bi d, and2.5€) or
commercidly available mounting media (Step 5(figure 2.5a,9. Some fluorescent
proteins are sensitive to photobleaching. For example, mRuby2 may bleach over long
imaging sessions or at high magnification; tdTomato exhibits similar spectral properties
and may bea more suitable alternative, given its photostaBfftyAlso, note that auto
fluorescent lipofuscin accumulates in aging podbtic tissues (e.g., the brain and hefrt)

and may interfere with examination of transduced cells; in this case, either reduce auto
fluorescence using histological methtd$®or , i f possi bl e, inject

weeks old) and determine the minimum time required for transgene expression.
2.3MATERIALS
Biological materials

Caution: To address the issue of cell line misidentificatiod arosscontamination, it is
recommended that cell lines be regularly checked to ensure they are authentic and are not

infected with mycoplasma.

0 Pl asmids, sial gtghd (AddgeneassbBable 8. TltamdiTable 2.T2 for

plasmids used in this amdlated work)
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Critical: Three plasmids (pAAV, pUCmIiACAP-PHP, and pHelper) are required for

transfectionfigure2.1) . The pHel per plasmid i sfreemvail al
kit (Agilent, cat. no. 240071).

w

0 Human embr yoni c 9Ror298Te ATCC, EBE Ko) CRE ¥V3losCRL 2
3216, respectively)

Caution: HEK cells pose a moderate risk to laboratory workers and the surrounding
environment and must be handled according to governmental and institutional regulations.
Experiments involvingHEK cells were performed using biosafety level 2 practices as
required by the California Institute of Technology and the US Centersgeage Control

and Prevention.

Critical: HEK293 and HEK293T cells constitutively express two adenoviral genes, Ela
ard E1b, which are required for AAV production in these ¢&lsve do not recommend

using an alternative producer cell line with this protocol.

w

0 Pl asmid DNA containing the target sequen:

for preparing the DNA standard stock

Critical: The plasmid used to make the DNA standard must contain the same target
sequence as the pAAV plasmid used to generats.vithe target sequence must be within

the rAAV genome; we typically amplify a portion of the WPRE or hGH polyA Esgare
26caption for @®RbagemBvfi ati pnemandséquences) .

0 Ani mal s t o -tym mouse skains wesed.in tivdrklindlude C57BL/6J
(Jackson Laboratory, stock no. 000664), C57BL/6NCrl (Charles River Laboratories, strain
code 027), FVB/NCrl (Charles River Laboratories, strain code 207), 129S1/SvimJ
(Jackson Laboratory, stock no. 002448), and 129T2/SvEmsJ (Jac&soratory, stock

no. 002065). Cre driver lines include ChARES Cre (Jackson Laboratory, stock no.
028861, heterozygous), FIRESCre (European Mutant Mouse Archive, stock no.
EMO00254, heterozygous), and TRPYRESCre mice (Jackson Laboratory, stock no.
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017769, homozygous). Fischer rats (Charles River Laboratories, strain code 002) and

Long-Evans rats (Charles River Laboratoriesaist code 006) were used gure 2.5.
All rats were 46 weeks old at the time of AAV administration; mice werd® weeks
o d. R e f BExperimental debigh & e Eigure®.B, and Supplementary Table

2.STL1 for species and strain considerations.

Caution: Experiments on vertebrates must conform to all relevant governmental and
institutional regulations. Animal husbandapd experimental procedures involving mice
and rats were approved by the Institutional Animal Care and Use Committee (IACUC) and
the Office of Laboratory Animal Resources at the California Institute of Technology.

™

0 For mol ecul ar c-deficient Bsgherichftaecali strains snca aisi N&EB
stable (New England Biolabs, cat. no. C3040H), StbI3 (Invitrogen, cat. no. C737303), or
SURE 2 competent cells (Agilent, cat. no. 200152)

Reagents

Plasmid DNA preparation

O«

Agarose (Amr ey, cat. no. N6 05

0 Antibiotics (e.g., carbeni ci-06lallplasndidss odi u |

used in this work carry antibiotic resistance genes to ampicillin/carbenicillin)

O«

DNA | ad d1® kb; Ned BngdndBplabs, cat. no. NO550S)

O«

Lysogeny br otthho. J1I08KG) Amresco, Cca

Critical: For largescale plasmid preparations, such as maxi and giga preps, we typically
use Plasmid+ media (Thomson Instrument, cat. no. 446300), an enriched medium

formulaed to support higher cell densities and plasmid yields, as compared to those of LB.

& LB wit h -Adgch,rcat. (cS L3AmIKEG)
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0 Nucl eoBond Xt ffrae (BFp plasmidepordioatioro kit i(Machey-

Nagel, cat. no. 740424.50)

Critical: Triple transient transfection requires large amounts of pUCGIG&P-PHP (22.8

pg/dish) and pHelper plasmid DNA (11.4 pg/disBupplementary Table.3T2 Defailed
calculaton® s heet) ; Il solating these pl asxae ds ma
purification kit (NucleoBond PC 10000 EF; Macheidggel, cat. no. 740548). All

plasmids should be purifiathder endotoxifree conditions. Endotoxin contamination in

plasmid preparations can reduce transfection efficiency, and contaminating endotoxins in

viral preparations could elicit immune reactions in mamrimaigvo.

0 Restriction enzymes, including Smal ( New

verifying plasmid and ITR integrity

0 Sequencing primers (Integrated DNA Technologies); used foryirggifplasmid

sequence integrity

0 SYBR Safe DNA gel stain (lnvitrogen, cat
0 T-acetaaeEDTA (TAE) buffer (50x%; Invitrogen, cat. no. B49)

Cell culture

0 DMEM (high glucose, GlutaMAX sup4{@l ement,
0 7 (vd@ivol) Ethanol (prepare from absolute ethanol; J.T. Baker, cat. no. 8025)

Caution: Ethanol is flammable.

0 FBS éltichre, B¢ no. SH30070.03)

Critical. Di vi de 1 nto aliquots and st or dthaat 120

cycles.
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M Enbhressential amino acids (NEAA) solution (100x%; Gibco, cat. no. 10500

O«

O«

P e niisteeptdmlycin fpeistrep; 5,000 Unhl; Gibco, cat. no. 1507063)

Critical: Di vi de i nto aliquots and stor éthawt 1T 20

cycles.
0 YPLE Express enzyme (1x; phenol red; Gibco, cat. no. 1:P36%
Transfection

0 Polyethylenimine (PEI), | i olysceemces, catonb.e c ul a
239661)

Critical: Compared to other commonly used transfection reagents (e.g., Lipoieetar
calcium phosphate), PEI is less expensive, given the scale of transfection, and produces
high viral 2yg/dsH),advkich ar®rieedéd fat €ystemic administration.

O«

Water for injection (WFI) for cell cultu

Dul beccods PBS (DPBS; 11 : no cab®50)i um, no

O«

0 1 N Hydrochloric acid (HCI ) -Adrch, cat. noon ( s u
H9892)

Caution:HCl is corrosive. Use personal protective equipment.

AAV productbn

0 10% (vol/vol) Bl each (liguidebeach @.g.,fClome)h f r o
Critical: AAV contaminated equipment, surfaces, and labware must be disinfected for 10

min with fresh 10% (vol/vol) bleach; ethanol is not an effective disinfectpaihst non

enveloped viruses. AAV waste disposal should be conducted according to federal, state,

and local regulations.



0 Dry ice; optional

0 KCI ( Macron Fine -GBhemicals, cat. no. 685

0 Mg CIl2Q Mé&ckbn Fine Chemicals, cat. no. 5958

0 S o chloud® (NaCl; Millipore, cat. no. SX0428)

0 OptiPrep (60% (wt/vol) i1iodixanol) densit
AXS-11145425)

O«

Phenol red solution (Millipore, cat. no.

0 P u r68 monianic surfactant (10% (vol/vadplution; Gibco, cat. no. 24041B2);

optional

O«

Pol yethyl ene gl yc cAldrich,lRdE 6a. 89BKGE) 000 ; Si gm

0 Saxtive nuclease (SAN; 25 U/ul; ArcticZymes, cat. no. 70200)

6 Tris, wultrapure (MP Biomedicals, cat. no

0 U PurerDdlase/RNaskeee distilled water (Invitrogen, cat. no. 109023)

0 WFI for cell culture (Gibco, cat. no. Al
O DPBS (11; no calcium, no2s@agnesi um; Gibc
AAV titration

0 CacCl2 (anhydrous;-01p. T. Baker, cat . no. 1

0 DNase | recombinant (RNa$ee; 10 U/ul; Roche Diagnostics, cat. no. 4716728001)

0 MgCl 2L6H20 (Macron Fi-0de Chemicals, cat.
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O«

NaCl (Millipoe)e, cat. no. SX0420

O«

-Iduroylsarcosine sodium salt (Sigrddrich, cat. no. L91560G)

0 P rsicomesponding to the target sequence to be amplified during gPCR (Integrated
DNA Technologies) WPREorward: GGCTGTTGGGCACTGACAAT WPREeverse:
CCGAAGGGACGTAGCAGAAG hGH polyAforward: GTGCCCACCAGCCTTGTC

hGH polyAreverse: TGTCTTCCCAACTTGCCCCTT

Critical: The proximity of the primer binding sites to the ITRs can affect titering results;
do not use primers corresponding to the ITRs. Note that titers measured with different

primers or across laboratories may not be directly comparable.

0 Pr ot ei n hisaet, PRR drades 50 &/ml (2.5 U/mg); Roche Diagnostics, cat. no.
03115828001)

O«

Qubit dsDNA HS Assay Kit (lIlnvitrogen, <ca

™

0 S-ElRarestriction enzyme (New England Biolabs, cat. no. R3122S) or other enzyme

that cuts outside of the rAAV geme and within the pAAV backbone

0 SYBR Green master mix (Roche Diagnostics
0 Tris, wultrapure (MP Biomedicals, cat. no
0 Ul tr aPur e-freb disilkecdwaterNlavdregen, cat. no. 109023)

0 Ul traPur e, pHEDOT [Avitrggén, cat. nbl 155TR0)

0 Ul tr a-RA {1 &, pA7.5; Bwitrogen, cat. no. 155827)
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Intravenous (retreorbital) injection

60 10% (vol/vol) Bl each, prepared fresh, or

cleaner; Hedh Care Logistics, cat. no. 18692)
O Isofl urane, USP (Pira®ads) Cri ti cal Car e,

Caution: Isoflurane is a halogenated anesthetic gas associated with adverse health
outcomes in humans and must be handled according to governmentabkttatianal
regulations. To reduce the risk of occupational exposure during rodent anesthesia, waste
gas was collected in a biosafety cabinet using a charcoal scavenging system as approved

by the California Institute of Technology.

0 Pr opar ac aoride eophtlaynd r solationl USP (0.5% (wt/vol); Akorn
Pharmaceuticals, cat. no. 174783 12)

O DPBS (11; no calcium, no2s@agnesi um; Gibc
Equipment

Plasmid DNA preparation equipment

0 Centrifuge (Beckman -GBul ter, model no. A
0 Gel el ect r op-Radhaizonta elestypphoresimsygteB) o

0 Gmdging system (BidRad, Gel Doc EZ system)

O«

I ncubating shaker (Eppendorf, model no.

O«

I ncubator (Thermo Fisher Scientific, Her

0 Sequencediting and annotation software (e.g., Lasergene by DNASTAR

(https://www.dnastar.com/  software/lasergene/), SnapGene by GSL Biotech
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(http://www.snapgene.com/), or Vector NTI by Thermo Fisher Scientific

(https://www.thermofisher.com/us/en/homeAgeience/cloning/vecter

ntisoftware.html)

0 Spectrophotometer (Thermo Fisher Scient.i

Plasmid DNA preparation supplies

O«

P e ghesi(100dmm x 15 mm; Corning, cat. no. 351029)

O«

Test tubes (14 ml; Corning, cat. no. 352

0 Ultra Yield flasks and AirOtop seals (25
931144 and 899423, respectively); use with Plasmid+ media. Alternatisgyl, B and

standard Erlenmeyer flasks.

AAV production equipment

0 Biological safety cabinet

Caution: HEK293T cells and AAVs are biohazardous materials and must be handled
according to governmental and institutional regulations. All experiments ingotiim

aforementioned materials were performed in a Class Il biosafety cabinet with annual
certification as required by the California Institute of Technology and the US Centers for

Disease Control and Prevention.

v

0 Centri fuge t hat,000mrafrigerateata@dtC, ang aceocthmodateg25a o 4
ml conical centrifuge tubes (Beckman Coulter, model no. Allegi®KX)

O«

FIl uorescence microscope for celll cul ture

0 Incubator for cell c u |l t 23 Thermd FAshentcidntific,i e d a

model no. Heracell 240i)


https://www.thermofisher.com/us/en/home/life-science/cloning/vector-ntisoftware.html)
https://www.thermofisher.com/us/en/home/life-science/cloning/vector-ntisoftware.html)

4¢€
Laboratory balant¢tlmdwi th a readability o

(@]

0 Support stand with rod and cOra6a@ B34V WR | n-
and 89202624, respectively)Kigure 2.8f)

a
ﬁ 4 Pipette

Step 16 Step 16 Step 18

Steps 24-25

Figure 2.8: AAV purification procedure.

(a,b), In Step 16, pipette the iodixanol density gradieStgplementary Vide@.V1, 0:00
1:45, orSupplementary Vide@.V2, 0:00 1:13). (a), Layer the 25% (wt/vol) iodixanol
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underneath the 15% lay€b), Add layers of increasgdensity under the previous layer;
the gradients should have a sharp delineation between ldglere Step 18, load the
supernatant (Sup.) from Step Figure 2.7b) above the 15% layeS(pplementary Video
2.V1, 1:46 2:22; the same step is also shawrsBupplementary Vide@.V2, 1:14 1:55).
(d,e), In Step 19, fill each tube up to the neck with SAN digestion buffer and insert a black
cap(d); place a spacer on top before weighing the tgbggf), After ultracentrifugation
(Step 22), secure the tub®o the clamp setup above a container of fresh 10% (vol/vol)
bleach (Step 24). Allow 10 ml of DPBS to begin dripping through the syringe filter unit
into an Amicon filter device (Step 25)), In Step 26, collect the viruS@pplementary
Video2.V3, 0:00 1:30). Insert the needle ~4 mm below the 40/60% interface (i.e., where
the tube just starts to curve). Do not collect virus (asterisk) until the black cap is removed;
do not collect from the white protein layer at the 25/40% interigeln Step 27, filer
the virus/iodixanol $upplementary Vide®.V3, 1:31 2:32). Inject the virus below the
DPBS in the filterattached syringe barrel before pushing the virus/DPBS through the
syringe filter unit and into the Amicon filter device.

w

0 Ultracentrifuge (preparative ultracentri:
model no. Optima XB0, with a Type 70Ti fixegngle rotor)

Caution: During ultracentrifugation, rotors are subjected to enormous forces (350,000q in

this protocd). Rotor failure can have catastrophic consequences, including irreparable
damage to the centrifuge and laboratory and fatal injuries to personnel. Inspect the rotors
for signs of damage or weakness before eac

instructions while operating an ultracentrifuge.

v

0 Water bath (Fisher Scientific, Isotemp m

AAV production supplies

o

0 A mi c olb cedttifugal filter devices (10kDa molecular weight cutoff; Millipore,
cat. no. UFC910024)

O«

Barrier pipette tips (Il ow rnoi28480)ng, 1,000

0 Cel | s-cnrharple x 3m bla@e5Corning, cat. no. 353089)
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0 Centrif uge -mluubes, wekh(Urkversalf Medical2cat.tho. HS23224)

or empty beakers

v

0 Conical centrifuge tubes ( 6dningntat. no250 ml
352098, 430776, and 431123, respectively)

0 Co s t-A centrBupd tube filters (Corning, cat. no.-Q@0-385); optional
0O Empty, sterile media bottl es
0 Opti Seal tubes (Beckman Coulter, <cat. no

0 OSeal tube kit (Beckman Coulter, cat. no. 361662); includes a tube rack, spacers, and

spacer and tuberemoval tools

0 P iAp &L portable pipetting device (Drummondci8ntific, cat. no. 4900-105)
Critical: Use a pipetting device with precise controptaur the density gradients (Step 16)
and load the virus (Step 18).

0 pH indicator strips (Millipore, cat. nos

O«

S caapewals (1.6 ml; National Scientific Supply, cat. no. BC16R3)

0 Serol ogical pi petland50 M2Comihg, catbno. 386507, and ml
Genesee Scientific, cat. nos-1@2, 12104, 12106, and 12107, respectively)

Critical: Corning brand Znl serological pipettes consistently fit into OptiSeal tubes while
pouring the density gradients (StepA)@nd loading the virus (Step 18); other brands

should be tested before use.

v

0 Stericup sterile wvacuum filtration SysHt
S2GPU11RE)

0 Sterile bottles (500 mklpPe) VWR I nternation



0 Syr i nlgnd%0m(; BD, cat. nos. 309646 and 309604, respectively)

0 Syringe filter units (0.22 Om; Millipore
O Tissue culture dishes (150 mm I 25 mm; C
0 Tubing, e. g., pol ytetraf@uwmwmrd>x3Innmyddene (P

Fluorostore) and Tygon tubing (2 mm i.d. x 4 mm o.d.; United StatescB|asat. no.
57658); optional

Critical: Ensure that the PTFE tubing fits on the tip ofmlSserological pipette and into
an Optiseal tube before pouridgetdensity gradients (Step 16B). Use the Tygon tubing to
secure the PTFE tubing at the pipette tip.

0 -bduge x 1 1/2 inch needles (BD, cat. no. 305198)

AAV titration equipment

0 Centrifuge (Eppendorf, model no. 5418)

0 Dry bat h andhehSziantific,dsgtempimodel®k s ( Fi s

0 PCR plate spinner (VWR International, catf
adapters

0 Quantitative PCR machine (Analytik Jena,
0 Qubit 3.0 fluorometer (Il nvitrogen, <cat.

AAV titration supplies

~

0 Barrier pipette tips (low binding; 10 Ol
cat. nos. 23101, 23404, 23412, and 23130, respectively)
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0 DNA Clean & Concentrator kit -26),fomo Rese

purification of up to 25 pg of the DNA standard

0 Micr ocent r-mfDNARNA toBibhde Bppeqdbrf, &t. no. 8823)
0 Qubit assay tubes (Il nvitrogen, cat . no.
0 Seal i ngwefl PAOR platds (GeneSeé Scientific, cat. ne529)

v

0  8dupe sterile vacuum filtration system (0.22 um, 250 ml; Millipore, cat. no.
SCGPUO2RE)

O«

Sterile bottles (250 mllp4d) VWR I nternation

O«

Qvéll PCR plates (Genesee Scientific, cat. ne32aWw)

Intravenous (retreorbital) injection euipment

0 Ani mal anest hesi @ 91BE1961807,(0N061BMWM)Y Ui p, cat .

Critical: Most animal facilities provide anesthesia systems equipped with an induction

chamber, isoflurane vaporizer, nose cone, and waste gas scavenging system.

Intraverous (retreorbital) injection supplies

0 Activated charcoal adsorption filters (V
O Insulin syringes with permanently attach:i
328438)

0 Oxygen gas supply (Airgas)

0 S caapewals(1.6 ml; National Scientific Supply, cato. BC16NAPS)
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Reagent setup

Critical: All reagents used for viral production and administration should be prepared using
endotoxinfree materials. Glassware is not endoteixeée, and autoclaving does not
eliminate endotoxins. To minimize contamination, we dissolve chemicals in sterile bottles
by shaking and/or heating to mix, use demarcations on bottles to bring solutions to the final
volume, and use pH strips rather than a pH meter. Whendikeitizing sdutions, do so

in a biosafety cabinet.
Plasmid DNA

Grow bacterial stocks in LB or Plasmid+ media containing the appropriate selective
antibiotic; refer to the Addgene catalog for suggested growth conditions. Use-adalge
endotoxinfree plasmid puritation kit to isolate plasmids; elute plasmid DNA with the
supplied TrisEDTA (TE) buffer. Measure the DNA purity and concentration using a

spectrophotometer and freezeeamt 120 AC or

Critical: Always verify the integrity opurified plasmids by Sanger sequencing (using a
DNA sequencing facility) and restriction digestion (https://www.neb.comAaatst
resources) before proceeding with downstream applications. pAAV plasmids contain ITRs
(Figure 2.6) that are prone to reconmation in E. coli. pAAVs should be propagated in
recombinatiordeficient strains such as NEB Stable, Stbl3, or SURE 2 competent cells to
prevent unwanted recombination. After purification, pAAVs should be digested with Small
to confirm the presence of ITR&hich are required for replication and encapsidation of
the viral genome; use sequeregditing and annotation software to determine the expected
band sizes. Note that it is difficult to sequence through the secondary structure?f; ITRs

avoid ITRs wherdesigning sequencing primers.

Critical: Create bacterial glycerol stocks and storie8éx °C for up to several years.



Cell culture media

Add 25 ml of FBS, 5 ml oNEAA, and 5 ml of penstrep to a 500nl bottle of
DMEM. Invert to mix and store at 4 °C for up to several months; warm to 37 °C before
use. The resulting cell culture media should have a final concentration of 5% (vol/vol) FBS,
1x NEAA, and 50 U/ml peirstrep.

Critical: To quickly expand cells for large viral preps, consider using a final concentration

of 10% (vol/vol) FBS in the cell culture media; see guidelines on cell culture below.
Cell culture

Thaw HEK293T <cell s accor dnmendationsoPassége man
cells using either TrypLE Express enzyme or a standard trypsinization protocol for
adherent culturé® Seed cells in 15hm tissue culture dishes with a final volume of 20

ml of media per dish. Maintain in a cell cultuneubator at 37 °@ith 5% CO2.

Critical: We suggest passaging cells at a ratio of 1:3 (i.e., divide one dish of cells into three
new dishes of cells) every other day when expanding cells for viral production; split cells
at a 1:2 ratio (or 6 x T@ells/cn?) 24 h beforeransfection. Use higher split ratios if using
10% (vol/vol) FBS Always use sterile technique.

Criticak Fol | ow t he manufactererds recommendati o
PEI stock solution

Pipette 50 ml of WFI water into a 5@l conical entrifuge tube for later use. Add
323 mg of PEI to the remaining 950 ml bottle of WFI water and adjust the piBtby2
adding 1 N HCI suitable farell culture, keeping track of the volume of HCI added. Heat
in a 37 °C water bath for several hours (orraight) and occasionally shake to mix. Once

dissolved, add reserved WFI water to a total volume of 1 liter. fsiiegilize, make aliquots
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in 50-m| coni cal centrifuge tubes, and store

freezé thaw our PEI aliquots.

Critical: Both our PEI stock solution recipe and PEI calculati@Ggplementary Table

2.ST2, Defailed calculationd8 s heet ) a¥%eWelmdustehd pHaaid so thdt .

PEI dissolves in water. The designated pH range does not appear to adversely affect cell
viability, transfection efficiency, or viral titers. The transfection solution, created by mixing
the PEI + DPBS master mix and DNA + DPBS solution (Step Zaipglementary Table

2.ST2), has a final pH of 615.0. To transfect one dish, 2 ml of transfection soluison
added to 20 ml of media (Step 2), which further dilutes the PEI.

PEI + DPBS master mix

Thaw PEI in a 37 °C water bath. Bring the PEI to room temperature (RT; 23 °C) and
vortex to mix. Add PEI and DPBS to a-&fl conical centrifuge tube and vortex ago
mix. Use Supplementary Tabl.ST2 ( Toansfection calculatayr s heet ) to cal c
volumes of PEI (cell 19) and DPBS (cell J9) needed.

Critical: Prepare fresh master mix before use.
DNA + DPBS

Bring plasmid DNA to RT and briefly vortex to mixoFeach viral prep, add DNA
and DPBS to a 5@l conical centrifuge tube; the solution is vortexed in Step 2. Use
Supplementary Tabl@.ST2 ( T¢ansfection calculatdy s heet ) t o cal cul at €
DNA (e.g., cells E9, E11, and E13)dabPBS (e.g., €l F9) needed.

Critical: Prepare fresh DNA + DPBS solution before use-ni&asure plasmid DNA
concentrations immediately before use; multiple fréetmev cycles may cause DNA

degradation.
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SAN digestion buffer

Add 29.22 g of NaCl, 4.85 g of Tris basad 2.03 g of MgCI2-:6H20 to aliter
bottle of WFI water and shake to mix. Fikgterilize and store at RT for up to several
months. The resulting SAN digestion buffer should have a final pH of ~10.0 and a final
concentration of 500 mM NacCl, 40 mM Triade, and 10 mM MgCI2.

SAN + SAN digestion buffer

Add 100 U of SAN (4 pl of 25 U/ul SAN) per milliliter of SAN digestion buffer;

pipette to mix.

Critical: Prepare fresh solution before use.

40% (wt/vol) PEG stock solution

Decant ~500 ml of WFI water o a 506ml sterile bottle for later use. Add 146.1 g
of NaCl to the remaining 500 ml (in thelifer bottle of WFI water) and shake/heat until
dissolved. Once completely dissolved, add 400 g of PEG and heat at 37 °C overnight for
up to 2 nights. Add reseed WFI water to a total volume of 1 liter. Fiksterilize and store
at RT for up to several months. The resulting stock solution should have a final
concentration of 2.5 M NaCl and 40% (wdl) PEG.

Critical: Prepare in advance. To expedite the promecheat the solution at 65 °C until the
PEG is dissolved. The solution will appear turbid, but no flecks of PEG should remain; the

mixture will become clear upon cooling.

Critical: Prewet the entire filter surface with a minimal volume of water befdckray the

solution. This solution is extremely viscous and will tak2 k to filter.



DPBS + high salt

Add 29.22 g of NaCl, 93.2 mg of KCI, and 101.7 mg of MgCI2-6H20 to arbl00
bottle of DPBS and shake to mix. Fikgterilize and store at RT for wp several months.
The resulting buffer should have a final concentration of 1 M NacCl, 2.5 mM KCI, and 1
mM MgCI2 (in addition to the salts in the DPBS).

DPBS + low salt

Add 2.92 g of NaCl, 93.2 mg of KCI, and 101.7 mg of MgCI2-6H20 to arbD0
bottle of DPBS and shake to mix. Filtsterilize and store at RT for up to several months.
The resulting buffer should have a final concentration of 100 mM NacCl, 2.5 mM KCI, and
1 mM MgCI2 (in addition to the salts in the DPBS).

lodixanol density gradient solutisn(15%, 25%, 40%, and 60% (wt/vol) iodixanol)

For each layer, add iodixanol (OptiPrep), DPBS + high salt or DPBS + low salt, and
phenol red (if applicable) to a 58l conical centrifuge tube. Invert or briefly vortex to mix.
Use Supplementary Tabl®.ST3 to determine the volumes of each reagent needed. The
25% and 60% layers contain phenol red, which turns the solutions red and yellow,
respectively, and facilitates clear demarcation oftfaelient boundaries-{gure 2.8).

Critical: Prepare fresh solutigron the day of AAV purification. Alternatively, prepare up
to 1 d in advance; store at RT and protect from light. Do not pour the density gradients
until Step 16.

Critical: In Step 16B, prepare more iodixanol solutions than are needed. For six or fewer
gradients, prepare enough of each solution to pour an extra gradient. For eight gradients,
prepare enough of each solution to pour two extra gradients. The extra solution is needed
to fill the 5ml pipette and prevent an air bubble from disturbing the gradivhen

releasing the last of the required volume.
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DNase digestion buffer

Use a 56ml serological pipette to measure 247.5 ml of UltraPure water into-a 250
ml sterile bottle. Add 55.5 mg of CaCl2, 2.5 ml of 1 M THEI, and 508 mg of
MgCI2-:6H20 and shee to mix. Filtersterilize and store at RT for up to several months.
The resulting buffer should have a final concentration of 2 mM CaCl2, 10 mMHQOlis
and 10 mM MgCI2.

DNase | + DNase digestion buffer

Add 50 U of DNase | per milliliter of digestidouffer (a 1:200 dilution of @ U/pl

DNase); pipette to mix.

Critical: Prepare fresh solution before use.

Proteinase K solution

Use a 5aml serological pipette to measure 250 ml of UltraPure water into 2250
sterile bottle. Add 14.61 g of NaCl and kbhao mix. Add 2.5 g of Nauroylsarcosine
sodium salt to the mixture and gently swirl to mixjdliroylsarcosine sodium salt is a
surfactant and will generate bubbles during vigorous mixing. fstegilize and store at
RT for up to several months. Thesulting solution should have a final concentration of 1

M NaCl and 1% (wt/vol) Nauroylsarcosine sodium salt.

Proteinase K + proteinase K solution

Add 100 pg of proteinase K per milliliter of solution (a 1:200 dilution of 50 U/ml
(2.5 U/mg) proteinseK); pipette to mix.

Critical: Prepare fresh solution before use.



DNA standard stock

Set up a single 50l restriction digest reaction; usei@D U (34 ul) of Scal (or
another suitable enzyme) to linearize 20 ug of the plasmid DNA containing the target
sequence. Run a small amount of the reaction on an agarose gel to ensure complete
digestion. Purify the reaction using two DNA cleam columns. Measure the DNA
concentration (ng/ul) using a spectrophotometer. Dilute td6% 10 singlestranded (ss)
DNA molecules/ul and use the Qubit assay to verify the concentration (ng/pl). Divide into
20-pl aliquots in DNA/RNA LoBind microcentrifuge tubesandzee at 120 AC f o
1 year.

Critical: Before preparing the standard, use sequeddig and annotation software to

confirm that the plasmid contains a single Scal siteeraimpicillin resistance gene.

Critical: Refer to ref:®*and useSupplementary Tabl@.ST4 (cells B7 10) to calculate the
number of ssSDNA molecules in a given plasmid (cell B13). We typically use linearized
PAAV -CAG-eYFP diluted to 1@g/ul, which corresponds to 6.68° ssDNA molecules/pl
(Supplementary &ble2.ST4, Exdmplé s heet ) .

DNA standard dilutions

Prepare three sets of eight (1:10) serial dilutions of the DNA standard stock. For each
set, begin by pipetting 5 ul of the standard into 45 pul of UltraPure water (standard no. 8).
Mix by vortexing for3 s and proceed with the seven remaining dilutions (standard no. 7 to
standard no. 1). The final concentrations of the standard dilutions should rangé I®m 5
x 10 (standard no. 8) t0i30 x 10 (stancrd no. 1) ssDNA molecules/pl.

Critical: Prepareresh solutions in DNA/RNA LoBind microcentrifuge tubes immediately
prior to use; at low concentrations, the linearized DNA is prone to degradation and/or
sticking to the walls of the tub. One 26ul aliquot of the DNA standardtock will
provide enough DNA for preparing the dilutions and verifying the concentration via the

Qubit assay before gPCR.
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gPCR master mix

Prepare a qPCR master mix for the total number of reactions (i.e., wells) needed. One
reaction requires 12.5 pl &YBR Green master mix, 9.5 ul of UltraPure water, and 0.5 pl
of each primer (from a 2-fM stock concentration), for a total of 23 pl/well. Pipette or

vortex for 12 s to mix.

Critical: Prepare fresh solution before use.
Equipment setup

Clamp setup foAAV purification

Attach the rod to the support stand. Secure the clafp026m above the stand
(Figure 2.8f).

Anesthesia system

Place the induction chamber, nose cone, and waste gas scavenging system (e.g.,
activated charcoal adsorption filters) insel®iosafety cabinet. We recommend using an
anesthesia system in which the isoflurane vaporizer and oxygen supply remain outside of
the cabinet workspace. Connect the associated tubing such that the input is from the

vaporizer/oxygen supply and the outjsito the charcoal scavenging deviée
2.4PROCEDURE

Caution: AAVs are biohazardous materials and must be handled according to
governmental and institutional regulations. Experiments involving AAVs were performed
using biosafety level 2 practieas required by the California Institute of Technology and

the US Centers foriBease Control and Prevention.

Critical: The entire procedure spans 8 d, excluding pause points and the time required to

evaluate transgene express{bigure 2.74). There ar@o pause points between days 1 and



5¢
5, until Step 11; once cells have been transfected, AAVs are harvested on days 3 and 5.

Plan accordingly during this time window.
Triple transient transfection of HEK293T cells
0 Tim2mg 1

Critical: For capsids that package well (i.e., AAV9, AAHP.B, AAV-PHP.eB, and
AAV-PHP. S), the PEI transf ectvgperipommdishc ol ty
as measured post purificatidh'®’ Before starting the protocol, determine the number of

dishes needed per viral prep and uSepplementary Table2.ST2 ( Toansfection

calculato® s heet) to calculate the quanadfoti es o

transfection. Skip to Step 43 if custom AAVs were obtained elsewhere.

1. 24 h before transfection, seed HEK293T cells in-aB0 dishes to attain 890%
confluency the next dasf. Incubate the cells in a cell culture incubator at 37 °C with 5%
CO2.

2. At the time of transfection, make the PEI + DPBS master mix and the DNA + DPBS
solution for each viral prefReagent setupndSupplementary Tabl@.ST2, Transfection
calculato® s h e et )-or 1048 demolggicah pipgtte, add the required voluméhef

PEI + DPBS mat®andectiomtaloulatffe cel | &9) dr opwi se
DPBS s ol uTranefectiof alcutptay, cée |l | s E9 + E11 + E13
vortexing to mix. Cap the tube and thoroughly vortex for 10 s to mix. Allownikeure to

sit at RT for 210 min. Add 2 ml of the transfection solution dropwise to each dish and

swirl to mix before returning the dishes to the cell culture intab

Critical step We use a pAAV:pUCmMIRniICAP-PHP:pHelper plasmid ratio of 1:4:2 based

on micrograms of DNA. We use 40 ug of total DNA per 86 dish (5.7 pg of pAAV,

22.8 ug of pUCMINICAP-PHP, and 11.4 pg of pHelperdpplementary Tabl.ST2,

Detailed calculationd s heet ) . The pl asmid rati o was

developmenof the AAV production protocol; 1:2 gave the best viral yields.
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Critical step The transfection solution will appear slightly cloudy because of the

formation of DNA PEI complexe¥®1’® Allowing the mixture to sit for >10 min may
reduce transfection efficiency.

Critical step Users can opt to run a positive transfection/virus production control (e.g.,
PAAV-CAG-eYFP); this is especially important if using an untested rA&¥ame.

Referto Table2.T3for troubleshooting tips.

3. Charge the media 124 h post transfection by aspirating the old media in 10% (vol/vol)
bleach and replacing it with 20 ml of frestermed mediaKeagent setyp

Critical step Do not allow the cells to remain without media for more than a few minutes.
To protect the cells from unwanted stress, aspirate the media from five plates at a time and
promptly replace it with new media. PEI is moderately cytofd%and cell death of up to

20% iscommort®. Do not allow the media to remain unchanged for more than 24 h post
transfection. Failure to change the media in a timely manner will result in pobeaé

and low titers.

Critical step Beginning 72 h post transfection, examine thescetider a fluorescence
microscope to assess fluorescent protein expression, if applicable. Note that expression of
the rAAV genome does not necessarily correlate with final viral yield and will depend on

the reporter and/or promoter under investigation.
Referto Table2.T3for troubleshooting tips.

AAV harvest

60 Timing 5 d

Caution: rAAVs, although replicationincompetent, are potent gedelivery vehicles and
must be handled according to governmental and institutional regulations. The safety of

packagedransgenes (e.g., oncogenic genes) should be carefully considered. Perform all
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procedures in a certified biosafety cabinet and clean AANaminated equipment,

surfaces, and labware thifresh 10% (vol/vol) bleach.

Critical: Carefully label all tubes anaplace gloves, pipettes, and cell scrapers between
viral preps to avoid crossontamination. Refer tbigure 2.7bfor a schematic of the AAV
harvest procedure.

4. Harvest the cell culture media 72 h (3 d) post transfection. Tilt each dish at a 30° angl
and use a 2&nl serological pipette to collect the media. Store in an empty, sterile media
bottle or sterile 500n| bottle at 4 °C until Step 6. Replace the media with 20 ml of fresh,

warmed mediaReagent setyp

Caution: Tilt dishes away from the frargrill of the biosafety cabinet to prevent media
from spillingout of the biosafety cabinet.

Critical Step To avoid crosscontamination, harvest the mediam one viral prep at a

time.

Critical Step For AAV-PHP production in HEK293T cells, the media 72 h post
transfection contains ~2 x #0vg per dish, or 120% of the expected viral yield. Failure
to collect and change media at thraei point will decrease yields.

Critical Step If time is limited, media and cells can be harvested togethe& ator 96 h
rather than 120 h (Step 5), but total yields will be reduced.

5. Harvest the media and cells 120 h (5 d) ficstsfection. Use a cell scraper to gently
scrape the cells in the media. After scraping the first dish, prop it at a 30° angieansi

empty 1.5ml microcentrifuge tube rack for support. Scrape down the residual cells and
media such that they are pooled together. Return the dish lid and scrape the next plate; prop
dishes up against one another along the length of the biosafetgtcabti scraping is

complete. Use a 261l serological pipette to collect the media and cells from each dish;
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transfer to a 25l conical centrifuge tube. Pool the media and cells from up to 10

dishes in a single tube.

Caution: Scrape the cells with af@ard motion (i.e., away from the front grill of the
biosafety cabinet) to prevent media and cells from splashing out of the biosafety cabinet.
If a spill does occur at this or any other step, immediately cover with paper towels and

carefully saturate thmwels wih fresh 10% (vol/vol) bleach.

Critical Step To avoid crossontamination, harvest the media and cktien one viral
prep at a time.

Critical Step For larger viral preps {0 dishes), a 25@r 5083ml conical centrifuge tube

can be used tadnvest the media and cells (Stejp9% However, we recommend using two
250-ml tubes in Step 10B because the PEG pellet (Step 12) is difficult to remove from the
walls and edges of 50 tubes (Step 14).

6. Combine the media collected at 72 h post fiesten (Step 4) with the media and cells
collected at 120 h post transfection (Step 5). For smaller viral prpsli@hes), use option
A. For larger preps {80 dishes), use option B.

(A) Harvest from 15 dishes

() Pour the media collected in Stegrio the corresponding 2561 tube of mediaand

cells collected in Step 5.

Critical Step Save the bottles from Step 4 for Step 8.

(B) Harvest from 610 dishes

(i) Pour the media collected Btep 4 into a new 250 tube.

Critical Step Save the botls from Step 4 for Step 8.
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7. Centrifuge the media and cells at 2,000g for 15 min at RT. Ensure that the tube caps

are tightly secured. Centrifugation will result in the formation of a cell p&ligtite 2.7b).

8. Pour off the supernatant (i.e., thiardfied media) into theorresponding bottle from
Step 4. Allow excess media to drip back down onto the beveled edge of thePiibe;
remove using a P1000 pipette and add to the supernatant. Store thatsupat 4 °C until
Step 10.

Critical Step Failure to remove excess media from the pellet will cause several milliliters
of media to dilute the SAN digestion buffer in Step 9.

9. Cell pellet resuspension. Prepare 5 ml of SAN + SAN digestion biReagent setyp
per viral prep. For smaller virgreps (15 dishes), use option A. For larger prepsl®
dishes), use option B.

(A) Harvest from 15 dishes

(i) Use a 5ml serological pipette to gently resuspend the cell pellet in 5 ml of SAN + SAN
digestion buffer; pipette into a 5@l tube to finishresuspending the pelldtigure 2.7b).

(i) Incubate in a 37 °C water bath for 1 h and store°& 4ntil Step 14 (up to 1 d).

Critical Step Be sure to collect the entire pellet, which will stick to the walls and beveled
edges of 250nl tubes. Save t250ml tubesfor Step 10.

Critical Step The high salt content of SAN digestion buffer lyses the cells, which release
the viral particles and nucleic acids into the solution. Initially, the cell lysate may be viscous
and difficult to pipette; SAN will dgrade nucleic acids and reduce the viscosity after
incubation at 37 °C. The pH of the lysate will decreasd 8o@ lower during cell lysis,

but the lysate should appear pink rather than yellow/orange because of residual phenol red
(Figure 2.7b). Note that the expression of fluorescent proteins from strong promoters (e.g.,
CAG) canalter the color of the lysate.
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Critical Step (Optional) Collect a 3qul sample from the cell lysate for troubleshooting;

store at 4 °C for up to 1 week. If the viral yieldasver than expected, the sample can be
titered (Steps 3212) to determine at which stage the virus may have been lost.

Referto Table2.T3for troubleshooting tips.

(B) Harvest from 610 dishes

(i) Use a 10ml serological pipette to partially resuspehd smaller cell pellet in 5 ml of
SAN + SAN digestion buffer. Pipette into the second-28Qube containing the larger
pellet and resuspend together; pipette into -anb@ube to finish resuspending the pellet
(Figure 2.7b).

(i) Incubate in a 37 °C war bath for 1 h and store at 4 °C until Step 14 (updhn 1

Critical Step Be sure to collect the entire pellet, which will stick to the walls and beveled
edges of 250nl tubes. Savéhe 250ml tubes for Step 10.

Critical Step The high salt content @AN digestion buffer lyses the cells, which release
viral particles and nucleic acids into solution. Initially, the cell lysate may be viscous and
difficult to pipette; SAN will degrade nucleic acids and reduce the viscosity after
incubation at 37 °C. ThpH of the lysate will decrease td Bor lower during cell lysis,

but the lysate should appear pink rather than yellow/orange because of residual phenol red
(Figure 2.7b). Note that expression of fluorescent proteins from strong promoters (e.g.,
CAG) canalter the color of the lysate.

Critical Step (Optional) Collect a 3qul sample from the cell lysate for troubleshooting;
store at 4 °C for up to 1 week. If the viral yield is lower than expected, the sample can be
titered (Steps 3212) to determine at wbih stage the virus may have been lost.

Referto Table2.T3for troubleshooting tips.
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10. Retrieve the supernatant collected in Step 8. For smaller viral prepglighes),

use option A. For larger preps ( dishes), use option B.
(A) Harvest from 15 dishes
(i) Pour the supernatant from Step 8 into the cornedipg 250ml tube from Step 9.

Critical Step (Optional) Collect a 3ul sample from the media for troubleshooting; store
at 4 °C for up to 1 week. If the viral yield is lower than expectezlsimple can be titered
(Steps 3R42) to determine at which stage the virus may have been lost.

(B) Harvest from 610 dishes

(i) Equally divide the supernatant from Step 8 between the two cordisgdb0ml tubes
from Step 9.

Critical Step (Optional)Collect a 36ul sample from the media for troubleshooting; store
at 4 °C for up to 1 week. If the viral yield is lower than expected, the sample can be titered

(Steps 3R42) to determine at which stage the virus may have been lost.

11. Use a 28ml or 50ml serological pipette to add a 1/5 final volume of 40% (wt/vol)
PEG stock solution to the supernatant (i.e., the supernatant should contain a final
concentration of 8% (wt/vol) PEG solution). Tighten the cap and thoroughly invert ten

times to mix. Incubi on ice for 2 h.

Critical Step For AAV production in HEK293T cells, the cell culture media contains a
large fraction of the expected yiétd Failure to PEGorecipitate AAV particles in the

media wil result in lower viral yield$Z.
Pause PointThe PEG media mixture can be incubated at 4 °C overnight.

12. Centrifuge the PEGnedia mixture at 4,000g for 30 min at 4 °C. Centrifugation will
result in the formation of a PEG pell&idure 2.7b).
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13. Pour off the supernatant (i.e., the REIGrified media) into a used media collection

bottle for bleaching. Allow excess media to drip back down onto the beveled edge of the
250-ml tube; aspirate or pipette to remove.

14. PEG pellet resuspsion. Prepare 1 ml of SAN + SAN digestion bufi@eagent setyp
per viral prep. For smaller viral preps BLdishes), use option A. For larger prepsl®

dishes), use option B.
(A) Harvest from 15 dishes

(i) Use a P1000 pipette to carefully resuspémel PEG pellet in 1 ml of SAN + SAN
digestion buffer; pipette into the corresponding lysate from Stéare 2.7b).

(i) Incubate in a 37 °C watdrath for an additional 30 min.

Critical Step Resuspending the PEG pellet is difficult and will takemib per pellet. Be

sure to collect the entire pellet, some of which will stick to the walls and beveled edges of
250-ml tubes. During resuspension, avoid air bubbles, which can be difficult to collect with
a pipette and may disrupt capsid structure. Douseta serological pipette to resuspend

the pellet, which can become lodgedhiitthe barrel of the pipette.

Critical Step (Optional) Collect a 3qul sample from the PEG pellet resuspension, before
adding it to the corresponding lysate, for troublesimgptstore at 4 °C for up to 1 week. If
the viral yield is lower than expected, the sample can be titered (Siet) 3@ determine

at which stag¢he virus may have been lost.

Pause PointStore the lysate at 4 °C overnight. Alternatively, use a diyetb@nol bath
to freeze the |ysate; store at 120 AC for

(B) Harvest from 610 dishes

(i) Use a P1000 pipette to partially resuspend one of the PEG pellets in 1 ml of SAN +

SAN digestion buffer. Pipette into the second-B8Gube containinghe second pellet and
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carefully resuspend together; pipette into the correspgrigeate from Step F{gure
2.7b).

(i) Incubate in a 37 °C watdrath for an additional 30 min.

Critical Step Resuspending the PEG pellet is difficult and will take ~5 peinpellet. Be

sure to collect the entire pellet, some of which will stick to the walls and beveled edges of
250-ml tubes. During resuspension, avoid air bubbles, which can be difficult to collect with
a pipette and may disrupt capsid structure. Do netauserological pipette to resuspend
the pellet, which can become lodgedhiitthe barrel of the pipette.

Critical Step (Optional) Collect a 3qul sample from the PEG pellet resuspension, before
adding it to the corresponding lysate, for troubleshopstuye at 4 °C for up to 1 week. If
the viral yield is lower than expected, the sample can be titered (Siet) 3@ determine

at which stag¢he virus may have been lost.

Pause Point:Store the lysate at 4 °C overnight. Alternatively, use a diiyetbanol bath
to freeze the |ysate; store at 120 AC for

AAYV purification
60 Timing 1 d

Critical: One iodixanol density gradient is sufficient to purify virus from up to ten 150
mm dishes. If more than ten dishes per prep are used, diviesabe into more than one
gradient. The AAV purification steps are most easily learned by visualization; refer to

Figure 2.8 andSupplementary Video2.STLi 3 for details.

15. Determine the number of gradients needed and prepare the iodixanol denséytgrad
solutions Reagent setupnd Supplementary Tabl@.ST3). Set the OptiSeal tubes in the
rack provided in the OptiSeal tube Kkit; alternatively, use the long efdges@ml tube
Styrofoam rack.



6¢
Caution: Check the OptiSeal tubes for defects; tubes wéhts may collapse during

ultracentrifugation.

16. Pour the density gradientSigure 2.8a,bandSupplementary Vide@.V1, 0:0Q 1:45,

or Supplementary Vide@.V2, 0:00 1:13). Each gradient is composed of the following
layers: 6 ml of 15% (wt/vol) iodixahpo6 ml of 25% (wt/vol) iodixanol, 5 ml of 40%
(wt/vol) iodixanol, and 5 ml of 60% (wt/voiddixanol Supplementary Tabl@.ST3). Pour

the layers with a-2or 5ml serological pipette. We typically use ar pipette; using a-5

ml pipette is faster but geiires the use of PTFE and Tygon tubing and extra reagents. To
load the layers with a-&hl pipette, choose option A. To load the layers withral pipette,

choose option B.
(A) Loading with a 2l pipette

(i) Begin by pipetting 6 ml (measure to the 3mmdrk twice) of 15% (wt/vol) iodixanol to
each tube. Next, add 6 ml of 25% (wt/vol) iodixanol under the 15% layer by lightly
touching the pipette tip to the bottom of the tube and slowly releasing the sokigone(

2.8a and Supplementary Vide@.V1, 0:13i 1:29). Continue adding layers of increasing
density under the previous layer. The gradients should have a sharptaeliheaveen

layers Figure 28b).

Critical Step When loading the 25%, 40%, and 60% layers with-ral Dipette, stop
releasing the dotion and slowly remove the pipette once the iodixanol is ~5 mm from the
tip of the pipette$upplementary Vide@.V1, 0:42 0:58 and 1:201:25). This will prevent

an air bubble from disturbing the gradient. The remaining iodixanol will be released when
the pipette is removed from the tube.

Critical Step Corning brand Znl serological pipettes consistently fit into OptiSeal tubes;
other brands should be tested before use.

Referto Table2.T3for troubleshooting tips.



(B) Loading with a &ml pipette

(i) Attach a piece of tubing (ségguipmenk to a 5ml pipette. Begin by pipetting 6 ml of
15% (wt/vol) iodixanol into each tube. Next, add 6 ml of 25% (wt/vol) iodixanol under the
15% layer by lightly touching the tubing to the bottom of the tube and sleldgsing the
solution Supplementary Vide®@.V2, 0:17 1:13). Continue adding layers of increasing
density under the previous layer. The gradients should have a sharptaeliheaveen

layers Figure 2.8b).

Critical Step Fill the 5ml pipette with mordayer solution than is needed (e.g., an extra 1
ml per layer); this will prevent an air bubble from disturbing the gradient when releasing
the last of the required volum&ypplementary Vide®.V2, 1:09 1:11). Remember to

prepare extra solutiofRgagent stup.
Referto Table2.T3for troubleshooting tips.

17. Centrifuge the lysate from Step 14 at 2,000g for 10 min at RT. Centrifugation will
result in the formation of a pelldtigure 2.7h).

18. Use a 2ml serological pipette to load the supernataset,(the clarified lysate) (+&
ml total) from Step 17 above the 15% (wt/vol) iodixanol layErg(re 2.8c and
Supplementary Vide@.V1, 1:46 2:22 orSupplementary Vide@.V2, 1:14 1:55). Touch
the pipette tip to the surface of the 15% layer and slovdyase the lysate such trelayer

forms on top.

Critical Step Use a pipetting device with precise control. Do not allow the lysate to drip
from the pipette tip onto the 15% layer; this will cause the lysate to mix with the gradient.
Note that Corning brad 2ml serological pipettes consistently fit into OptiSeal tubes; other
brand should be tested before use.

Critical Step The pellet may be soft, making it difficult to retrieve all of the supernatant.
After loading 6 7 ml of lysate above the 15% layspin the lysate for an additional 15
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min at 3,000g at RT; use a P200 or P1000 pipette to slowly load the remaining

supernatant onto the lysate layer. Discard the pellet in 10% (vol/eal}tblor a biohazard

waste hin.

Critical Step (Optional) Collect 80-pl sample from the lysate for troubleshooting; store
at 4 °C for up to 1 week. If the viral yield is lower than expected, the sample can be titered

(Steps 3R42) to determine at which stage the virus may have been lost.

19. Using a 2ml serological pmette, fill each tube up to the neck with SAN digestion
buffer. Firmly insert a black cag-igure 2.8d) and place a spacer on tdpigure 2.8€).
Caps and spacers are provided with the OptiSeal tubes and in the OptiSeal tube Kit,

respectively.

Caution: Ovefilling the tube can cause a spill when inserting the black cap. Handling the

tubes without caps, or with loosely fitted caps, can also cause spills.

Caution: Avoid air bubbles, which can cause the OptiSeal tubes to sellapring

ultracentrifugation.

Critical Step The black cap should fit right above or touch the lysate.

20. Weigh the tubes with the caps and spacers on. Balance the tubes to withimd of

each other using SAN digestion buffer. Be sure to adjust the tube weight in the biosafety
cabinet; use the tubeemoval tool provided with the OptiSeal tube kit to remove the black
cap and add the appropriate volume of SAN digestion buffer with a P20 or P200 pipette.

Caution: Failure to balance the tubes before ultracentrifugation could resdidmaged

equipment.

21. Place the ultracentrifuge rotor in the biosafety cabinet. Load the tubes and fasten the
lid.
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Caution: Ensure that the rotor is in proper working order. This includes checking that

the orings are intact, as crackeetiags can ause virus to spill during ultracentrifugation.
Also, check that the rotor and tubes are completely dry; moisture between tubes and the
tube cavity can cause tubes to collapse. To prevent damage to the rotor, set it on a paper

towel so that the ovespeedlisk at the bottom is not scratched.

22. Carefully transfer the rotor to the ultracentrifuge. Spin the Type 70 Ti rotor at 350,000g
(58,400 r.p.m.) for 2 h and 25 min at 18 °C with slow acceleration (no. 3; the instrument
will take 3 min to accelerate t600 r.p.m., followed by maximum acceleration) and
deceleration (no. 9; the instrument widktcelerateat maximum speed until it reaches 500
r.p.m., then take 6 min to stop) profiles. Alternatively, a Type 60 Ti rotor can be used at
358,000g (59,000 r.p.n).

Caution:Al ways foll ow the manufacturerds i1instru

23. During ultracentrifugation, gather the supplies and equipment for Steiv.24
Assemble the clamp setupdquipment setypand collect one of each of thallbwing per
gradient: Amicon Ultral5 centrifugal filter device,-.nl syringe, 16ml syringe, 0.22um

syringe filter unit, and a X§auge needle.

24. After ultracentrifugation, bring the rotor inside the biosafety cabinet and remove the
lid. Use the spzer removal tool provided with the OptiSeal tube kit to remove the spacer
from the first tube. Next, use the tube removal tool to grip the tube neck. Slowly remove
the tube from the rotor and secure it into the clamp setup aboveral50Q-liter beaker
containing fresh 10% (vol/vol) bleachkigure 2.8f). Clean the side of the tube with a paper

towel or a Kimwipe sprayed with 70% (vol/vol) ethanol.

Caution: The black cap may become dislodged from the tube during removal, increasing
the likelihood of a sifi. Try replacing the cap before removing the tube from the rotor.

Otherwise, replace the cap once the tube is secured in the clamp setup.
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Caution: If a tube collapses during ultracentrifugation, take extra care when removing

the tube from the rotor. Useesh 10% (vol/vol) bleach to wipe the tube before proceeding

with AAV purification. Viruses purified from collapsed tubes may have lower yields.
Referto Table2.T3for troubleshooting tips.

25. Prepare the supplies for Steps 26 and 27. First, remmavsave the plunger from a
10-ml syringe. Attach a 0.2@m syringe filter unit to the syringe barrel and place it on top
of an Amicon filter device. Next, add 10 ml of DPBS to the barrel and allow the solution
to begin dripping through the syringe filtenitiand into the filter deviceHgure 2.8f).

Last, attach a X*§auge needle tomml syringe.

Critical Step Amicon filter devices contain traces of glycerine. If this interferes with
downstream applications, rinse the device with DPBS before useof@ptRinse the
filtration membrane of the Amicon filter device by adding 15 ml of DPBS to the top
chamber and centrifuging at 3,0@00for 1 min at RT; discard the fletihrough. The

manufacturerecommends using the device immediately after rinsing.

26. From the tube clamped in Step 24, collect the virus from the 40/60% interface and
40% layet®?183(Figure 2.8g andSupplementary Vide@.V3, 0:0Q 1:30). Hold the top of

the OptiSeal tube with your natominant hand; use your dominant hand to hold the
needle/syringelUse a forwarewisting motion to insert the needle ~4 mm below the
40/60% interface (i.e., where the tube just starts to curve). Use the tube removal tool in
your nordominant hand to remove the black cap from the tube to provide a hole for air
entry. Withthe needle bevel up, use the needle/syringe to collet#.5.0nl of virus/
iodixanol from the 40/60% interface and 40% layer. Do not collect from the white protein
layer at the 25/40% interface; as this interface is approached, rotate the needlevevel do
and continue collecting from the 40% layer. Firmly replace the black cap before removing

the needle from the tube.
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Caution: Keep your hands out of the path of the needle to prevent accidental exposure

to AAVSs. Failure to firmly replace the black cagfdre removing the needle will cause the
AAV -contaminated solution to flow out of the needle hole in the tube and potentially onto
and out of the biosafety cabinet. Perform this step over a large beaker ob#eéinol/vol)
bleach Figure 2.8f).

Critical Step The virus should concentrate at the 40/60% interface and within the 40%
layer10. There will not be a visible virus band, but the phenol red in the 25% and 60%

layers helps to better define the 40% cushion.

Critical Step Before attempting to collestirus from the density gradient, practice on an
OptiSeal tube filled with water.

Critical Step (Optional) Collect a 3@l sample from the virus/iodixanol for
troubleshooting; store at 4 °C for up to 1 week. If the viral yield is lower than expected, the
sample can be titered (Stepg 82) to determine at which stage the virus may have been

lost.
Referto Table2.T3for troubleshooting tips.

27. Add the 4.04.5 ml of virus/iodixanol to the syringe barrel containing 10 ml of DPBS
(prepared in Step 25F{gure 2.8h andSupplementary Vide@.V3, 1:31 2:06). Layer the

virus below the DPBS by placing the needle near the bottom of the barrel and pressing on
the plunger. Insert the 4@l syringe plunger into the barrel and push the virus/DPBS
mixture through tk syringe filter unit and into the Amicon filter devicgupplementary
Video2.V3, 2:07 2:32). Mix well using a P1000 pipette.

Critical Step This filtration step reduces the likelihood of clogging the filtration membrane
in the Amicon filter device. Theirus/iodixanol mixture will be difficult to push through

the syringe filter unit; DPBS will be easy to puslhotigh as it washes the filter.
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Critical Step AAVs adhere to hydrophobic surfaces, including plastics; usélading

pipette tips Reagents Pluronic F68 is a nonionic surfactant that may reduce virus loss
associated with sticking to plastics. (Optional) Include 0.001% (vol/vol) Plurc6& iR

the DPBS for Steps 230. 28 Centrifuge the virus/DPBS mixture at 3,000g i@ Bin

at RT, or untithe volume of the solution remaining in the top chamber of the Amicon filter
device is 5001,500 ul (>10x concentrated).

Critical Step This step may take longer because iodixanol initially slows the passage of
the solution through the filtration membea

29. Discard the flowthrough for bleaching. Add 13 ml of DPBS to the virus in the top

chamber ad use a P1000 pipette to mix.

Critical Step Remove the filter device, which contains the virus, before discarding the
flow through.

30. Centrifuge thevirus/DPBS mixture as in Step 28. Wash the virus two more times for
a total of four buffer exchanges. During the last spin, retaiit BWDul d solution in the

top chamber.

Critical Step The third and fourth washes may require only3in spin untithe desired

volume remains in the top chamber.

Critical Step The volume retained in the top chamber will affect the final virus
concentration (vg/ml) (i.e., the lower the volume, the higher the concentration). A final
volume of 300500 pl should work fomost applications, assuming a production efficiency
of at least 1 x 18 vg/dish and a dose and injection volume of no more than £2v@0
and 100 Ol , rEgperpnentat desige | gy e ¢ sie@en 6and Step 4
injection volume recommendans, respectively). For direct injections, a final volume of
200 pl may be optimal. Note that retaining too low a volume may cause the virus to

aggregate during storage at 4 °C (see Step 42 for details).
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31. Use a P200 pipette to transfer the virus fithie top chamber of the Amicon filter

device directly to a 1-nl screwcap vial; store at 4 °C.

Critical Step Amicon filter devices are not sterile. If this is a concern for specific
applications, the virus can be filtsterilized before storage. (Optial) Filtersterilize the
virus. Use a P200 pipette to transfer the virus from the top chamber of the Amicon filter
device directly to a Costar Spkfilter unit within a centrifuge tube. Centrifuge the virus

at 3,000g for 1 min at RT. Discard the filtainit and transfer the purified virus from the

centrifuge tube to a 1-8l screwcap vial; store at 4 °C.

Critical Step The screwcap vials are not low protein binding; however, they help prevent
the formation of aerosols when opening and closing thestiWWe store AAVs in screw

cap vials at 4 °C and typically use them within 3 months, during which time we have not
noticed a decrease in titers or transduction efficiamewo. We have not rigorously tested

the effectsoflong er m st orage at 120 AC or 180 AC

Referto Table2.T3for troubleshooting tips.

Pause PointStore the purified virus at 4 °C for up to 3 months.
AAV titration

6 Tmngrhd

Critical: The AAV titration procedure below is adapted from¥&fEach virus sample is
prepared in triplicate in separate-tdbDNA/RNA LoBind microcentrifuge tubes and later
loaded into a 6well plate for gPCR. All solutions must be accurately pipetted and

thoroughly mixed; qPCR is highly sensitive to small changes in DNA concentration.

32. Prepare a plan for the PCR plate setup. Allocate the first 24 well8&) for the

DNA standardsuch that standard no. 1 occupies well§ A3, standard no. 2 occupies

f

C
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wells Adi A6, and so on. Use the remaining wells for the virus samples such that the first

virus sample occupies wells 023, the second sample occupies well$ ©&, andso on.

Critical Step Include DPBS as a negative control and a virus sample with a known
concentration as a positive control; prepare the controls with the virus samples in Bteps 33
40.

33. Use DNase | to digest DNA that was not packaged into the viral capsid. Hp&jese

| + DNase digestion buffelReagent setypand add 100 pl to each il tube. Vortex
each virus for 12 s to mix; alternatively, use a P200 pipette to mix. Add 2 pl of the virus
to each of three tubes. Vortex fdr2ls to mix and spin down (2,000QT, 10 s); incubate

in a 37 °C water bath for 1 h.

Critical Step Do not vortex/pipette the virus vigorously or vortex longer thag §;

exposure to forcenay disrupt capsid structure.

Critical Step When dipping the pipette tip into the virus stoclsart the tip just below the
surface of the liquid rather than dipping it deep inside. Excess virus carried on the outside

of the tip will carry over into the DNase digestion buffer aadse variations in the titer.
Critical Step Prepare each virus saraph triplicate.

34. Inactivate the DNase. Add 5 pl of EDTA to each tube; vortex f@ 4.to mix, spin
down (2,000y, RT, 10 s), and incubate & 70 °C dry bath for 10 min.

Critical Step DNase must be inactivated or else it will degrade the virabmerwhen it

is released from the viral capsid in Step 35.

35. Use proteinase K to digest the viral capsid and release the viral genome. Prepare
proteinase K + proteinase K solutidRgagent setymnd add 120 pl to each tube. Vortex
for 1i 2 s to mix andpin down (2,00@, RT, 10 s); incubatin a 50 °C dry bath for 2 h.

Pause PointSamples can be incubated at 50 °C overnight.
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36. During the last 20 min of the proteinase K digestion, prepare the DNA standard
dilutions (Reagent setypand use the Qub#ssay to measure the concentrationp(gf

the DNA standard stock.

Critical Step The concentration of the standard stock solution is used to generate the
standard curve after gPCRypplementary Table2.ST4, cell B9). To measure the
concentration offte standard stock solution, use the Qubit fluorometer, which measures

low DNA concentrations with high sensitivity and accuracy.

37. Inactivate the proteinase K. Incubate the tubes in a 95 °C dry bath for 10 min.

Caution Tube caps may pop open unexgely; use safety glasses while removing the
tubes from the 95 °C dry bath.

Critical Step Proteinase K must be inactivated or else it will digest the DNA polymerase
during gPCR.

38. Allow the tubes to cool for 5 min. Vortex each sample fid®2 & to mixand add 3 pl
to a new tube containing 897 ul of UltraPure water (a 1:300 dilution). Vortex the diluted

samples for 3 s to mix.

39. Prepare the gPCR master mike@agent setyp

40. Load the PCR plate based on the experimental plan from Step 32. ipette 23 pl

of gPCR master mix into each designated well. Next, pipette 2 pl of each standard into
wells ALiB12. Last, pipette 2 ul of each diluted sample from Step 38 into wells C1 and
onward. Seal the plate with sealing film and briefly spin down @I, 10 s) in a plate

spinner.

41. Place the PCR plate into the gPCR machine. Use the following cycling parameters:
Step 1: 95 °C, 10 min Step 2: 95 °C, 15 s Step 3: 60 °C, 20 s Step 4: 60 °C, 40 s Repeat
steps 24 40x.
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42. When the gPCR run is compdetexport the cycle threshold (Ct) values to an Excel

file. Copy and paste the Ct values irfoipplementary Table2.ST4 ( KAV titration
calculato® s heet) to generate a standard curve
each virus; calculate pg@tate production (vg/dish) (cell K27) to assess production
efficiency. Be sure to enter the appropriate valuesincelld®a n d B 1Bxampl®e e 0

sheet.

Critical Step | f t he t i'tvg/ml, the virusOvay dggrebdie during storage at 4
°C. Dilute the virus to between 2 x%#@nd 5 x 18 vg/ml with DPBS and réiter the
diluted stock.

Referto Table2.T3for troubleshooting tips.

Intravenous (retreorbital) injection

w

0 T i rbBmnger mouse, excluding setup and cleanup time

Cautiont Follow appropriate institutional and governmental guidelines and regulations for
husbandry and handling of laboratory animals. Compared todiail injections, retro
orbital injections require less technical expertise and may cause less distress'4h mice
however, tailvein injections appear to result in similar AAV distributigit©?

Critical: When possible, verifyiral transduction and transgene expression in vitro before
systemic administration. Note that-ogecting AAVs with other substances (e.g., dyes)
could affect infectivityin vivoand $iould be tested independently.

Critical: Retiter viruses before in@ion if more than 1 month has passed since titration;

this will ensure that animals are administered the most accurate dose possible.

43 Det ermine the dose of v Experimentalaesighd miercit 9 toenr
for recommendations). Dividine dose (vg) by the titer (vg/mip@pplementary Table
2.ST4, cell G27) to calculate the volume of virus needed to inject one mouse. In a screw
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cap vial, prepare a master mix of virus based on the number of animals to be injected;

briefly vortex each vits and master mix fori 2 s before use. Transport the virus on ice

once it is ready for injection.

Caution: Do not inject more than 10% of the mouse blood volume, which corrdsgon
150 pl for a 259 mouse.

Critical Step:Depending on the user, it iagest to inject 40 ul/mouse. 1k40pul/mouse

is required, use DPBS or saline to dilute the virus such that a larger volume is injected. If
more than 80 pl/mouse is required, it may be more convenienicioneentrate the virus

or perform two separatéjections; follow institutional guidelines for multiple eye
injections. Virus will be lost in the event of an unsuccessful injection; therefore, prepare

more master mix than is required.

Critical Step: To reduce the chance of contaminating the viruskstagoid using the

original virus stock; bring only an aliquot of whatneeded for the injections.

Critical Step:Do not store diluted viruses; only dilute what is needed immediately before

injection.
Referto Table2.T3for troubleshooting tips.
44. Assemble the anesthesia syst&(Equipment setygdnside the biosafety cabinet.

45. Remove the mouse from its cage and place it in the induction chamber. Anesthetize

the mouse with15% isoflurane in oxygen.
Caution: Isoflurane musbe handled according to federal, state, and local regulations.

46. While the mouse is being induced, load an insulin syringe with virus. Remove the dead
space in the syringe barrel by gently ejecting the virus back into the tube such that air
bubbles arexpelled. Load the syringe again and repeat the procedure until no bubbles

remain in the barrel.



8C
Caution: Introducing air into th&ascular system can be fatal.

Critical Step:Introducing air into the virus may cause protein denaturation; perform this

step gently and only until no bubbles remain in the syringe barrel.

47. Remove the anesthetized mouse from the induction chamber. Place the animal in a
prone position on a small stack of paper towels. Position the mouse such that its head is
situated onhe same side as the operatords domin:

mouse to maintain anesthesia.

48. Use the index finger and thumb of the raimminant hand to draw back the skin above
and below the eye, causing the eye to slightly protrude framstitke®>. With the
dominant hand, insert the needle, bevel down, afi 4530angle into the medial canthus
and through the conjunctivalembrane. The needle should be positioned behind the globe
of the eye in the retrorbital sinus. Slowly release the virus into the sinus and gently

remove the needle.

Caution: Assess anesthetic depth by loss of pedal reflex (via toe pinch) before gn#eetin
needle into the retrorbital sinus. Any movement of the eye or skin when the needle is
inserted indicates incorrect needle placement. Keep hands out of the path of the needle to
prevent accidental exposure to AAVs. Do not recap needles; discardnrapproved
biohazardous sharpsrainer immediately after use.

Critical Step:No liquid should leak out of the eye after viral delivery; likewise, little to no
bleeding should be observed.

Referto Table2.T3for troubleshooting tips.

49. Following viral injection, apply mild pressure to the eyelid. Appliy21drops of
proparacaine to the corneal surface to provide local analgesia. After recovery from

anesthesia, place the mouse in a clean cage.
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Caution: Monitor the eye daily after injection for 2 dr according to institutional

guidelines.
Evaluation of transgene expression
0 Ti mi ng vEpeiinzehtd desighseec Bi on

Caution: Follow appropriate institutional and governmental guidelines and regulations for

husbandry and handling of laborgt@nimals.

50. To assess endogenous fluorescence in fixed ti§sgares2.2i 2.5), anesthetize and
transcardially perfugé the animals after sufficient time has passed for viral transduction

and protein Expeimeatal glésighn s(esced o f or recomme
thin?®3 or thick?®**tissue slices and mount them in RIMS*or a commercially available

mounting media such as Prolong Diamond Antifade (Thermo Fisher Scientific, cat. no.
P36965) or Vectashield (Vector Laboratories, cat. ndOBIG-10). Alternatively, use

PACT- or PARSbased clearing!?'8of whole organs or animals, respectively, or another
clearing method (e.g., ScaleS€). Ensure that the chosen clearing protocol is compatible
with the fluorescent p r o Exparimeftal )desighn daenrd i n
0 Ant idc irpeaseations $oddetails). Native fluorescence can be visualized using a
fluorescence microscope (e.g., KeyenceXB00), confocal microscope (e.g., Zeiss LSM

880), or lightsheet microscope (e.g., custonadé'® or LaVision BioTec
UltraMicroscope 1), depending on the tissue volume and desired imaging rasokgio
experiments without fluorescent labels, evaluate transgene expression using molecular
(e.g., gPCR3 or Western btd), histologicat'® (e.g., with antibodies or molecular prepe

or functional (e.g., optical imagiAt)) methods relevant to the experimental aims.
Regardless of the approach used to evaluate gene expression, ¢sfégfec promoters

should be verified at this stage in the protocol; we typically assess cell nagplaoid/or

use antibody staining to confirm specifi¢t§(Figure 2.2b,0.

Referto Table2.T3for troubleshooting tips.



2.5TROUBLESHOOTING

Troubleshooting advicean be found iTable2.T3.

Table 2.T3: Troubleshooting table

Step Problem
5 Transfection
(Transfection) solution is not
cloudy
Low or no
3 fluorescent
(Transfection) protein expressiol
post transfection

Possible
reason

DNAI PEI
complexes
have
formed

not

Transfection
miscalculation

Low DNA
purity
Mutations in
plasnids

Poor cell healtt

Weak
fluorescent
reporter and/o
promoter,  or
promoter

Solution

Thoroughly vortex the transfectic
solution for 10 s and incubateRiT
for 2110 min before use; alway
use PEl at RT

Carefully follow the instructions il
the Reagent setup al
Supplementary Table
(6Transfection
prepare the PElI + DPBS mas
mix and DNA + DPBS solutits

Use an endotoxifree plasmio
purification kit to isolate plasmid:
assess DNA purity (i.e., 260/2¢
and 260/230 ratios) befo
transfection

Verify the integrity of pAAV

plasmids by sequencing a
restriction digestion befor
transfection

Maintain cells in an activel
dividing state at recommend
ratios (Reagent setup). Ensure ¢
are not overconfluent at the timefc
transfection, and change media
more than 24 h post transfection

Include a positive transfectic
control (e.g., pAAVVCAG-eYFP).
Note that some pmoters may tak
21 3 d to show expression
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9 (AAV
harvest)

16 (AAV
purification)

Problem

Cell lysate is no
pink

Density gradient:
have no clea
delineation
between iodianol
layers

Possible
reason

cannot initiate
gene

expression ir
HEK293T cells

Transgene
expression
depends on Fl
or Cre
recombinase

Transfection
miscalculation

pH of the lysate
is too low

Fluorescent
protein
expression
from a strong
promder (e.g.,
CAG)

Layers are
mixed

Solution

Include a positive transfectic
control (see above)

Carefully follow the instructions il
the Reagent setup al
Supplementary Table 2
(6Transfection

prepare the PEI + DPBS mas
mix and DNA + DPBS solutions

Check the pH of the lysate I
pipetting 30 pl onto a pH strif
adjust the pH to 8.3vith NaOH
suitable for cell culture. |
subsequent viral preps, ensure 1
the pH of SAN digestion buffer |
~10.0; during cell lysis, the pl
should drop to 8.0, which is
optimal for SAN digestion

Expression of blue/green or r
fluorescent proteins from stror
promoters can cause the lysate
turn yellow or red, respectivel
proceed with AAV production

Repour the gradient
(Supplementary Video 1, 0:0(
1:45, or Supplementary Video
0:00'1:13); gradients should
poured fresh and not allowed to
for too long
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24  (AAV
purification)

26 (AAV
purification)

Problem

Tube
during

collapsec

ultracentrifugatio

Cannot

puncturi
the OptiSeal tub:
with the needle

Two holes were
punctured througl
the OptiSeal tube

Cannot
virus
needle

with

collec
the

Possible
reason

An air bubble
was trappec

underneath
black cap

thi

The rotor
and/or OptiSea
tubes were no
in proper
working order

Not enough

force is usd

Too much force

was used

Black cap was
not removed

Plastic from the
tube is lodgec

inside
needle

the

84

Solution

Carefully remove the tube from ti
rotor and wipe it with fresh 10¢
(vol/vol) bleach before proceedir
with AAV purification. In future
viral preps, remove air bubbl
with a P200 pipette befol
ultracenrifugation

Carefully remove the tube from ti
rotor and wipe it with fresh 10¢
(vol/vol) bleach before proceedir
with AAV purification. In future
viral preps, check that the rotor a
tubes are completely dry; moistu
between tubes and the tube ca
can cause tubes to collapse. A
check tubes for dents befc
pouring the density gradients

Use a forwarewisting motion to
insert the needle into the tul
(Supplementary Video 3, 0:0¢
0:21); practice on an OptiSeal tu
filled with water

See above. Do not remove t
needle; carefully insert a ne
needle and proceed to collect vir

Use the tube removal tool
remove the black cap from the tu
after inserting the needle but beft
collecting  virus  (Fig8gand
Supplementary Video 3, O0:R:
0:30); practice on an OptiSeal tu
filled with water

Firmly replace the black cap ai
remove the needle from the tub
insert a new needle into the sa
hole, remove the black cap, and
collecting virus again


https://www.nature.com/articles/s41596-018-0097-3#Fig8

Step
31 (AAV
purification)

Problem

Density gradien
flows out of the
needle hole in th
tube after remove

of the needle

Purified virus
cloudy

is

Unknown materia

is suspended
purified virus

Possible
reason

Black cap was

not firmly

replaced

The
virus/DPBS

mixture was no
and

mixed
contains
iodixanol

Salt, DNA, or

viral

precipitation

Bacterial

contamination

Carryover
from
filtration
membrane

th

e

o

Solution

Act quickly; use the beaker ¢
bleach to catch the liquid ar
firmly replace the black cap to st
the flow. In subsequent viral prey
ensure that the black cap is repla
before removing the needle fro
the tube (Supplementary Video
1:19 1:30); practice on an Gieal
tube filled with water

Repeat the buffer exchanges
Steps 2830. In future viral preps
thoroughly mix the virus/DPB:
mixture using a P100@ipette in
Steps 27, 29, and 30

Before titering or injecting th
virus, spin down the precipitate
3,00@ for 5 min at RT and transfe
the supernatant (i.e., the virus)a
new screwcap vial. We have nc
noticed a decrease in titer af
removing precipitate from ot
preps; however, it is a good pract
to retiter a virus if precipitate hs
formed

Bleach the virus. In future vire
preps, fiter-sterilize viruses afte
purification, and only open tube
containing viruses in a biosafe
cabinet.  During  intravenot
injections, never use the origir
virus stock; bring only an aliquot «
what is needed for injection

Filter-sterilize the virus



Step
42 (AAV
titration)

Possible
reason

Problem

the Amicon
filter device

Missing
No SYBR signal féagents (e.g
detected for DNA Primers) — in
standards or viru 9PCR reaction
samples

Degraded
reagents
DNase was na
inactivated,
resulting in
degradation o
the viral

gename during
proteinase K

No SYBR signal treatment

detected for virus

samples Proteinase K

was not
inactivated,
resulting in
degradation o
DNA
polymerase
during gPCR

Inaccurate

Triplicates do no' pipetting and/ol

have similar Ciinadequate

values mixing of
reagents
Inaccurate

pipetting and/ol

Standard curve i inadequate

not linear mixing of
reagents while
preparing the

8¢

Solution

Check that all gPCR reagents wi
added to the master mine that
the DNA standards and virl
samples were added to th
respective wells

Use fresh, properly stored gPC
reagents

Repeat the titration procedure;
sure to inactivate DNase wi
EDTA at 70 °C (Step 34)

Repeat the titration procedure;
sure tanactivate Proteinase K at ¢
°C (Step 37)

Repeat the gPCR; pipet
accurately and thoroughly mix ¢
reagents before use

Repeat the gPCR; pipet
accurately and thoroughly mix &
reagents while preparing the DN
standard dilutions. Note that at Ic
concentrations (high Ct iges),
standard nos. 1 and 2 will devie
from linearity (Supplementar



Step

Possible
reason

Problem

DNA standard
dilutions

DNA standards
degraded
and/or stuck tc
the walls of 1.5
ml tubes

Transfection,
Viral vyield is AAV harvest,
lower than AAV
expected purification,
(Supplementary and/or AAV
Table 4, cell K27) titration were

not successful

AAV  capsid
and/or genom
results in pooil
production
efficiency

ITRs
underwent
recombination

Solution

Tabl e 4, 60Exam
normal; the qPCR does not neec
be repeated

Repeat the gPCR,; prepare the DI
standard dilutions frest
immediately before use, and v
only DNA/RNA LoBind
microcentrifuge tubes. Note that
low concentrations (high C
values), standard nos. 1 and 2\

deviate from linearity
(Supplementary Table ‘
OExampl ed sheet

the qPCR does not need to
repeated

Include a positive
transfection/virus productio
control (eg., pAAV-CAG-eYFP)
and a positive titration control. T
determine at which stage the vir
may have been lost, collect a-@D
sample from the cell lysate (Step
the media before PEG precipitati
(Step 10), the PEG pell
resuspension (Step 14), ande
lysate before (Step 18) and af
iodixanol purification (Step 26
Store samples at 4 °C for up tc
week for titering (Steps 322)

Scale up viral preps to enstL
enough virus is proded for
downstream applications

After plasmid purification, bu
before transfection, digest pAA\
with Smal to confirm the presen:
of ITRs, which are required fc



Step Problem Possible
reason

during bacteria
growth

A large volume

(e.g., more thai
43 100 pl, depending Virus
(intravenous on user concentration i¢
injection) preference) 0 too low

virus needs to b

injected

Virus spills out of Incorrect
the eye durin¢ needle

injection placement
48
(Intravenais
injection)
Incorrect
needle

Bleeding before placement
during, or after
injection

Needle is left in
the injection
site for too long

8¢

Solution

replication and encapsidation of t
viral genome; always propage
pAAVs in recombinatiordeficient
bacterial strains

Reconcentratehe virus using al
Amicon filter device. Add 13 ml o
DPBS and the virus to the tc
chamber of the Amicon filte
device and use a P1000 pipette
mix. Centrifuge at 3,0@Pat RT
until the desired volume of solutic
remains in the top chamber

Absorb the spilled virus using
paper towel; disinfect AAV
contaminated surfaces a
materials with fresh 10% (vol/vo
bleach or an equivalel
disinfectant. Load the s@e insulin
syringe with more virus, positio
the needle behind the globe of f
eye in the retrarbital sinus, anc
try the injection again. Practic
injections using DPBS or salir
until  comfortable  with  the
procedure

Position the needle behind t
globe of the eye in the retarbital
sinus; never puncture the eye its
Inject the virus slowly; following
injection, carefully remove th
needle at the same angle at whic
was inseted. Practice injection
using DPBS or saline uni
comfortable with the procedure

Once the needle is correctly plac
in the eye, immediately inject tf
virus



Step

50

Problem

Weak or no

(Evaluation of transgene

transgene
expression)

expression in th
tissue of interest

Possible
reason

Sufficient time
has not passe
for protein

expression

Dose is too low
or dose is toc
high, causing

cell toxicity

Titer
inaccurate

is

Virus degraded

Weak or no
expression
from the AAV
genome

Poor viral
injection

Fluorescent

protein and/ol

signal
deteriorates
chemical
clearing
reagents

ir .
i

Solution

Wait longer for optimal proteil
expression

Inject multiple animals with
series ofloses and sacrifice them
different time points (e.g., weekl
to determine the optimal dose

Redtiter viruses before injection

more than 1 month has passed si
titration; this will ensure that th
animals are administered theost
accurate dose possible

See above. Store AAPHP
viruses at 4 °C for up to 3 montt
during which time we have ni
noticed a decrease in titers

transduction efficiencyn vivo. Do
not store diluted viruses; dilute or
what is neded immediately befor
retro-orbital injection

Verify the integrity of pAAV
plasmids by sequencing a
restriction digestion befor
transfection. If possible, verif
viral transduction and transge
expressionn vitro before systemi
administration

Inject multiple animals to increa:
the chance of success

Ensure that the chosen cleari
protocol is compatiblewith the
fluorescent  protein(s) und
nvestigation
designd and OA
sections for details)
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Step Problem Possible Solution
reason

Fluorescent

protein is

sensitive to Use a different fluorescent prote
Fluorescent signe photobleaching with similar spectral properties b
photobleaches  (e.g.,  during higher photostability (e.g
during imaging long imaging tdTomato rather than mRuby2,

sessions or a eGFP rather than Emerald)

high

magnification)

Reduce autofluorescencaising
histological methods (e.g., Sud
black) or, if possible, injec
younger adul ts

determine the minimum tim
required for transgene expressio

Lipofuscin

accumulation Aging tissue

2.6 TIMING

Refer toFigure 2.7afor a time line of the Procedure.

Steps 13, triple tansient transfection of HEK293T cellg:2Lh
Steps 414, AAV harvest: 5d

Steps 1531, AAV purification: 1 d

Steps 342, AAV titration: 1 d

Steps 4849, intravenous (retrorbital) injection:<5 min per mouse, excluding setup and

cleanup time Step 5@yaluation of transgene expression: variable
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2.7ANTICIPATED RESULTS

AAV production

For capsids that package well (i.e., ABHP.B, AAV-PHP.eB, and AAWHP.S),
the AAV production pr ot B wegoder 15omm dishEt1l v vyi e
Production efficiency can be determined for each virus in Stefd@(ementary Table
2.ST4, cell K27). Note that yields may vafyom prep to prep and genome to genome.
Users can gauge production eiincy for each experiment by running a positive control
(e.g., pAAV-CAG-eYFP).

Evaluation of transgene expression

For most applications, users can expect to assess transduced cells beginning 2 or
more weeks after | Bxpeariaentatesigds siecjt eotini dor ( sle
chosen method for evaluating transgene expression will vary from user to user and may
involve molecular, histological, and/or functional approatiéStep 50). We typically
use fluorescent reporters to assess gene
samples; below, we discuss expected results for tHeatpns presented herE&igures

2.2i 2.5) and in our previous wotk>1%’

Commonly used reporters sucas GFP, eYFP, and tdTomato show strong
fluorescent labeling in PAGTand PARScleared tissues, enabling whalegan and thick
tissue imaging of transgene expres§i6i1?18 Most markers, including mTurquoise2,
mNeonGreen, and mRuby2, can also be detected after mounting labeled tissues in optical
clearing reagents such as RIMSor ScaleS®° (Figures 2.3a,c,d,2.4b-d and 2.5€) or
commercially available mounting medkidure 2.5a,¢. Depending on the rAAV genome,
fluorescent protes can be localized to distinct cellular compartments, including the
nucleus (via NLS)Kigure 2.2a,b), cytosol Figures 2.2d,e,2.3, 24b and2.5), and cell
membrane (via farnesylati®fi or fusion to a membrane protesnch as ChR2)Rigures
2.3dand2 .4d).
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In summary, we present a comprehensive protocol for the production and

administration of AAVPHP viruses. We have validated the ability of AMNAP variants
to provide efficient and noninvasive gene delivery to specédll populations throughout
the body. Together, this AAV toolbox equips users with the resources needed for a variety

of applications across the biomedical sciences.

2.8SUPPLEMENTARY INFORMATION
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AAV-PHP capsid | Production Species (s_tr_aln or line), age Organs/cell populations References
injected transduced
Neurons, astrocytes,
oligodendrocytes, and
Mouse (C57BL/6J, FVB/NCrl, |endothelial cells across all brain .
. . ) Refs. 1-6, this
129S1/SvimJ, and multiple Cre |and spinal cord regions work
driver lines), =6 weeks examined. Transduction in the
retina occurs with variable
efficiency across all layers
AAV-PHP B Good
Mouse (C57BL/6J), PO-P1 Brain and spinal cord Ref. 4
Rat (Sprague-Dawley), P1 and |Neurons throughout the brain
. Ref. 7
6 weeks and spinal cord
Human iPSCs Neu_rons and a;trocytes in Ref 2
cortical spheroids
Mouse (C57BL/6J,
C57BL/6NCrl, and
129T2/SVvEmsJ), 26 weeks
Similar to AAV-PHP.B but with | Ref. 8, this work
AAV-PHP_ eB Good increased efficiency of neuronal
Rat (Fischer), 6 weeks transduction
Rat (Long Evans), 4 weeks
Rat (Sprague-Dawley), 6 weeks Ref. 9
Sensory neurons, peripheral
ganglia (sympathetic, nodose,
dorsal root, and cardiac
ganglia), and the myenteric and
submucosal plexuses of the
AAV-PHP.S Good IVI(_:usel(C5YBL/6J and Cre enteric nervous system. Robust | Ref. 8, this work
driver lines), 6-8 weeks :
transduction of heart muscle,
skeletal muscle, and circular
and longitudinal muscle of the
digestive tract, as well as the
liver and lungs
AAV-PHP.A Poor Mouse (C57BL/6J), 6 weeks Astrocytes throughout the brain Ref. 2

Supplementary Tabl@.STL: Use of AAVPHP capsids for #icient transduction across

organs and cell populations.

Species/strains, organs, and cell populations examinethtéo following intravenous
administration of AAVPHP viruses. To target distinct cell types, use rAAV genomes with
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cell typé specific geneegulatory elements and/or Cr& Flp-dependent recombination

schemesKigures 2.2-2.4, Figure 2.6 and Table 2.T1). iPSCs, induced pluripotent stem
cells.The refs. 1%, 2157 3191 4158 5160 @189 7159 gl33 gl6z

Supplementary Tabl@.ST2:Transfection calculator.

This is an interactive calcul atorReagend pr ov
setu® ) . Noutre PR Ehla tc aDletailedicalculationd ss hféet ) afete based
Volume of each layer Layer Number of gradients
(ml) % Solution (ml) 1| 2 4 6 8
5 - DPBS + high salt 5.0 9.9 19.8 29.7 39.6
60% iodixanol 17 33 6.6 9.9 13.2
DPBS + low salt 39 77 154 23.1 30.8
6 25 60% iodixanol 28 5.5 11.0 16.5 220
Phenol red 0.1 0.1 0.2 0.3 04
- P DPBS + low salt 1.8 3.7 7.3 11.0 14.7
60% iodixanol 3.7 73 147 220 293
= . 60% iodixanol 55 11.0 220 33.0 44 0
Phenol red 0.1 0.1 0.2 0.3 04

Supplementary Tabl@.ST3: Pouring the iodixanol density gradients.

Determine the number of gradients needed and prepare the iodixanol density gradient
solutions Reagent setypThe 15% layer contains high salt to destabilizgcianteractions
between viral particles and cell proteins in the clarified ly&ate Step 16B, prepare more

solutions than are needdRligagent setyp
Supplementary Tabl@.ST4:Titration calculator.

This is an interactive calcul atorReagend pr ov

setu ) .



Supplementary Vide@.V1: Pouring gradients part 1

Steps 16A and 18: Pouring the density gradients and loading the virus. In Step 16A, use a 2
ml serological pipette to pour the gradients. Next, load the virus (also shown in Step 16B

(Supplementary Video.¥?2))

Supplementary Vide@.V2: Pouring gradients part 2

Steps 16B and 18: Pouring the density gradients and loading the virus. In Step 16B, use a
5-ml serological pipette to pour the gradients. Next, load the virus (also shown in Step16A

(Supplementary Video 21))

Supplementary Vide@.V3: Virus collection

Steps 2627: Collecting the virus
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Chapter 3

MULTI PLEXEDERPERENT SELEGCREM E()M YI EL DS
SYSTEMI C AAVRESGHTORNG ADI STTINNCIE LBBRAT YP E S

Ravindra Kumar, S., Miles, T. F., Chen, X., Brown, D., Dobreva, T., Huang, Q., Ding,
X., Luo, Y., Einarsson, P.H., Greenbaum, A., Jang, J.J., Deverman, B. E., Gradinaru, V.
Multiplexed Credependent selection yields systemic AAVs for targeting distinct brain cell
types.Nature Method$2020).https://doi.org/10.1038/s415920-07997

3.1 SUMMARY

Recombinant aderassociated viruses (rAAVS) are efficient gene delivery vectors
via intravenous delivery; however, natural serotypes display a finite set of tropisms. To
expand their utility, v evolved AAV capsids to efficiently transduce specific cell types in
adult mouse brains. Building upon our €ezombinatiorbased AAV targeted evolution
(CREATE) platform, we developed Multiplexé@REATE (M-CREATE) to identify
variants of interest in aiven selection landscape through multiple positive and negative
selection criteria. MCREATE incorporates nexgeneration sequencing, synthetic library
generationand a dedicated analysis pipeline. We have identified capsid variants that can
transduce thecentral nervous system broadly, exhibit bias toward vascular cells and
astrocytes, target neurons with greateecificity, or cross the blodidorain barrier across
diverse murine strains. Collectively, the-@REATE methodology accelerates the

discovery ofcapsids for use in neuroscience and gé&eeapy applications.
3.2 INTRODUCTION

Recombinant aderassociated viruses (rAAVs) are widely used as gene delivery
vectors in scientific research and therapeutic applications due to their ability to transduce

both dividing and nordividing cells, their longerm persistence as episomal DNA in


https://doi.org/10.1038/s41592-020-0799-7

infected cells, and their lowmmunogenicity®®1°>23%237 However, gene delivery l?);/
natural AAV serotypes is limited by do$imiting safety constraints and largely
overlapping tropisms. AA\tapsids engineered by rational destgi*®->382%r directed
evolutiorp®93.143.149.151,152,204.2883 haye vyielded vectors with improved efficiencies for
select cell populatiod®147:150.157.187.244.24y:at much work remains to identify a complete
toobox of efficient and specific vectors. Previously, we evolved the AAVP.B and
AAV -PHP.eB variants from AAV9 using a selection method called CREATEhis
method applies positive seleai pressure for capsids capable of infecting a target cell
population by pairing a viral genome containing lox sites viithvivo selection in
transgenic mice expressing Cre in the cell type of interest. This combination allowis a Cre
Lox recombinatiordependent PCR amplification of only those capsids which successfully

deliver their genomes to the nuclei of the target cell type.

To more efficiently expand the AAV toolbox, we developed MultipleHREATE
(M-CREATE) Figure 3.1a and Supplementary Figre. 3.Sla,b), which compares the
enrichment profiles of thousands of capsid variants across multiple cell types and organs
within a single experiment. This method improves upon its predecessor by capturing the
breadth of capsid variants at every stage of the ts@heprocess. MCREATE supports:

(1) the calculation of an enrichment score for each variant by usinggee&tation
sequencing (NGS) to correct for biases in viral production prior to selection, (2) reduced
propagation of bias in successive rounds céct@n through the creation of a postind

one synthetic pool library with equal variant representatad (3) the reduction of false
positives by including codon replicates of each selected variant in the pool. These
improvements allow interpretatiofivariants' relative infection efficiencies across a broad
range of enrichments in multiple positive selections and enabldpostegative screening

by comparing capsid libraries recovered from multiple target cell types or organs.
Collectively, these fatures allow prioritization of capsid variants fealidation and

characterization
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To demonstrate the ability of M@REATE to reveal useful variants missed by its

predecessor (CREATE), we used the capsid library design that yieldeePA\/B, and
identified several AAV9 variants with distinct tropisms including variants that have biased
transduction of brain vascular cells or that can cross thellidoaia barrier (BBB) without

mousestrain specificity.

3.3 RESULTS



a
............................................ .
M-CREATE Positive and/or negative selection by deep sequencing
Round-1: library generation and selection
[eae ] Process AAV capsid DNA library for deep sequencing
Random 7-mer insertion e ‘,\ ™ 1 AAV DNA library \ndex 1
" N . i [N a.
1. Build AAV capsid DNA library at AA 588-589  Creflox sites \@, ________ o e—_— R1 DNA library

: H T e b

2. Make AAV virus from DNA library Extract viral DNA and process it for deep sequencing

2a,
— U -------- P AAV virus library Index 2
¢  —— S — — R1 or R2 virus library
3. Intravenously inject AAV virus library
in Cre transgenic mice -
-
¢ o0
Process organ- or cell-type-specific AAV libraries with
4. Collect organs 2 weeks post vector ‘\'l;) ’ h unique barcodes for deep sequencing
delivery S

Library A Index 3

[E— . ]
v U G U LbraryB Indexd4 »
5. Pi fi to extract viral DNA S . - —] or R2 organ- or cell-type
rocess tissues to extract vira Tt (1 L2

¢ - Cre— Libra 6a. Library D Index 6
LS SR ::.:IL:E:

. ' . . Library B
6. Selectively amplify lox-flipped viral f— ] ¢
DNA to generate organ- or cell-type = Gre+ el
specific AAV libraries ‘ [ Tean W] @4" —  Library D AAV capsid library recovery from sequencing
-— )

GCCA. . NHKHNKNNK
......................................................... ey
Round-2: custom library generation and selection 6b. GCAT.

* Analyze R2 organ- or cell-type libraries by positive
f and/or negative selection

7. Synthesize oligonucleotide pool using R1 J e ~ Diversified
organ- or cell-type libraries of interest ﬁ"gmmeaﬂde pool

NNNNNNN py . ‘/x\.kf 3
2278

10.
* -------- P NNNNNNN ——= 5%

8. Build DNA library using oligo
pool |

v

9. Repeat steps 2-6, and go to step 10.

] {—‘ R2 DNA library ¢11.

Characterize variants for enhanced efficiency and/or
specificity towards an organ or a cell type.

-| rep2 | capa] |- [ rep2 | cap9] |-

AAVE: 60-mer Trimer Monomer R1 before in vivo selection R1 after in vivo selection

1.0 — ® Tekbrain
@‘ 4 = SNAP brain
0.8 — R1DNA 3 * GFAP brain
— R1virus 3
= 2 @00 AAV-PHP.VZ2
w 0.6 c
=] @
3] E O
w o4 ]
E -2
0.2 % 4 .
o _g’ 1x10
) ) ) R 10° 10" 102 10° 0.0001 1 2 3 4 5 6 7
3-fold axis 588-589 insertion site Ranked capsids

5-fold axis in 3-fold axis Relative abundance of variants

Figure 3.1: Workflow of M-CREATE and andysis of #mer-i selection in round1.

(a), A multiplexed selection approach to identify capsids with specific and broad tropisms.
Steps 16 describe the workflow in rouatl (R1) selection, steps 9 describe roun@

(R2) selection using thgynthetiepod method, steps la, 2a and 6a,b show the
incorporation of deep sequencing to recover capsids after R1 and R2 selection, and steps
1011 describe positive and/or negative selection criteria followed by variant
characterizationThe genesep2andcap9in stp 11 refers toepfrom AAV2
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andcapfrom AAV9, respectively, anthe colored bar withisap9represents
thetargeted mutatior(b), Structural model of the AAV9 capsid (PCBX1) with the
insertion site for thé’-meri library highlighted in red in the®meric (left), trimeric
(middle) and monomeric (right) form&), Empirical cumulative distribution frequency
(ECDF) of R1 DNA and virus libraries that were recovered by deep sequencing post
Gibson assembly and virus production, respectidly. Distributions of variants
recovered from three R1 libraries from T€ke, SNAP25Cre and GFAFCre brain tissue
n = 2 per Cre |line) are shown with capsid
enrichment score. The enrichment scores of the AKWP.V2 variant are mapped as well.

Analysis of capsid libraries during round selection

M-CREATE was developed to dria the analysis of capsid variariishavior within
and acrossn vivo selections. By doing so, we aimed to identify capsids with diverse
tropisms, as well as reveal the capsid sequence diversity within a given tropism. M
CREATE achieves these aims by angorating NGS and a synthetic capsid library
for round 2 in vivo selection along with a dedicated analysis pipeline to assign capsid

enrichment values.

During DNA- and viruslibrary generation there is potential for biased accumulation
and ovefrepreserdtion of certain capsid variants, obscuring their true enrichment during
in vivo selection. These deviations may result from PCR amplification bias in the DNA
library or sequence bias in the efficiency of virus production across various steps such as
capsd assembly, genome packaging and purification. We investigated this Witteai
(i for insertion) library, in which a randomiz&damino acids (AAlibrary is inserted
betweenAA 588 and 589 of AAV9 Kigure 3.1a,b) in the rAAV-gpC a neis-Lox2
plasmid Methodsand Supplementary Figre 3.Sla; theoretical library size,
3.4 % nique nucleotide sequcéenucleotde sequandes an e ¢
upon transfection). We sequenced the libraries after DNA ddgeamd after virus
purification to a depth of Z@0 million (M) reads, which was adequate to capture the bias
among variants during virus productidfiqure 3.1c and Supplementary Figre 3.SLbi
d) . The DNA library had a uwarfioamt i wit tr hibm

tot al reads (read count (RC) mean = 1.0, s
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the virus | ibrary had 3.6 M unique varian

s.d. = 11.15) indicat i ngduregvral prddocgon.tThug f a s
even permissive sites like 58889 will impose biological constraints on sampled sequence

space.

For in vivo selection, we intravenously administered #heeri viral library in
transgenic mice expressing Cre in astroc8EAP-Cre), neurons (SNAP26Gre) or
endothelial cells (Telcr e) at a 'destergenarfes (2y) per aduldmouse € 2
mice per Cre transgenic line). Two weeks after intravenous (i.v.) injection, we collected
brain, spinaicord and liver tissuedVe extracted the rAAV genomes from tissues and
selectively amplified the capsids that transduced-eXpmressing cellsSupplementary
Figure 3.Sle'i) . Upon deep seque n‘unqugnucleatide variamgse r v e d
in brain tissue samples (~48% of iain were identified in the sequenced portion of the
virus library) and <50 variants in spirabrd samples across the transgenic lines, and each
variant was represented with an enrichment score that reflects the change in relative

abundance between the iorand the starting virus libraryiethodsandFigure 3.1d).

Two features of this dataset stand out. First, the variants recovered from brain tissue
were disproportionately represented in the sequenced fraction of the viral library,
demonstrating how prodtion biases can skew selection results. Second, the distribution
of capsidread countseveals that more than half of the unique variants recovered after
selection appear at lovead counts. These variants may either have arisen spontaneously
from errorsduring experimental manipulation mtain AAV9'sbasal levels of central

nervous system (CNS) transducti®upplementary Figre 3.SL€).
Unbiased round2 library design improves the selection outcome

Concerned that the sequence bias during viral producicd recovery would
propagate across selection rounds despite ourhpasenrichment scoring, we designed
an unbiased library based on toendl (R1)output (synthetic pool library) via
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oligonucleotide pools. We compared this library with a library R@®Rlified directly

from the recovered R1 DNA (PCR pool librarfiigure 3.2a andTable3.T1).

Design Parameters Synthetic pool design PCR pool design
Carryover of R1 selection bias Yes, potential to minimize by
among variants normalization
Carryover of R1 selection induced

No, likelihood of false positives is low

No Yes
mutants
Confidence in library performance High, using alternate codon replicates Low
Customize “Eg?\?:o?; add internal Yes, in an unbiased manner Yes, with greater risk of bias

Yes, without reducing libraries or
pooling
Cost for R2 library generation High Low

Control library size Yes, with libraries reduced for pooling

Table3.T1: Comparison between the two methods for R2 selection.

The table summarizes the pros and corsel&ction design parameters by the synthetic pool
and PCR pool R2 selection methods.
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a Synthetic pool design PCR pool design
Synthetic oligonucleotide NNK codon non-NNK codon NNK and non-NNK codon
pool il
XOUOXKK— XH0OO000K DGTLAVPFK = -
XXX XOOXXXXXXX TLAVPFK —= sl W
‘}1)(\ = OXOG000K * 000K+ YTLSQGW T .m| [] {| — tbayc > @ o
= Library D -
sy":g[;{;’?:"::'es : V‘ Sl (carryilaglgqloge‘r:éitia;;sbiages Pool libraries PCR pool
R1 selection biases and  ~8,950 from R1 ~8,950 alternate ~50 previously oligonucleotide , g P " g
PCR induced mutations) brain libraries «codon replicate identified variants  pool library BN (FERIE Y I E1T) raiies EEEE DY LEET)
b 00 c 1,400
. Oligopool 3,500 R2 PCR pool DNA 1,200 R2 PCR pool virus
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Figure 3.2: Round-2 capsid selectionBy synthetic poohnd PCR pool methods.

(a), Schematic of R2 synthetic pool (left) and PCR pool (right) library degyn.
Overlappingbar chart showing the percentage of library overlap between the mentioned
libraries and their theoretical compositigo), Histograms of DNA and virus libraries from

the two methods, where the variants in a library are binned byréaeir countgin

logio scale) and the height of the histogram is proportional to their frequ@hcy.
Distributions of R2 brain libraries from all Cre transgenic limes€ 2 mi ce per

Ct
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mean is plotted) and both methods, in which the libraries are sortedregeding order
of enrichment score (lagscale). The total number of positively enriched variants from

these |libraries are highlighted by dotted
mapped on the synthetic pool pl(#), Comparison of the eichment scores (lagscale)
of two alternate codon replicates for 8,462 variants from theCrekbrain libraryif = 2

mice, mean is plotted). The broken line separates thedoigfidence signal (>0.3) from

noise. For the higleonfidence signal (below)a linear leassquares regression is
determined between the two codons and the regression line (best fit). The coefficient of
determination?is shown(f), Heat maps representing the magnitudex(folgl change))

of a given ami no entoridepleton at eadh adsition giverestatisiical h m
significance is reached (boxedAfO 0 . 0 0-8ided, twepvoportionz-test,P values

corrected for multiple comparisons using Bonferroni correction). R2 DNA normalized to
oligopool (top, ~9,000 sequere s ) , R2 wvirus normalized to F
sequences), R2 Tek brain library with enrichment over 0.3 {tdgifidence signal) from

synthetic pool method normalized to R2 virus (bottom, 154 sequences) are shown (2

for brain library, one pemouse; all other libraries, = (g}, )JHeat map of Cre
independent relative enrichment across organs5{ 2 mi ce per Cre | i nc¢
samples from 3 Cre lines is plotted) for variants enriched in the brain tissue of at least one
Cre-dependent sythetic pool selection (red text, = 2 mi 4ype, rpearris poted) |

(left). Zoomin of the most CN&nriched variants (middle), and of the variants that are
characterized in the current study along with spikibrary controls (right) are shown.

The synthetic pool library design comprised: (1) equimolar amounts of ~8,950 capsid
variants present at high read counts in at least one of the R1 selections from brain and spinal
cord Supplementary Figre 3.S1e); (2) alternative codon replicates of tkBos8,950
variants (optimized for mammalian codons) to reduce false positives; andggiein
library of controls Supplementary Datase®.D1), resulting in a total library size of 18,000

nucleotide variants.

AAV9 and ~50 additional variants (and thalternative codon duplicates), identified
in previously described wotié’(includes well charactered variants like AAVPHP.B
or AAV-PHP.eB as well as many variants identified using the previous methodology but
uncharacterizedh vivo) act as internal selection controls and standards for the relative
performance of the new variants (&plementary @taset3.D1). ThePCR poolibrary
was generated by pooling the amplicons from the R1 brain selections after normalization

based on their relative diversity (9dethods.
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Bothround2 ( R2) virus | ibrari etvgprpoeducled nag o

R2 DNA library per 156mm dish;Supplementary Figre 3.52a), and ~99% of variants

of the R2 DNA were found after viral productidfiqure 3.2b). However, the distribution

of the DNA and virus libraries from both designs differed notably. The PCR poollibrar
carries forward the R1 selection biaseg(ire 3.2c and Supplementary Figre 3.82b,0

where the abundance reflects prior enrichment across tissues in R1 as well as bias from
viral production and sample mixing. Comparatively, the synthetic pool DNAryibsa

more evenly distributed, minimizing bias amplification across selection rounds.

Forinvivos el ecti on, we intravenotsgpgradult mi ni s
transgenic mouse into three of the previously used Crelines( 2 mi ce per Cr e
line, GFAP, SNAP25, Tek), as well as the Syre line (for neurons). Two weeks after i.v.
injection, we extracted, selectively amplified and dsequenced rAAV genomes from
brain samples (as in R1). The synthetic pool library produced a greater number of enriched
capsid variants than the PCR pool brain library (for example, ~1,700 versusariéiis
per tissue library at the AA level in GFAPre mice) Figure 3.2d and Supplementary
Figure 3.22d). In the synthetic pool, ~90% of the variants from the spikdérary were
enriched Supplementary Figre 3.2d, middle panel, an8upplementary Datset3.D1).

The degree of correlation between variant enrichment scores for PCR and synthetic
pool libraries varies in each Cre transgenic line, indicating the presence of noise within
experiments Supplementary Figre 3.2¢).

Experimental noise

The degre of enrichment at which correlation breaks down appears to vary with Cre
line. A downside oPCR poolis that there is no way to tell whether itsynthetic poois
the more O0trued enrichment score, or even
certain enrichment values. The correlation among positively enriched variants between the

two methods were found to improve with the magnitude of positive enrichment. For each
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experiment there is a level of enrichment below which the scores become

irreprodtcible, or noisy.

Supplementary Figre 3.S3ademonstrates that neither PCR pool nor Synthetic pool
is inherently more O0trued at | ower enrich
methodology with its codon replicates has a-selfftained control to dermine an
enrichment level below which enrichment value has no further predictive power. In the
main text we use the term Onoised to ref
experiment below which values lose their reproducibility and predictivepd@eing able
to experimentally determine enrichment signal above noise allows researchers to focus
their attention and data analyses on enrichment levels that are internally reproducible and

thereby avoid selecting false positive variants or drawindiosheanclusions.

Thus, if one is interested in only the highest enriched variants for a particular tissue,
PCR pool design coupled with enrichment normalization to virus library may not
drastically differ fromsynthetic pootesign over one additional nodh of selection for a
subset ofn vivoselections (such as T<«kre or SNAPCre). Without additional validation,
however, it is difficult to predict whether a givenmvivo system will perform akin to Tek
Cre. This becomes critical in a multiplexed setatttudy where targetpecific variants

may not garner the highest enrichments in one particulavo selection.

The synt het i €eplicate dehtdres addressgs this predicament by
pinpointing the level of enrichment needed within each selet¢tionse above noise
(Figure 3.2e andSupplementary Figre 3.S3a,b). This is a substantial advantage over the
PCR pool design, allowing us to confidently interpret enrichment scores in a given

selection.
Analysis of capsid libraries after roun@ selectios

Whereas the amino acid distribution of the DNA library closely matched the

Oligopool design, virus production selected for a motif withinhibptaAA diversified



insertion (between AA 588 anhianchefkiarﬁiré)oé) , wi t
acids (I, T V) at position 4 and positively charged amino acids (K, R) at position 5
(Figure 3.2f and Supplementary Figre 3.S3¢). Fitness for BBB crossing resulted in a

different patternFor instanceyariants highly enriched after recovery from brain tissue

(acress all Cre lines) shared preferences for Pro in position 5, and Phe in position 6.

By assessing enrichment score reproducibility within the synthetic pool
design we nextdetermined thérainenriched variantglistributionacross peripheral
organs Figure 3.2g, left). About 60 variants that are highly enriched in brain are
comparatively depleted across other orgdfigure 3.2g, middle). Encouraged by the
expected behavior of spike control variants (AAV9, PHP.B, PHP.eB), we chose eleven
additional variats for further validationKigure 3.2g, right), including several that would
have been overlooked if the choice hadbeased on PCR pool or CREATEaple3.T2).

AAV Synthetic pool PCR pool PCR pool
Variants enrichment rank enrichment rank read count rank
PHP.V1 1 4 3
PHP.V2 2 1 1
PHP.B4 4 10 56
PHP.B7 6 13 36
PHP.B8 3 7 23
PHP.C1 13 34 74
PHP.C2 12 20 293
PHP.C3 16 Not recovered Not recovered

Table3.T2: Ranking of AAV-PHP capsids across methods.

Ranks of selected variants among Gpsids recovered frolR2 TekCre selection by

synthetic pooknrichment score (representing@®REATE), PCR poolenrichment score
(representing closer to {@REATE), orPCR poolread counts (representing CREATE),

the highest ranks of which starts from 1dani Not recoveredo repres
variant from R2 sequencing data.
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We chose these variants due to their enrichments and where they fall in sequence

space. We noticed that the enriched variants cluster into distinct families based onesequenc
similarity. The most enriched variants form a distinct family across selections with a
common motif: T in position 1, L in position 2, P in positive 5, F in position 6 and K or L

in position 7 Figure 3.3a and Supplementary Figre 3.S3d). This amino acidoattern
closely resembles the TLAVPFK motif in the previously identified variant ARNPB!,

Given the sequence similarity among members of this family, we next tested whether

selected vaants can cross the BBB and target the CNS with similar efficiency and tropism.
The dominance of PHP-Eke motif

The ability to twice recover the AAYHP.B sequence family from completely
independently constructed and selected libraries confirms thatithe al | i br ar y o s
space coverage was broad enough to recover a family of variants sharing a common motif.
Unlike CREATE which identified only one variant, AANHP.B, MCREATE vyielded a
diverse PHP.Bike family that hints toward important chemidahtures of this motif. The
sequence diversity within this family suggests that isolating A#AYP.B was not simply
good fortune in our prior study (considering a theoretical starting library size of ~1.3

billion), and that this is a dominant family for shparticular experiment.
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Figure 3.3: Selected AAV capsids form sequence families and include variants for brain
wide transduction of vasculature.

(a), Clustering analysis of variants from synthetic pool brain libraries after enrichment in
Tek-Cre (lefty GFARCre (middle) and combined SNABre and Sy¥Cre (right)
selections. The size of the nodes represents relative enrichment in the brain. Thickness of
the edges (connecting lines) represents the degree of relatedness. Distinct families (yellow)
with the corresponding AA frequency logos (AA size represents prevalence and color
encodes AA properties) are showin), Thehepta AA insertion peptide sequences of

AAV -PHP variants between AA positions 5889 of AAV9 capsid are shown. AAs are
colored by sharemtlentity to AAV-PHP.B and eB (green) or among new variants (unique
color per position)(c), AAV9 (left) and AAV-PHP.V1 (right) mediated expression using
ssAAV:CAG-mNeongreen genome (green,= 3, 3 weeks of expressi
mi ce wi ¥y iv3dode pérOnouse, imaged under the same settings) in sagittal
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sections of brain (top) with high@nagnification image from cortex (bottom). Magenta,
UGLUT1 antibody st @) Rercentage fofovasculatare stainedawitru r e .
UGLUT1 rlapsawith noNeangreen (XFP) expression in cortex.-®@ag analysis of
variance (ANOVA) norparametric KruskalWwallis test P = 0.0036), and followp
mul tiple comparisons usR=Nn@OO7d for AAVG eersised Du
PHP.V1) are reported. O 0.01 is shownP> 0.05 is not shown; data are
mean Nns= e mmi,ce per AAV variémagesperaneusd s qu
per cell type(e), Percentage of cells stained witheachtef pe speci fi c mar ke
US100 for astormeuaonsards Ol UN2ufNorf ol igodendroc
that overlaps with mNeongreen (XFP) expression in cortex. Krildkallis test P =
0.0078), and unckP=0x0235 foendurob versus rascularedls, and
0.0174 for neuron versus emtyte) are reportedPO 0. 05 i sP>0Disvot, and
shown; data ar e Bemnc 8, sc e lidirsages peamouse per e d f
cell type.(f), Vascular transduction by sSAARHP.V1.CAGDIO-EYFP in TekCre adult
mice (lef) @ =4 2weeks of eXyyivedose per mouse)land by 4sBAV
PHP.V1:Ple264Cre in Ail4 reporter mice (rightyn( = 2, 3 weeks of '
3 1%v1g0 i .v. dose per mouse). Tissues are s
cyan (right)).(g), Efficiency of vascular transduction (as describe¢ti in Tek-Cre mice
n = 2, mean from 3 i mag e gh), Bffciencynodb vascdar p e r b
transductionin Ail4d micen( = 2, a mean from 4 i mages per

AAV9 variantswith enhanced BBB entry and CNS transduction

Given the dominance of the PHP.B family in the R2 selection, we characterized its
most enriched member, harboring a TALKPFL motif and henceforth referred to as AAV
PHP.V1 Figure 3.3a,b). Despite its sequencanslarity to AAV.PHP.B, the tropism of
AAV-PHP.V1 is biased toward transducing brain vascular céligufe 3.3c and
Supplementary Figre 3.4a). When delivered intravenously, AAFHP.V1 carrying a
fluorescent reporter under the control of the ubiquitoAS&S@romoter transduces ~60%
of GLUT1" cortical brain vasculature, compared with ~20% with ARMP.eB and
almost no transduction with AAV3{gure 3.3c,d). In addition to the vasculature, AAV
PHP.V1 also transduced ~60% of cortical S1&irocytesKigure 3.3e). However, AAV-
PHP.V1 is not as efficient for astrocyte transduction as the previously reported AAV
PHP.eB (when packaged with an asyte specific GfABC1D promot&¥
Supplementary Figre 3.4b).
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For applications requiring endothehell-restricted transduction via i.v.

delivery, AAV-PHP.V1 vectors can be used in three different systems: (1) in ehalethe
cell-type specific TekCré*® mice with a Credependent expression vector
(Figure 3.3f (left),g and Supplementary Vide8.V1), (2) in fluorescent reporter mice
where Cre is delivered with an endothetall-type spedfic MiniPromoter (Ple261y°
(Figure 3.3f (right),h and Supplementary Figre 3.$4c €) and (3) in wildtype mice by
packaging a selfomplementary genome (SCAAV) containing a ubiquitous promoter
(Supplementary Figre 3.4f). The mechanism of endotheliell-specific transductio by

AAV -PHP.V1 using scAAV genomes is unclear, but shifts in vector tropism when

packaging SCAAV genomes havedn reported for another cap$td

Given the difference in tropism between AARHP.V1 and AAVPHP.B or AAV-
PHP.eB, we characterized several additional variants within the PHE.Bmily. One
variant, AAV-PHP.V2, harboring the TTLKPFEZ-mersequencand differing by only one
aminoacid from AAV-PHP.V1, has a similardpism Supplementary Figre 3.55).

AAV-PHP.V2 capsid

AAV -PHP.V2 was found at high abundance in R1 selection across all brain libraries
and was highly enriched in REi¢ure 3.1d, 3.2g (right panel),3.3a,b, Supplemeratry
Figure 3.S1€). Given its sequence similarity, we predicted similar tropism to that of-AAV
PHP.V1. We validated thign vivo in C57BL/6J adult mice (SSAANHP.V2:CAG
mNeongreen genome, 3X1@g dose per adult mice, n =Supplementary Figre 3.53),
in Tek-Cre mice (ssAAVPHP.V2:CAGDIO-EYFP genome, 1 x 1®vg dose per adult
mouse, n = 2,Supplementary Figre 3.$5b), and in GFAPCre mice (SSAAY
PHP.V2:CAGDIO-EYFP, 1 x 16?vg dose per adult mouse, n =Spplementary Figre
3.50).

Three other varigs with sequences of roughly equal deviation from both
AAV.PHP.V1 and AAV.PHP.B, AAVPHP.B4 with TLQIPFK, AAVPHP.B7 with
SIERPFK and AAVPHP.B8 with TMQKPFI Figures 3.3a,band3.4a,b) have PHP.B
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like tropism with biased transduction toward neurons atrd@ges Figure 3.4b and

Supplementary Figre 3.S6ai c). Similar variants among the spike library, AAV-
PHP.B5 with TLQLPFK and AAWHP.B6 with TLQQPFK, also shared this tropism
(Figures 3.3b and3.4a,b, Supplementary Figre 3.56a).

To evaluate the penfmance of thespikein library, we chose two highly enriched
variants similarly placed in sequence space: ARNP.B6 TLQLPFK and AAV-PHP.B7
T TLQQPFK Supplementary Figre 3.52d (middle panel)3.S3d) that were previously
identified in the3-mers PHP.Blibrary*3but never validateih vivo. At a modest dose of
1x10'tvg in C57BL/6J adult mice, these variants also display PHiReBropism Figure
3.4a,b, Supplemetary Figure 3.56a).
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Figure 3.4: Characterization of round?2 brain libraries and
broad CNS tropism.

identification of capsids with

(a), Transduction by AAWHP.B4B6 and C1 variants,
controls in sagittal brain and liver sectiofeach column

as well as B, eB and AAV9
was imaged under the same
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settings). White box, thalamus (this is not the precise region of the figures to the right).
Vectors are packaged with ssAAV:CABXNLS-EGFP genomen( = 3 per gr o
1 T'vgi®. dose per adult C57BL/6J mouse,&aks of expression). Tissues are stained

withcel-t ype specific markers (magent a): UNeuN
UOlig2 for oligodendrocyte |ineage (mell s.

The percent*ag & Sand®WDO] N egl@Nvith detectable nucletocalized

EGFP in the indicated brain regions are shownt¥ 3 per 'gvgdosepAtwd | 10
way ANOVA with correction for multiple c¢om
adjustedP values (**PO 01,0000 0. O0PQ, 0.*PQ, 0.*05, i s sh
andP> 0. 05 is not shown on the plot; 95% con

The dataset comprises a mean of two images per region pgmpeetharker per mouse).

We next investigated a ses of variants selected to verify-MREATEOs predi c
power outside this family. A highly enriched variant with an unrelated sequence; AAV
PHP.C1 harboring RYQGDSWFgures 3.3a,band3.4a,b), transduced astrocytes at a
similar efficiency and neurons ktwer efficiency compared to other tested variants from
the B family Figure 3.4b). Two variants found in high abundance in the R2 synthetic pool
virus library and underrepresented in brain (with both codon replicates in agreement),
AAV -PHP.X1 with ARQMDLS and AAVPHP.X2 with TNKVGNI Supplementary
Figure 3.22b, right), poorly transduced the CNSupplementary Figre 3.b). Two
variants that we found in higher abundance in brain libraries from the PCR pool R2, AAV
PHP.X3 with QNVTKGV and AAVPHP.X4 with INAIKNI also failed to outperform
AAV9 in the brain Supplementary Figre 3.550d).

Collectively, our characterization of these AAV variants suggests several key points.
First, within a diverse sequence family, there is room for both functional redundancy and
the emergence of alternative tropisms. Second, highly enriched sequences outside the
dominant family are also likely to possess enhanced function. Third, buoyed by codon
replicate agreement i n the synthetibe pool ,
predictive. Fourth, while the synthetic pool R2 library contains a subset of the sequences
that are in the PCR pool R2 and may thereby lack some enhanced variants, those variants

found exclusively within the PCR pool library arere likely to bealsepositives.
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The ability to confidently predicin vivo transduction from a pool of 18,000

nucleotide variants in R2 across multiple mice andli@es is a substantial advance in the
selection process and demonstrates the power @@RBATE for the evolutionof

individual vectors.
An AAV9 variant that specifically transduces neurons

Using NGS, we rénvestigated & mer-s (s for substitution) PHP.B library generated
by the prior CREATE methodology and thgielded AAV-PHP.eB*? (Figure 3.5a).
Briefly, the reinvestigated3-mers PHP.B library diversified positions 5&07 of the
AAV -PHP.B capsid (equivalent of 5&B0 AA on AAV9) in portions of three consecutive
AAs, (~4Q000 total variants)Higure 3.4a). Selections were performed in three Cre
transgenic lines: VgIutlRESCre for glutamatergic neurons, Vg&ES-Cre for
GABAergic neurons, and GFAEre for astrocytes.

We deep sequenced the libraries recovered from fwaing Credependent PCR)
and aR2 library from the livers of wildype mice (processed via PCR for all capsid
sequences regardless of @nediated inversion) and identified I%W0 capsids enriched

in brain tissueKigure 3.5b andSupplementary Figre 3.S7a,b).
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Figure 3.5: Recovery of AAWHP.B variants including one with high specificityor
neurons.

(a), Design of the dners PHP.B library with combinations of three AA diversification

between AA 587597 of AAV-PHP.B (corresponding to AA 58390 of AAVY9). Shared

amion acid identity with the parent AAFHP.B (green) is shown along with unique motifs

for AAV-PHP.N (pink) and AAVPHP.eB (blue)(b), Distributions of R2 brain and liver

libraries (at the amino acid level) by enrichment score (normalized voi&ibrary, with

variants sorted in decreasing order of enrichment score). The enrichment P AR\B

and AAV-PHP.N across all libraries is mapped on the gt.Heat map represents the
magnitude (logf f ol d change)) of @& engichmentror dapheiiona a c i d
each position across the diversified region, only if statistical significance is reached on fold
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change (boxed®O 0 . 0 0-€idkd, twépnemortionz-test,P corrected for multiple
comparisons using Bonferroni correctioR)ot includes variants that were highly enriched
in brain (>0.5 mean enrichment score, where mean is drawn across Vglut2, Vgat and
GFAP,n = 1 l i brary per mous e l i ne (sampl e
underrepresented in liver (<0.0) (32 amino asgdjuencesjd), Clustering analysis of
enriched variants from Vgat brain library is shown. Node size represents the degree of
depletion in liver. Thickness of edges (connecting lines) represents degree of relatedness
between nodes. Two distinct familieseaighlighted in yellow and their corresponding
amino acid frequency logos are shown below (amino acid size represents prevalence, and
color encodes amino acid properti€s), The percentage of neurons, astrocytes and
oligodendrocyte lineage cells wigsAAV-PHP.N:CAG2xNLS-EGFP in the indicated
brain regions is showm( = 3 ,*vd.i.v.Idosd fer adult C57BL/6J mouse, 3 weeks of
expression, d a ti8 images fomeosenx, thidlansus and striatym, &nd 2
images for ventral midbrain, per mouse per-tgle marker using x20 objective covering
the entire regins). A tweway ANOVA with correction for multiple comparisons using
Tukeyods tes Pvalgesveporteal dg *tsOt e0d. 0 00 P> 0.06, %% f or
ClI. (f), Transduction by ssSAA\PHP.N:CAGNLS-EGFP 4 = 2 ,'1v@i.v.Idosé fier
adult C57BL/6J rause, 3 weeks of expression) is shown with NeuN staining (magenta)
across three brain areas (cortex, SNc (substantia nigra pars compacta) and thalamus).

Variants that were enriched in brain and underrepresented in liver show a significant
bias towards césin amino acids such as G, D and E at position 1; G and S at position 2
(which includes the AAWHP.eB motif, DG); and S, N and P at position 9, 10 and 11
(Figure 3.5¢c and Supplementary Figre3.S7c; PO 0 . 0 0-§ided, twépremortionz-
test,P values were corrected for multiple comparisons using Bonferroni correction). We
clustered variants that were enriched in the brain according to their sequence similarities
and ranked them by their underrepreagion in liver (represented by node size in clusters).
A distinct family referred to as N emerged with the common motif SNP at posifidis 9
in the PHP.B backboné&igure 3.5d andSupplementary Figre 3.5S7d).

The core variant of thedfamily cluster, wih the AQTLAVPFSNP motif, was highly
abundant in R1 and R2 selections, had higher enrichment score in Vglut2 and Vgat brain
tissues compared to GFAP, and was underrepresented in liver tisguee3.5b and
Supplementary Figre 3.S7aid). Unlike AAV-PHP.eB this variant (AAVGPHP.N)
specifically transduced NeuMeurons even when packaged with a ubiquitous CAG

promoter, although the transduction efficiency varied across brain regions (fré@0%4.0
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in NeuN neurons, including both VGLUTIJxcitatory and GADlinhibitory

neuronsfigure 3.5e,fandSupplementary Figre 3.57e,).

Thus, by reexamining the3-mers library we identified several useful variants,
including one with notable cetype-specific tropism.While Vglut2-Cre and VgaCre
mice were used fanvi vo sel ection, we didnot find
subtypespecific transduction of excitatory and inhibitory populations from our initial
investigations on the NGS dataset. It is possible that a biological solution to this (stringent)

selection was not present in this library.
Investigation of capsid families beyond the C57BL/6J mouse strain

The enhanced CNS tropism of AARHP.eB and AAVPHP.B relative to AAV9 is
absent in a subset of mouse strains. Their CNS transduction is highrefficC57BL/6J,
FVB/NCrl, DBA/2 and SJL/J, with intermediate enhancement in 129S1/SvimJ, and no
apparent enhancement over AAV9 in BALB/cJ and several additional $tfaf% This
pattern holds for the two variants from the PHP.B family that we characterized further,
AAV-PHP.V1 and AAVPHP.N Figure 3.6aand Table3.T3). These variants did not
transduce the CNS in BALB/cJ, yet transduced the FVB/NinsfFigure 3.6b). AAV -
PHP.V1 transduced human brain microvascular endothelial cell (HBMEC) culture,
resulting in increased mean fluorescent intensity compared with that following AAV9 and
AAV -PHP.eB transduction SQpplementary Figre 3S8a) however, suggsing

mechanistic complexity.

a)
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AAV Variants Reference / Selection Tropism Production Rounds of evolution
method from parent capsid
PHP.B, B2, B3 Deverman et al, 2016 / | Broad CNS | Good 1 round from AAV9
CREATE transduction
PHP.A Deverman et al, 2016 / | Astrocyte transduction | Poor; prone to | 1round from AAV9
CREATE precipitate upon
storage at 4°C.
PHP.eB Chanetal, 2017/ CREATE | Enhanced Broad CNS | Good 2 rounds from AAV9
transduction or
1 round from PHP.B
PHP.S Chanetal, 2017/ CREATE | Sensory neuron | Good 1 round from AAV9
transduction
PHP.V1, V2 Current study / M-CREATE | BBB Vascular cellsand | Good 1 round from AAV9
astrocytes transduction
PHP.B4, B7, | Currentstudy/M-CREATE | Broad CNS | Good 1 round from AAV9
B8, transduction
PHP.B5, B6 Current study / M-CREATE | Broad CNS | Good 2 rounds from AAV9
and CREATE transduction or
1 round from PHP.B
PHP.C1, C2, C3 | Currentstudy/M-CREATE | Broad CNS | Good; PHP.C1 prone | 1 round from AAV9
transduction  across | to precipitate upon
mouse strains storage at 4°C.
PHP.N Current study / M-CREATE | Neuron transduction Average 2 rounds from AAV9
and CREATE or
1 round from PHP.B

*PHP variants i named in memory of late Professor Paul H. Patterson, Caltech.

Table3.T3: AAV-PHP vectors identified by CREATE and {MREATE.

The table provides a summary of the variants that have been identified so far using
CREATE and MCREATE, along with their tropism and the evolutionary steps from the
parent capsid that was involved in their discovery.
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Figure 3.6: Tropism of variants from ditinct families across mouse strains.

(a), Clustering analysis showing the branriched sequence families of variants identified

in prior studies (PHP.#3, PHP.eB) or in the current study (PHP-B&, PHP.V12,
PHP.C13). Thickness of edges (connectlimgs) represents degree of relatedness between
nodes. Themino acidsequences inserted between S8 (of AAV9 capsid) for all the
variants discussed are shown belf), Transduction of AAV9, AAYPHP.V1 and AAV
PHP.N across the mouse strains C57BLBAI_B/cJ and FVB/NJ are shown in sagittal
brain sections (right), along with a highmagnification image of the thalamus brain region
(left). (c), Transduction by AAWHP.B, AAV-PHP.C1C3 in C57BL/6J and BALB/cJ
mice are shown in sagittal brain sectionght), along with a highemagnification image

of the thalamus brain region (leftp,c), White box, thalamus (this is not the precise area
that is zoomedn on the figure to the left). All sagittal sections and thalamus regions were
acquired under saminage settings. The insets in AARHP.V1 are zoonns with
enhanced brightness. The indicated capsids were used to package ssAAV:CAG
mNeongreenr( =3 2per g rlbvgip,dosk pef-6oB@eekold adult mouse, 3
weeks of expression. The data reporte¢tb)rand(c) are from one experiment where all
viruses were freshly prepared and titered in the same assay for dosage consistency. AAV
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PHPC2 and AAVPHP.C3 were further validated in an independent experiment for
BALB/cJ,n = 2 per group).

Notably, MCREATE revealed many ndPHP.Blike sequence families that
enriched through selection for transduction of cells in the CNS. We tested thauphgvi
mentioned AAVPHP.C1 (RYQGDSV), as well as AAPHP.C2 (WSTNAGY), and
AAV-PHP.C3 (ERVGFAQ) Kigure 3.6a). These showed enhanced BBB crossing
irrespective of mouse strain, with roughly equal CNS transduction in BALB/cJ and
C57BL/6J Figure 3.6c and Supplementary Figire 3.8b). Collectively, these studies
suggest that MCREATE is capable of finding capsid variants with diverse mechanisms of
BBB entry that do not exhibit strain specificity.

3.4 DISCUSSION

This work outlines the development and validaiwdthe M-CREATE platform for
multiplexed viral capsid selection.-RIREATE incorporates multiple internal controls to
monitor sequence progression, minimize bias and accelerate the discovery of capsid
variants with useful tropisms. Utilizing MREATE, we hsae identified both individual
capsids and distinct families of capsids that are biased toward differetypes|of the
adult brainwhen delivered intravenously. The outcome fromm@&ri selection
demonstrates the possibility of finding AAV capsids withproved efficiency and
specificity towards one or more cell types. Patterns of CNS infectivity across mouse strains
suggest that MCREATE may also identify capsids with distinct mechanisms of BBB
crossing. With additional rounds of evolution as shownhe3tmersselection, the
specificity or efficiency of fmeri library variants may be improved, as was observed with
AAV -PHP.N or AAV-PHP.eB33

We believe that thevariants testedn vivo and their families will find broad
application in neuroscience, including studies involving the BBBeural circuis®*,
neuropathologie4®, and therapeutiéd AAV-PHP.V1 or AAV-PHP.N are welbuited for
studies requiring gene delivery for optogenetic or chemogenetic manipui§taris rare
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monogenic disorders (targeting brain endothelial cells, for example Glddiidiency

syndrome,  NLSdmicrocephaly’®, or targeting neurons, for example

mucopolysaccharidosis type 13€).

The outcomes from our experiments employMgCREATE opens several
promising lines of inquiry, such as the assessment of identified capsid families across
species, the investigation of the mechanistic properties that underlie the ability to cross
specific bariers (such as the BBB) or target specific cell populations and further evolution
of the identified variants for improved efficiency and specificity. In addition, the datasets
generated by MCREATE could be used as training sets for in silico selectiondmhine
learning models. MCREATE is presently limited by the low throughput of vector
characterizatiorin vivo, however, RNAsequencing technologi@8 offer hope in this
regard. In summary, NACREATE will serve as a nexgeneration capsidelection platform
that @n open directions in vector engineering and potentially broaden the AAV toolbox

for various applications in science and in therapeutics.
3.5METHODS

Plasmids

Library generation

The rAAV-pC aipcis-Lox2 plasmid Supplementary Figre 3.Sla, plasmid
available upon request at Caltech CLOVER Center) is a modification of the r§XVa p
in-cis-Lox plasmid®’. For 7-meri library fragment generation, we used the pC&Tiap
XE plasmid®’ as a template. The AAV2/9 RERAP-qpCa p p | Sapplemedtary(
Figure 3.Sla, plasmid available upon request at Caltech CLOVER Center) was modified
from the AAV2/9 REPAAP plasmid®’.

The rAAV-DCapin-cis-Lox2 plasmid consists of three major elements that are
flanked by AAV2 ITRs.
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(i) UBC ubiquitous promoter driving the expression of fluorescent protein,

mNeongreen, followed by a synthetialyadenylation sequence. The mCherry expression
cassette of the previous version of the plasmid was replaced by mNeonGreen cassette.

(i) A portion of AAV2 rep gene that has the splicing sequences and AAV5 p41 promoter
(16801974 residues of GenBank AF(8E5.1) followed by AAV9 cap gene. The prior
version of this plasmid, rAAMp C aip-cis-Lox, has a short 12 bp sequence between
restriction sites Xbal and Agel at AA 450 and 592 of the AAV9 Cap gene. This was
replaced by a 723 bp sequence of mRuby2 geframe (acts as filler DNA) in the newer
version of the plasmid.

(iif) SV40 polyadenylation sequence that is flanked by lox71 and lox66 sites. The minor
changes were introduced to the prior version of the plasmid to facilitate ease of cloning and
to visualze mammalian cell transfection. The Lox sites in these rAAV plasmids show
modest levels of Craindependent flipping. This was minimized during RB&sed capsid
recovery by lowering the number of amplification cycles to a point where we cannot
recover any AAV capsids from the control DNA extracted from wilgbe mice (i.e.,
lacking Cre expression) that were injected with the library.

The pCRIF9CapXE plasmid contains the AAV9 capsid gene sequence from AAs
450592 and is flanked by Xbal and Agel restrictmites.

The AAV2/9 RERAAP-DCap plasmid has the five previously existing stop codons
of AAV2/9 RERPAAP in addition to the deletion of AAs 45802 of the AAV9 capsid
sequence. These modifications did not affect vector production. The deletion of the
overlaping fragment between the REAP and rAAV-DCapin-cis-Lox2 plasmids
minimizes recombination between plasmids that could potentially generate AAV9 wild

type capsids during emansfection in vector production.

Capsid characterization

AAV capsids
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The AAV cagsid variants wittheptameinsertions or 14mer substitutions were

made betweeAA positions 58V597 of AAV-PHP.B capsid using the pUCMmiGAP-
PHP.B backboné’ (Addgene 1D: 103002).

ssAAVgenomes

To characterize the AAV capsid variants, we used the ssigd@ded (ss) rAAV
genomes. We used genomes such as PAAV:@MG0onGreeh
(AddgenelD: 9913410465), pAAV:CAG-NLS-EGFP®’ (equivalent version with one
NLS is on Addgene ID104061), pAAV:CAGDIO-EYFP34(Addgene 1D:104052),
PAAV: GFABC1D-2xNLS-mTurquoise®** (Addgene 1D:104053) and pAAVLPle261
iCret?° (Addgene D: 49113)

PAAV:CAG-mNeonGreet3genome consists of a ubiquitous CNWActin-intron-
b-Globin (CAG) hybrd promoter driving the expression of a fluorescent protein,
mNeonGreen (equivalent plasmid, pAAV: CASYFP>% Addgene ID: 104055).
PAAV:CAG-NLS-EGFP®’ consists of NLS sequences at theadd Gtermini of EGFP
and is driven by the CAG promoter. An equivalent versutth one NLS is on Addgene
(ID 104061). pAAV:CAGDIO-EYFP®! (Addgene ID: 18052) consists of a EYFP gene
built in the reverse direction of the CAG promoter, and it is flanked by a pair dfd@re
sites (Lox P and Lox 2272) on either ends. In cells expressing Cre, thex@ar inverts
EYFP enabling transcription and translatitollowed by excision in the lox site to prevent
re-inversion. pAAV: GfABC1DB2xNLS-mTurquoise?®! referred to elsewhere as
pPAAV:GFAP-2xNLS-mTurquoise2 ( Addgene ID: 104053), consists of NLS sequences at
the N- and Gtermini of mTurquoise2 and is driven by the astroggecific promoter
GfABC1D'®2. pAAV:Ple26%iCre'?® (Addgene ID 49113) contains an endothetiall-

specific promoter driving the expression of iCre.

We packaged pAAV:CAE&FP (mNeongreen) for charterizing AAV variants.
However, when performing quantification of eglpes neurons, astrocytesnd

oligodendrocytes, we use CABLS-EGFP to restrict the expression to nucleus for easier
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guantification using microscope images. GFNPS-mTurg2 is used taquantify

astrocytes. CA&IO-EYFP is used for Cre driver lines, due to the presence of lox sites in
this plasmid.

SCAAV genomes

To characterize the AAV capsid variant, AARHP.V1, using sel€omplementary
(sc) rAAV genomes, we used scAAV genomes fromedéht sources. sSCAAV:CBEGFP
was a gift from G. Gao (University of Massachusetts Medical School) and scAAV.CAG
EGFP>2from Addgene (Addgene II23279).

The selfcomplementary genome from Dr. Guangping Gao, scAAV:EBG-P
genome has a hybridbiquitous CB6 promoter (975 bp) comprising a CMV enhancer
(cytomegalovirus immediate early enhancer), a chidkastin promoter and hybrid
intron, that drives the expression of EGFP. The genome has a rabbit globin poly A (127
bp) following the EGFP gendhe scAAV:CAGEGFP®> (Addgene 1D:83279), vector
uses a ubiquitous CMY¥-Actin-intron-b-Globin (CAG) hybrid promoter to drive the
expression of BFP.

AAV capsid library generation
Roundl AAV capsid DNA library

Mutagenesis strategy

Therandomized21l-baseheptameinsertion was designed using the NNK
saturation mutagenesis strategy, involving degenerate primers containing mixed bases
(Integrated DA Technologies). N can be an A, C, G or T base, and K can be G or T. Using
this strategy, we obtained combinations of all 20 amino acids at each position of the
heptamer peptide using 33 codons, resulting in a theoretical library size of 1.28 billion at
the level of amino acid combinations. The mutagenesis strategy forntees3 PHP.B

library is described in our prior wotk.
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Library cloning

The 480bp AAV capsid fagment (450592 amino acids) with
therandomizecheptameinsertion between amino acids 588 and 589 was generated by
conventional PCR methods using the pC&RUlapXE'®" template by Q5 Hottért High
Fidelity 2X Master Mix (NEB; M0494S) with forward primer, XB&nd reverse primer,
7XMNN-588i (Table 3.T4).

To avoid PCRinduced biases resulting from point mutations, recombination, and
template switching, PCR amplification of the library wastéd to 15 20 cycles and the
reactions were scaled up to get the required yield. The resulting PCR products were run on
a 1% agarose gel and extracted with a Zymoclean Gel DNA Recovery kit (Zymo Research;
D4007). It is critical to avoid AAV contaminatiaturing this step by taking precautionary
measures like using a clean-gehning box and freshly prepared 1x TAE buffer.

The rAAV-pC aipcisLox 2 plasmid (6,960 bp) was
enzymes Agel and Xbal, and the amplified library magt was assembled into the
linearized vector at 1:2 molar ratio using the NEBuilder HiFi DNA Assembly Master Mix
(NEB; E2621S) by following the NEB recommended protocol.

Primer name Sequence ( 5300 ) Forward or
reverse
direction

XF ACTCATCGACCAATACTTGTACTATCTCTCTAGAAC Forward

7xXMNN-588i GTATTCCTTGGTTTTGAACCCAACCGGTCTGCGCCTGTGCMNNMNNMNNMNNMNNM Reverse

NNMNNTTGGGCACTCTGGTGGTTTGTG

588-R2lib-F CACTCATCGACCAATACTTGTACTATCTCTCT Forward

588-R2lib-R GTATTCCTTGGTTTTGAACCCAACCG Reverse

11-mer-588i GTATTCCTTGGTTTTGAACCCAACCGGTCTGCGCXXXXXXMNNMNNMNNMNNMNNM Reverse
NNMNNXXXXXXACTCTGGTGGTTTGTG

71F CTTCCAGTTCAGCTACGAGTTTGAGAAC Forward

CDF/R CAAGTAAAACCTCTACAAATGTGGTAAAATCG Forward/Revers
e, see Methods

588i-lib-PCR1-6bpUID- CACGACGCTCTTCCGATCTAANNNNNNAGTCCTATGGACAAGTGGCCACA Forward

F

588i-lib-PCR1-R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTTGGTTTTGAACCCAACCG Reverse

1527 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACAAGTGGCCACAAACCACCAG Forward

1532 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTGGTTTTGAACCCAACCG Reverse

mNeonGreen-F CGACACATGAGTTACACATCTTTGGCTC Forward




127

mNeonGreen-R GGAGGTCACCCTTGGTGGACTTC Reverse
Mito-F CCCAGCTACTACCATCATTCAAGT Forward
Mito-R GATGGTTTGGGAGATTGGTTGATGT Reverse
CapF-56 ATTGGCACCAGATACCTG ACTCGTAA Forward
Cre-R-57 GTCCAAACTCATCAATGTATCTTATCATGTCTG Reverse
NGS-QC-F AATGATACGGCGACCACCGAG Forward
NGS-QC-R CAAGCAGAAGACGGCATACGA Reverse

Table3.T4: Primers used in MCREATE selection.

The table provides a list of primers used IROREATE across the different steps of the
selection proess as described in the Methods.

Library purification

The assembled library was then subjected to Plasmid Safe (PS) DNase | (Epicentre;
E3105K) treatment, or alternatively, Exonuclease V (RecBCD) (NEB; M0345S) following
the recommended protocols, to fyrthe assembled product by degrading the un
assembled DNA fragments from the mixture. The resulting mixture was purified with a
PCR purification kit (DNA Clean and Concentrator kit, Zymo Research; D4013).

Library yield

With an assembly efficiency of 180% postPS treatment, we obtained a yield of
about1520 ng per 100 ng ofbassemblyeacton.DNA per 20

Quality control

The following four steps were carried out to ensure successful capsid library generation.

1. To validate successful assembfythe library, 1 ng of the final assembled library was
transformed intd. coliSURE 2 Supercompetent Cellstegrated Sciences; 200152). We
checked for colonies on an LB/Agar plate containing carbenicillin antibiotic after overnight

incubation at 37°C.

O



12¢
2. The DNA library was sequenced around the insertion site (Laragen; Sanger

Sequencing). A noebiased library may match the diversity of the NNK/MNN motif (where
N =25% each of A, T, G, C; K=50% each of G, T; M = 50% each of A, C) with some

fluctuatiors across the diversified region.

3. To verify that the ITRs were intact, Smal digestion was carried out as per the NEB
recommended protocol (NEB; R0141S).

4. To validate successful transfection and assess the ypgothrction yield per 150 mm

dish, 10 g of 7-mer-i library was used to transfect 293T producer cells (293T; ATCC CRL
3216). Uniform expression of mNeonGreen protein across HEK cells was observed, and
an average Yield of 0i111x10' vg was obtained per 150 mm dish. Using the average yield
per dish, we scaled up the vector production ifovivo selection (se&upplementary
Figure 3.223).

Round2 AAV capsid DNA library

PCR pool design

To maintain proportionate pooling, we mathematically determined the fraction of
each sample or librarythatneed t o0 be pool ed based on an in

This process involved estimation of the diversity precluding noise and consideration
of amplification of this diversity across samples by determining the area under the curve
for the interval of hgh-confidence variants that falls in the higher RC range. We estimated
the area under the curve (AUC) using the
recovered variants in a library {¢oordinate) to their read counts (RCs or copy number
from deep squencing data, “¢oordinate) (seeSupplementary Figre 3.Sle). To
determine the definite intervals for AUC, we sorted the data based on the decreasing order
of the RCs. Noticeably, the distribution has two phases, with a steadier slope of variants in
the higher RC range, followed by a steep drop in the slope of the curvel(¢&Dfold
lower RCs). By observation, this steeper side of the curve is predominant in sequencing
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errors/ PCR mutations, hence we precluded this error dominant slope otherwise called

noise from our AUC estimation. When compar

function, such as composite trapezoidal rule, the difference was miniscule.

This area is then used to determine the fraction of an individual library that needs to
be pookd into PCR pool library using the formula: [Area under the curve/ total number of

libraries pooled].

The pooled sample was used as a template for further amplification with 12 cycles
of 98 AC for 10 s, 60 AC for 3ifythe primersl 7 2
588 R2lib-F and 588R2lib-R (Table3.T4). Similar to R1 library generation, the PCR
product was assembled into the rAAVC aip-cis-Lox2 plasmid and the virus was

produced.

The R1 libraries used to build R2 were the-Coe flipped rAAV DNA from half of
the mouse brains (~0.3 g) and portion of spinal cordsq@gd) from all Cre lines. The
amount of tissue processed here was sufficient for complete capsid library recovery. The
differentially pooled and amplified libraries (b§CR pool or synthetic pogl were
assembled usinGibsonassembly with a followup PS or Exonuclease V treatment (as
described in R1 library generation). We validated successful library generation by

transformation, Sanger sequencing, and an ITR Smal digest.

For vecto production, about 10 ng of the purified and assembled library was used to
transfect each 150 mm dish of 293T cells, and we obtained a yield of abotit\Gxper
150 mm dish (i.e.the R2 yield was six times that of R1, unsurprisingly given these
sequenes have already produced well enough to survive R1 selection).

Synthetic pool design

As described in the PCR pool strategy, we chose-tugtiidence variants whose
RCs were above the errdominant noise slope from the plot of library distition

(Supplementary Figure 3.51€). This came to about 9,000 sequences from all brain and
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spinatcord samples of all Cre lines. We used similar primer design as mentioned in the

description of the R1 library generation. Primers XF anan&t588i (Table3.T4) were

used In 11-mer588i primer,
OXXXXXXMNNMNNMNNMNNMNNMNNMNNXXXXXX"'" was re
nucleotide sequence of a heptamer tissue recovered variant (7XMNN) along with
modification of two adjacent codons flanking on either end of the heptamer insertion site
(6xX), which are residues 583 8 8 06 AQ' anihb 9r0e s6iAdQ e so n5 8AV 9
Since the spikén library has 1imer or 33base oligonucleotide mutated variants, we used

the same primer design where
OXXXXXXMNNMNNMNNMNNMNNMNNMNNXXXXXX' was r
specific nucleotide sequence of3&base oligonucleotide variant. A duplicate of each
sequence in this library was designed with different codons optimized for mammals. The
primers were designed using a custbuilt Python based script. The custa®signed

oligopool was synthesized in an equimolar ratio by Twist Biosciences. The oligopool was

used to minimally amplify the pPCRXE Cap9 templ ate over 13 cy
60 AC for 20 s and 72 AC for -3clebbary To o0b
preparation, the product of the first PCR was used as a template for the second PCR using
the primers XF and 58RB2lib-R (described above) and minimally amplified for 13 cycles.
Following PCR, we assembled the &&thetic pooDNA library and producethe virus

as describd in R2PCR pooldesign

AAV virus library production, purification and genome extraction

To prevent capsid mosaic formation of then@ri l i brary in 293 T
we transfected only 10-mmgshaldongwaith streemmdguiredd | i b
reagents for AAV vector production.

In addition to the 10 ng of library transfection per 150 mm dish of 293T producer
cells, we transfected three plasmids: AAV2/9 REAP-DCap, pUC18 and pHelper (genes
encoding adenoviral preins for AAV replication) at a ratio of 1:1:2. The plasmid pUC18
acts as a filler DNA to compensate for the low amount of library DNA in order to maintain
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the N:P ratio required for optimal transfection using polyethylenimine (PEI,

Polysciences; 2476b) transfection). The cells and culture media were harvested at 60 h
posttransfection to collect the viral particles. rAAV harvest and purification were
performed as per the proto€dl The small amount of library DNA per plate and early cell
harvest time are critical for reducing the possibility of mosaic capsid assemblies during

vector production (similar considerations seen in prior rep8ts}.

For 7-meri library, the production was sea up to 60 dishes (~1.8x16ells/dish)
and with ~10% transfected with the library, resulted in ~¥xdt&l transformants. For an
NNK 7-mer library with ~1x18 total transformants, the number of unique variants is
9.99x10 (See Bosley & Ostermeie2@05%°°, section 2.1.2 for mathematics).

For the rAAV DNA extraction from purified rAAV viral library, ~10% of the
purified viral library was used to extract the viral genome by proteinase Kgeat

In order to degrade any contaminating DNA from the purified library, it was treated
with DNase | enzyme (5 pl of 10 U/ul) (Siga#ddrich; 4716728001) in 100 pl of DNase
| buffer and incubated for 1 h at 37°C. The enzyme was inactivated by adding 5 ul of 0.5
M EDTA at 70°C for 10 min. Following DNase | treatment, the capsid protein shell was
digested by adding 120 pl of proteinase solution containing 5 pl of 20 pug/pbtdipase
K and incubated at 50°C overnight. To inactivate the proteinase K, the mixture was boiled
at 95°C. The extracted rAAV library DNA was then concentrated and purified using phenol
chloroform and ethanol. An equal volume of Phenol:Chloroform:isoatsghol 25:24:1,
pH 8.0 (~250 pl; ThermoFisher Scientific; 15593031) was added and vortexed for 30 s.
The mixture is incubated for 5 min at room temperature (RT) before centrifugation at
15,000 rpm for 10 min at 4°C. The upper aqueous phase was sepachtetked with an
equal volume of chloroform and vortexed for 30 s. Following 5 min incubation at RT,
centrifuge at 15,000 rpm for 10 min at 4°C. The upper aqueous phase was separated and
onetenth volume of 3M sodium acetate (pH 5.2) along with 2 pPR@aipitant Pink
(Bioline; BIO-37075) and 2.5 volumes of ice cold 100% ethanol was added before

vortexing for 30 s. The mixture was incubated for at least 1 h2@tC before
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centrifugation at 15,000 rpm for 15 min at 4°C. The pellet was air dried andeadasp

in TE buffer. The DNA concentration was determined using the Qubit sSSDNA assay.
Animals

All animal procedures performed in this study were approved by the California
Institute of Technology Institutional Animal Care and Use Committee (IACUC), and we
have complied with all relevant ethical regulations. The C57BL/6J (000664)Ci&#®
(8863), SNAP2ECre®® (23525), GFAPCre?®’ (012886), Synire?*® (3966), and Ail1#°
(007908) mouse lines used in this study were purchased from the Jackson Laboratory
(JAX). The i.v. injection of rAAVs was into the retarbital sinus of 6to 8weekold male
or female mge. For testing the transduction phenotypes of novel rAAMs, 8weekold,
male C57BL/6J or TekCre or Ail4 mice were randomly assigned. The experimenter was
not blinded for any of the experiments performed in this study.

In vivo selection

The 7-meri viral library selections were carried out in different lines of Cre
transgenic adult mice: TeRre, SNAP25Cre and GFARCre for the R1 selections, and
those three plus SyrCre for the R2 selections. Male and female mie¢o @weeksold,
were i.v. admirstered with a viral vector dose of 2 x10g per mouse for the R1
selection, and a dose of 1 x'40g per mouse for the R2 selection. The dose was
determined on the basis of the virus yield, which was different across selection rounds
(Supplementary Figre 3.S2a). Both genders were used to recover capsid variants with
minimal gender bias. Twav e e lpastnjection, mice were euthanized and all organs

including brain were collected, snap frozenondryace d st ored at T80 AC

rAAV genome extraction frotissue

Optimization
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For rAAV genome extraction from tissues, we used both the Trizol method (Life

Technologies; 15596) and the QIAprep Spin Miniprep kit (Qiagen, Inc; 27104) according

to the manufacturerso6 recommen dlgadbe moreot oc ol
efficient (seeSupplementary Figre 3.S1f,qg,i). The total rAAV genome recovery from 0.1

g of mouse liver was quantified by quantitative PCR using the primers mNeorGageh
mNeonGreefR, which binds to the mNeonGreen gene of the ssAXApin-cis-Lox2

genome (sedable 3.T4). As an internal control, we also quantified the amount of
mitochondrial DNA (a surrogate for the recovery of circular, episomal genomes) using
primers MiteF and MiteR (seeTable3.T4). Although the percentage of viraNA per 1

ng total extracted DNA was about 1.5 fold higher with the QIAprep kit than with the Trizol

method, the overall recovery was lower with the QIAprep kit.

The extracted viral genome was digested with a restriction enzyme, such as Smal
(found within te ITRs), as it appeared to help improve rAAV genome recovery by PCR
with ~4 fold change (see Sup pfdldedifieramdceanr v Fi g
DNA copies, fold change=%) = 4). This was analyzed by
primers, CapF6 and CreR-57 (se€lTable 3.T4).

rAAV genome extraction with the Trizol method

Hal f of a frozen brain hemisphere (0.3
glass homogenizer (Sigma Aldrich; D8938) or a motorized plastic pestle (Fisher Scientific;
1211417 361, 12141 363) (for smaller tissues) or beads using BeadBug homogenizers
153. 0 mm zirconium or steel beads per
(Homogenizers, Benchmark Scientific, D16B2, D103230, D103328) and processed
using Trizol as described irubprior work®’. The extracted DNA by Trizol method was
then treated withi® OL o f '!*RNaseOQpckt@liLEnzyme Mix (ThermoFisher
Scientific; AM2286) to remove RNA. The mixture wascathgested with Smal restriction
enzyme to improve rAAV genome recovery by PERgplementary Figre 3.SLh). The

treated mixture was then finally purified with a Zymo DNA Clean and Concentrator kit
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(D4033). From deepequencing data analysis, we obsernved the amount of tissue

processed was sufficient for rAAV genome recovery.

rAAV genome recovery by Gdependent PCR

rAAV genomes with Lox sites flipped by Cre recombination were selectively
recovered and amplified using PCR with primers that yield a pré&uct only if the Lox
sites are flippedupplementary Figre 3.SLb). We used the primers 71F and CDF/R and
amplifiedtheCre ecombi ned genomes over 25 cycles o
72 AC for 1 min, u@abeT4d)Q5 DNA pol ymerase

Total rAAV genome recovery by PCR (@nedependent)

To recover all rAAV genomes from a tissue, we used the primers XF ardZ&8
R to amplify the genomes over 25 cycles of
30 min, using QEbld3N4. pol ymer ase (

Sample preparation for NGS

We processed the DNA library, the virus library and the tissue libraries following
vivo selection to add flow cell adaptors around the diverstisgatamer insertion region

(Supplementary Figre 3.SLb).

Preparation ofAAV DNA and viral DNA library

The Gibsorassembled rAAV DNA library and the DNA extracted from the viral
library were amplified by Q5 DNA polymerase using the primers-6B8&° CR16bpUID-
F and 588iib-PCRZXR that are positioned around 50 bases frommahdomizecheptamer
insertion on the capsid, and that contain the Readl and Read?2 flow cell sequences on the
5 Nj e n Table3.T4). The primer, 588lib-PCR:6bpUID-F : 506
CACGACGCTCTTCCGATCTAANNNNNNAGTCCTATGGACAAGTGGCCACA3 6
used to minimally amplify DNA ah virus libraries for NGS has 6 nucleotides long UID
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(unique identifier) HANNNNNNO-Lsehuariceusedt s af t

in NGSBEABG6ACGCTCTTCCGATCTO and | inker AAAO.
AAGTCCTATGGACAAGTGGCCACAO naalsto théh RAVIcapgid.on t h
UID is an optional feature for NGS data analysis to identify potential PCR amplification
errors. However, this feature wasnot ut il
maintain consistency with the primers used in rAAVigme recovery from tissues which

lacks this UID feature (primers 71F and CDF/R, $able3.T4). The UID or any kind of

overhangs seemed to affect the PCR based recovery from tissue. Presumably, the primer
thermostability have a key role to play in verwlamount of extracted rAAV genomes

from tissues.

Using 510 ng of templ ate DNA in a 50 OL r e
amplified for 4 cycles of 98 AC for 10 s, |
then purified with a PCR purification kit. The eluted DNA was then used as a template in
a second PCR to add the unique indices (single or dual) via the recommended primers
(NEB; E7335S, E7500S, E7600S) in adyZle reaction using the same temperature cycle
as described above. The samples were then sent for deep sequencing following additional

processing and Vidation.

The PCR products post indices addition were run on a freshly prepared 2% low
melting-point agarose gel (ThermoFisher Scientific; 16520050) for better separation and
recovery of the approx. 120 bp DNA band on the gel. Beforarsgitite sample for NGS,
the nucleotide diversity at the randomizeem@r position was verified by Sanger
sequencing. If needed, an optional PCR was carried out to send sufficient sample for
Sanger sequencing using .20 cycles of 98°C for 10 s, 60°C 80 s, and 72°C for 10 s
with the primers NG®C-F and NGSQC-R (seeTable 3.T4). Upon validation, the
libraries were sent for deep sequencing using the Illlumina HiSeq 2500 System (Millard
and Muriel Jacobs Genetics and Genomics Laboratory, Caltech; mteg@enomics

Core, City of Hope).

Preparation of rAAV tissue DNA library
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The PCRamplified rAAV DNA library from tissue (see section&AV genome

recovery by Cralependent PCRand total rAAV genome recovery by PCR (Cre
independenj)was further amplifiedvith a 1:100 dilution of this DNA as a template to the

primers 1527 and 1532 that are positioned around 50 bases from the randoapizeer
insertion on the capsid, and that contain 1
Table3.T4). The DNAwas ampl i fied by Q5 DNA pol ymer as
10 s, 59 AC for 30 s, and 72 AC for 10 s.
kit. The eluted DNA was then used as a template in a second PCR to add the unique indices
(single or duf using the recommended primers (NEB; E7335S, E7500S, E7600S) in a
ten-cycle reaction with the same temperature cycle as described above (for DNA and virus
library preparation), and followed additional processing @alidation before sequencing.

The PCRproducts post indices addition were run on a freshly prepared 2% low
melting-point agarose gel (ThermoFisher Scientific; 16520050) for better separation and
recovery of the approx. 120 bp DNA band on the gel. Before sending the sample for NGS,
the nucleotile diversity at the randomizednier position was verified by Sanger
sequencing. If needed, an optional PCR was carried out to send sufficient sample for
Sanger sequencing using 1120 cycles of 98°C for 10 s, 60°C for 30 s, and 72°C for 10 s
with the prmers NGSQC-F and NGSQC-R (seeTable 3.T4). Upon validation, the
libraries were sent for deep sequencing using the lllumina HiSeq 2500 System (Millard
and Muriel Jacobs Genetics and Genomics Laboratory, Caltech; Integrative Genomics

Core, City of Hope).
In vivo characterization of AAV vectors
Cloning AAV capsid variants

The AAV capsid variants were cloned into a pUCm@AP-PHP.B backbone
(Addgene 1D:103002) using overlapping forward and reverse primers witlbake
oligonucleotide substitution (in casé 7-meri variants, the flanking amino acids from
AAV9 capsid AA 587588 0 AQ' a0 ABAG'89were subj ect



modification) that spans from the Mscl site (at position 581 AA) to the Agel sigl(at

position 600 AA) on the pUCmini plasmid. Theirpers were designed for all capsid
variants using a custom Python script and cloned using standard molecular techniques. The
designed primers cover the entire fragment that is inserted into the linearized pUCmini
iICAP-PHP.B backbone. Hence these primers simply seHannealed using PCR to
synthesize doublstranded DNA fragment without the use of a template DNA. They are
amplified by Q5 Hot Start Higlridelity 2X Master Mix for 20 cyclesof® AC f or 10
60 AC for 30 s and 72 AC for 10 s. This fr
digested pUCmIiniCAP-PHP.B backbone by the Gibson assembly method. There is a
second Mscl site on the backbone; however, this was blocked by methylBtien.
assembled plasmids were then transformed into NEB Stable comigeteoli (New

England Biolabs; C3040H), and colonies were selected on carbenicillin/amgiélagar

plates. A list of primers used to clone AMRHP variants is provided éble 3.T5).
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Variant Name Amino acid motif of | Nucleotide sequence | For war d p-Bdjne|l Rever se pBo&mer
variants wil of 11-mer
overhangs from
AAV9: AA587-88 and
AA589-90. (11-mer)
AAV-PHP.V1 AQTALKPFLAQ GCCCAAACCGCCCT | GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
(Addgene ID: CAAACCCTTCCTCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGA
127847) CACAG AGTGCCCAAACCGCCCT | GGAAGGGTTTGAGGGCGGT
CAAACCC TTGGGC
AAV-PHP.V2 AQTTLKPFLAQ GCCCAAACCACCCT GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
(Addgene ID: CAAACCCTTCCTCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGA
127848) CACAG AGTGCCCAAACCACCCT | GGAAGGGTTTGAGGGTGGT
CAAACCC TTGGGC
AAV-PHP.B4 AQTLQIPFKAQ GCCCAAACGTTGCA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
(Addgene ID: GATTCCTTTTAAGGC | TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCCTT
127849) ACAG AGTGCCCAAACGTTGCA | AAAAGGAATCTGCAACGTTT
GATTCCT GGGC
AAV-PHP.B5 AQTLQLPFKAQ GCCCAAACCCTCCA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
ACTCCCCTTCAAAG TGGCCACAAACCACCAG | CCGGTCTGCGCTTGGGCTTT
CCCAA AGTGCCCAAACCCTCCA | GAAGGGGAGTTGGAGGGTT
ACTCCCC TGGGC
AAV-PHP.B6 AQTLQQPFKAQ GCCCAAACTTTGCA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
GCAGCCGTTTAAGG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCCTT
CACAG AGTGCCCAAACTTTGCA AAACGGCTGCTGCAAAGTTT
GCAGCCG GGGC
AAV-PHP.B7 AQSIERPFKAQ GCCCAAAGCATCGA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AAGACCCTTCAAAG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCTTT
CACAG AGTGCCCAAAGCATCGA | GAAGGGTCTTTCGATGCTTT
AAGACCC GGGC
AAV-PHP.B8 AQTMQKPFIAQ GCCCAAACCATGCA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AAAACCCTTCATCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGA
CACAG AGTGCCCAAACCATGCA | TGAAGGGTTTTTGCATGGTT
AAAACCC TGGGC
AAV-PHP.C1 AQRYQGDSVAQ GCCCAAAGGTATCA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
GGGTGATTCTGTTG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCAA
CACAG AGTGCCCAAAGGTATCA CAGAATCACCCTGATACCTT
GGGTGAT TGGGC
AAV-PHP.C2 AQWSTNAGYAQ GCCCAATGGTCGAC GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AAACGCTGGTTACG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGT
CACAG AGTGCCCAATGGTCGAC | AACCAGCGTTTGTCGACCAT
AAACGCT TGGGC
AAV-PHP.C3 AQERVGFAQAQ GCCCAAGAGCGTGT | GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AGGTTTCGCACAGG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCCT
CACAG AGTGCCCAAGAGCGTGT | GTGCGAAACCTACACGCTCT
AGGTTTC TGGGC
AAV-PHP.N AQTLAVPFSNP GCGCAGACCCTAGC | GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
(Addgene ID: TGTCCCTTTTTCGAA | TGGCCACAAACCACCAG | CCGGTCTGCGCAGGGTTCG
127851) CCCT AGTGCGCAGACCCTAGC | AAAAAGGGACAGCTAGGGTC
TGTCCCT TGCGC
AAV-PHP.X1 AQARQMDLSAQ GCCCAAGCCAGACA | GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AATGGACCTCAGCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGC
CACAG AGTGCCCAAGCCAGACA | TGAGGTCCATTTGTCTGGCT
AATGGAC TGGGC
AAV-PHP.X2 AQTNKVGNIAQ GCCCAAACCAACAA GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AGTCGGCAACATCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGA
CACAG AGTGCCCAAACCAACAA | TGTTGCCGACTTTGTTGGTT
AGTCGGC TGGGC
AAV-PHP.X3 AQQNVTKGVAQ GCCCAACAGAACGT GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
AACGAAGGGTGTGG | TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCCA
CACAG AGTGCCCAACAGAACGT | CACCCTTCGTTACGTTCTGT
AACGAAG TGGGC
AAV-PHP.X4 AQLNAIKNIAQ GCCCAACTCAACGC GGAGTCCTATGGACAAG | TTCCTTGGTTTTGAACCCAA
TATCAAGAACATCG TGGCCACAAACCACCAG | CCGGTCTGCGCCTGTGCGA
CACAG AGTGCCCAACTCAACGC | TGTTCTTGATAGCGTTGAGT
TATCAAG TGGGC

Table3.T5: Sequence motifs of AANPHP variants

The table preides the sequence motif information for all the new ARMP variants
identified in this study, and the primer information to clone them into pUGiP-PHP.B



13¢
backbone (Addgene ID: 103002) as described in Methods. The variants e and
3-merslibraries were cloned as-iier substitution.

AAV vector production

Using an optimized protocdf (Chapter 2 in thesis we produced AAV vectors from

51 10 156mm plates, which yielded sufficient amounts for administration to adult mice.
AAV vector administration, dosage and expression time

AAV vectors were administered intravenously to adult male mic@ \i@&eks of age)
via retreorbital injecto n at do s 50 offvgldth B4 weks ofin vivo
expression times unless mentioned otherwise in the figutegemds

The AAV doses are determined by the experimental needs-KI&&sGFP related
experiments for quantification were done atinen dose of 1x18 vg given this was the
dose previously determined for AAWNHP.eB characterization. Otherwise, the -NuS
genome related experiments were done at x4 with the exception of Crériver lines
(GFAP-Cre or TekCre), or a lower strenigtpromoter containing genome (GFARS-
mTurqg) where the dose was 1*410g. The high dose was chosen to understand the full

potential of the new vectors in these systems.

All experiments with vectors carrying CAG, a strong ubiquitous promoter, were
incubaed for 3 weeks. The 4 week incubations are those that involved expression from Cre
driver lines or celtype specific promoter where it is generally recommended for a longer
wait time. The 2 week incubations are those where the vectors carriedreglienentary

genomes with strong ubiquitous promoters.
Tissue processing

After 3 weeks of expression (unless noted otherwise), the mice were anesthetized

with Euthasol (pentobarbital sodium and phenytoin sodium solution, Virbac AH) and

transcardially perfusedi3050 mL of 0.1 M phosphate buf fe
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followed by 365 0 ml of 4% paraformal dehyde (PFA)

procedure, all organs were harvested and-pdstx ed i n 4% PFA at 4 A
tissues were then washed andestdr at 4 AC in 0.1 M PBS and
solutions used for this procedure were freshly prepared. For the brain and livm100

thick sections were cut on a Leica VT1200 vibratome.

For vascular labeling, the mice were anesthetized and trdrebaperfused with
20 mL -coofl di cPeBS, f ol | oowsld BBS boptairiing Texas Réabkeledi ¢ e
Lycopersicon Esculentum (Tomato) Lectin (1:100, Vector laboratories11l6) or
DyLight 594 labeled Tomato Lectin (1:100, Vector laboratories;10¥7), and then
pl aced i n-c@d4%IMAEA far fixationc e

Immunohistochemistry

Immunohistochemistry was performed on 40@-thick tissue sections to label
different celttype markers such as NeuN (1:400, Abcam, ab177487) for neurons, S100
(1:400, Abcan, ab868) for astrocytes, Olig2 (1:400; Abcam, abl109186) for
oligodendrocyte lineage cells and GLUT(1:400; Millipore Sigma, 04401) for brain

endothelial cells using optimizedqgtocols

Tissue sections, typically 16@m thick, were first incubated imlocking buffer (10%
normal donkey serum, 0.1% Tritor200, and 0.01% sodium azide in 0.1 M PBS, pH 7.4)
with primary antibodies at appropriate dilutions for 24 h at RT on a rocker. The primary
antibodies used in this study were rabbit S100 (1:400, Abala@®8), rabbit Olig2 (1:400;
Abcam, ab109186), rabbit NeuN (1:400, Abcam, ab177487), and rabbit GLWMAOO;
Millipore Sigma, 071401). After primary antibody incubation, the tissues were washed 1
T 3 times with wash buffer 1 (0.1% Triton-200 in 0.1 MPBS buffer, pH 7.4) over a
period of 57 6 h in total. The tissues were then incubated in blocking buffer with the
secondary antibodies at appropriate dilutions for 22 h at RT and then washed in three
times in 0.1 M PBS, pH 7.4 over a total duratairbi 6 h. The secondary antibody was
Alexa Fluor 647 AffiniPure donkey antabbit IgG (H+L) (Jackson ImmunoResearch Lab,
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711605152 ) . Wh e n per f or mi iDigmididel Ahenglihdale ni n g,

dihydrochloride (DAPI, Sigma Aldrich, 10236276001) isdis¢ a 1:1000 dilution in 0.1

M PBS, pH 7.4 and incubated with tissues for 15 minutes followed by a single wash for 10
minutes in 0.1 M PBS, pH 7.4. The DAPI and/or antibethined tissue sections were
mounted with ProLong Diamond Antifade Mountant (TheFisher Scientific, P36970).

Hybridization chain reaction (HCR)ased RNA labeling in tissues

Fluorescence in situ hybridization chain reaction (FHCR) was used to label
excitatory neurons with VGLUT1 and inhibitory neurons with GAD1 to characterize the
AAV capsid variant AAVPHP.N in brain tissue using an adapted tgiederation HCE®

protocol

To characterize the AAV capsid variant AARHP.N in brain tissue, HCR method
was sought to label excitatory and inhibitory neurons. Fluoresdersiti hybridization
chain reaction (FITGHCR) was used to label excitatory neurons with VGLUT1 and
inhibitory neurons with GAD1. Adapting the thigkneration HCF®, we designed 13
probe sets for each target by using custoade software
(https://github.com/GradinaruLab/HCRprgbe

After 3 weeks of expression, the mice were transcardially perfused and fixed as
described earlier (Section D. Tissue processing). To minimize RNase enzyme exposure in
fixed tissues, following overnight fixation in 4% PFA, the tissues were washed and stored
at 4°C in 0.1 M RNasé&ee PBS and 0.05% sodium azide. The harvested brains were
henceforth handled with care to avoid exposure to RNase using reagents such as RNAlater
stebilization solution/RNaséree PBS/ RNaseZap (ThermoFisher Scientific, AM7021,
AM9624, AM9780). Once the harvested brains were sagittally sliced tquihOthick
sections, we performed FITBCR to detect both genes. We permeabilized tissue slices
with 0.1%Triton X-100 in 0.1 M RNasdéree PBS for 1 h at RT and phgbridized them
in hybridization solution (10% dextran sulfate and 10% ethylene carbonate in 2xSSC buffer

(salinesodium citrate)) for >30 min at 3Z. The designed probes were diluted in
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hybridizaion solution to get a final concentration of 2 nM. The tissue sections were

then subjected to hybridization with the probes overnight &.3Following this, the
sections were washed with prarmed wash buffer (10% ethylene carbonate in 2xSSC) at
37°C for 30 min twice, followed by 2xSSC at RT for 30 min twice. Amplification with
hairpin pairs (Molecular Technologies, CA) were performed in amplification buffer (10x
dextran sulfate in 2xSSC); hairpins were soapled at 9%C for 90 s, followed by RT for

30 min, and diluted with amplification buffer (60 nM). Tissues were then incubated in this
amplification buffer with hairpins overnight at RT with gentle agitation. Once the
amplification was done, samples were briefly washed with 2xSSC and mounted mgProlo

Diamond for imaging.
Imaging and image processing

All images in this study were acquired either with a Zeiss LSM 880 confocal
microscope using the objectives Fluar x5 0.25 M27, Rlaochromat x10 0.45 M27
(wor king di st an cApochrdmat®2s hénlnm CarrDIC V2T rauli
immersion; or with a Keyence BX700 microscope

To prevent any imaging artifacts resulting from multiple fluorescence spectral
overlap, the fluorescence excitation and emission spectra were kept distinct following the
recanmended linear unmixed acquisition of individual colors. Aréat fluorescent dye
was chosen for any additional marker staining to keep the imaging parameters distinct from
in vivo fluorescent expression thereby preventing any spectral overlap acroswrdete
channels. The tissues were routinely monitored for auto fluorescence or imaging artifacts
before acquisition, and imaging parameters were adjusted if needed. The imaging
parameters were craesbecked with tissues lacking vivo transduction to avoidny
imaging artifacts. The regions used for the images were closely matched across

experimental groups to minimize bias during comparisons.

The acquired images were processed in the respective microscope software Zen
Black 2.3 SP1 (Zeiss), BX Analyzer (Keyence), Keyence Hybrid Cell Count software
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(BZ-H3C), ImageJ, Imaris (Bitplane) and with Photoshop CC 2018 (Adobe). The

images were compiled in Illustrator CC 2018 (Adobe).
Tissue clearing

Brain hemispheres were cleared using iDISE@met hod and tissues

thickness were optically cleared using ScaleS4{0)

To demonstrate the ability of PHP.V1 to transduce the vasculature across thick
tissues, such as a mods@in hemisphere, we assessed tissue fromCleke mi ce 4 we e
post administration. Thberain hemisphere was stained with the primary antibody,- Anti
GFP (1:200, Aves Labs, GFE20), and the secondary antibody, goat-@hicken IgY,

Alexa Fluor 633 (1:200, ThermoFisher Scientific2A103), and cleared via the iDISCO
protocof®L, For imaging, a commercial ligisheet microscope (Lavision BioTec) with a
custom objective lens (4x) was ué&dThe resulting image files were reorganized by a
custom MATLAB script to allow stitching with TeraStitcR& For 3D visualization,

Imaris (Bitplane) was used.

For images of peripheral organs such as heart, muscle, spleen that were over 500
microns in thickness, optical clearing was performed by incubating the tissues in 5 ml of
Scalé&s40)° solution overnipt at RT with gentle agitation, then mounted the tissues in
freshScale&s4(0) solution and imaged under the confocal microscope.

Tissue processing and imaging for quantification of rAAV transduction in vivo

For quantification of rAAV transduction,-&o 8weekold male mice were i.v.
injected with the virus, which was allowed to express for 3 weeks (unless specified
otherwise). The mice were randomly assigned to groups and the experimenter was not
blinded. The mice were perfused and the organs were fixeBAn The brains and livers
were cut into 10gum-thick sections and immunostained with different-tgtle-specific
antibodies, as described above. The images were acquired either with a x25 objective on a

Zeiss LSM 880 confocal microscope or with a KeyeB&-X700 microscope; images that
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were compared directly across groups were acquired and processed with the same

microscope and settings

For quantification of PHP Bamily variant transduction in tissues, the images were
acquired using 25x objective witlhx digital zoom on a Zeiss LSM 880 confocal
microscope. With n=3 mice per variant, images were acquired across 4 brain fegions
cortex, striatum, ventral midbrain and thalamus and tissues were stained with 3 cell type
markers (NeuN, Olig2, and S100). Feach mouse, 2 images per brain region per cell type

marker were acquired, and the mean were plotted.

For PHP.N transduction analysis, the images were acquired using 20x objective on
Keyence BZX700 microscope. With n=3 mice, images across 4 brain regioogex,
striatum, ventral midbrain and thalamus were acquired to cover the entire brain regions for
3 cell type markers (NeuN, Olig2, and S100). This involve&ligages to cover cortex,
thalamus and striatum, and 2 images to cover ventral midbrain pesenper celtype

marker. For each mouse, across each region, the mean from the images were plotted.

For PHP.V GLUT1 transduction analysis, the images were acquired using 25x
objective with 1x digital zoom on a Zeiss LSM 880 confocal microscope. Eadhctlist
blood vessel in the image with GLUT4taining and XFP expression was determined as
positive for transduction. Quantification of expression from the @AGonGreen vector
was performed across the cortex (n = 3 per group). Each data point is dravinefroean
of 3-2 images per mouse. Different brain regions were quantified foiCfekand Ail4
mouse experiments with n = 2 per group. For cortex, cerebellum, striatahventral

midbrain, the mean was plotted fror#t3mages per mouse per region.
In vitro characterization of AAV vectors

Human brain microvascular endothelial cells (HBMEC) (ScienCell Research
Laboratories, cat. no. 1000) were cultured as per the instructions provided by the vendor.
HBMEC were cultured from a frozen stock vial in fibroneatoated F75 flask (7,000
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9,000 cells per chseeding density) using the endothelial cell medium (cat. no. 1001).

The cells were subcultured in fibronectoated 48v e | | pl atgrowth aréa) 8@ 5 c m
the recommended seeding density and incubatedl at& C f408r h~2u4nt i | t he ¢
completely adherent with ~¥80% confluence. The viral vectors packaging pAAV:CAG
mNeongreen were added to the8ocrellfvhpedlOt ur e
well (3 wells per dose per vector). Themedwras changed 24 h | ater,
assessed for fluorescence expression at 3 d post infection. Per vendor recommendation, the

culture medium was changed every other day to maintain the cell culture.
Data analysis
Quantification of rAAV vector tirgsduction

Manual counting was performed with the Adobe Photoshop CC 2018 Count Tool for
cell types in which expression and/or antibody staining covered the whole cell morphology.
The Keyence Hybrid Cell Count software (BE3C) was used where the softwacid
reliably detect distinct cells in an entire dataset. To maintain consistency in counting across
different markers and groups, one person was assigned to quantify across all groups in all
bran areas Manual counting was performed for GLIFstained bbod vessels and
expression of the ssAAV.CA@GNeonGreen and ssAAV:CABIO-EYFP, where the
efficiency was calculated as the percentage of X¥é&ssels relative to the GLUT
staining. Manual counting was also performed to quantify nuclear or soma staised cel
including NeuN, Olig2-, and S10&stained cells. The efficiency was calculated as the

percentage of XFRcells relative to celmarkef cells.

Keyence Hybrid Cell Count software (BZ3C) was used to quantify expression of
nuclear localized AAV genomaes liver hepatocytes that docalized with the DNA stain,
DAPI; and also for the study involving sSAAV.GFARNLS-mTurquoise2 genomes with
S100 cell marker.
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The mean fluorescence intensity across microscopic images were quantified

using ImageJ softwar@he images were processed for background subtraction and using
the Threshold operation, the mean fluorescence intensity was medweexkperimenter

was not blinded durindataanalysis.
NGS data alignment and processing

The raw fastq files from NGS runsgere processed with custenailt scripts that
align the data to AAV9 template DNA fragment containing the diversified region 7xNNK
(for R1) or 11xNNN (for R2 since it was synthesized as 11xXxNNN)

The pipeline to process these datasets involved filtehaglataset to remove the
low-quality reads by using the deep sequencing quality score for each sequence. The
variant sequences were then recovered from the sequencing reads by searching for the
flanking template sequences, and extracting the nucleotidéiseofliversified region
(perfect string match algorithm). The quality of the aligned data was further investigated
to remove any erroneous sequences (such as ones with stop codons). The raw data was
plotted (as shown iBupplementary Figre 3.Sle) to studythe quality of recovery across
every library. Based on the RC distribution, we adapted a thresholding method to remove
plausible erroneous mutants that may have resulted from PCR or NGS based errors. The
assumption is that if there is a PCR mutation orSN&ror on the recovered parent
sequence, the parent must have existed at least one round earlier than the erroneous

sequence, and thus a difference in RCs should exist.

For R1 tissue libraries, we observed a steep drop in the slope of the distributen cu
following a long tail of low count sequences, and were found to be rich in sequences that
are variations of the parents in the higher counts range. We manually setup a threshold for
RCs to remove such erroneous mutants. The thresholded data wererdbessed
differently based on the experimental needs as described elsewhere using custom Python

based scripts.



For R2 tissue libraries frolPCR pooland synthetic poql given the smallérA”
library size compared to R1, we thresholded the data in two stepsniWeonsidered the
tissue recovered sequences that were present in the respective input DNA and virus library
(after removing lower count variants from input libraries following the same principle as
R1 tissue libraries). This step partially removed ltveg tail of low count reads. As a

second step, we applied the thresholding that was described for R1 tissue libraries.

While it is plausible that true variants may be lost during thresholding, this method
minimized false positives as the low count musaim tissue and virus libraries often
seemed to have very high enrichment score (as RCs are normalized to input library). In
other words, thresholding allowed selective investigation on enriched variants that had a
higherconfidence in their NGS RCs.

As an alternative to our manual thresholding method, an optional error correction
met hod called AColl apsingo was built to fur
This method starts at the lowest count variants (variants of count 1) and searches fo
potential parent variants that are off by one nucleotide but have at-ledgthigher counts
(fold change = (2¢) where CT is PCR cycle threshold). This error correction method then
transfers the counts of these potential erroneous sequences to their originating sequences
and repeats recursively until all sequences have been considered. On applying this error
correction to our thresholded data, an additional ~0@03% of sequences were captured
(compared to >19% captured by thresholding), confirming that our thresholding strategy

was largely successful.
NGS data analysis

The aligned data were then further presed via a custom dapaocessing pipeline,

with scripts written in Python.

The enrichment scores of variants (todj)lacross different libraries were calculated

from the read counts (RCs) according to the following formula:
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Enri chmen to(varam & BC ir tisbue lpraryl / sum of variants N RC in

libraryl) / (variant 1 RC in virus library / sum of variants N RC in virus library))

To consistently represent library recovery between R1 and R2 selected variants, we

estimated the enrichment score of the variants in R1 selection

Since the DNA and virus libraries were not completely sampled unlike the tissue
libraries, we assigned an estimated RC for variants that were not present in the input library
but were present ithe output library. For instance, R1 virus library is the input library to
the R1 tissue libraries. The estimated RC is defined as a number that is lower than the
lowest RC in the library with the assumption that these variants were found at a relatively
lower abundance than the variants recovered from the deep sequencing. In virus libraries,
since RC of 1.0 was the lowest, we assigned all missing variants an estimated RC of 0.9.
We use this method to calculate the enrichment score of the R1 tissuedibvrhied is
normalized to R1 virus library={gure 3.1d). This was done to represent libraries across
two selection rounds consistently. Although, the individual enrichment score among R1
variants didndot add a si gn RZseleciondsdesaibed e t o
in the criteria to separate signal vs noise in R1 using the RCs.

The standard score of variants in a specific library was calculated using this formula:
Standard scorienean)/¢$d ead count _i

Read count_i is raw copy numbara variant i. Mean is the mean of read counts of
all variants across a specific library. The s.d. is the s.d. of read counts of all variants across

a specific library.

The plots generated in this article were using the following software: Plotly,
GraphRd PRISM 7.05, Matplotlib, Seaborn and Microsoft Excel 2016. The AAV9 capsid
structure (PDBBUX1)?%*was modeled in PyMOL.

Heat map generation
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The relative amino acid distributions of the diversified regions are plotted as heat

maps. The plots were generated using the Python Plotly plotting library. The heat map
values were geneted from custom scripts written in Python, using functions in the custom

Apeparso Python package

Each heatmap uses both an expected (input) distribution of amino acid sequences
and an output distribution. The output distribution must be a list of seememd their
count, and the input distribution can be either a list of sequences and their count, or an
expected amino acid frequency from a template, such as NNK. For both input and output,
the total count of amino acids in each position is tallied iom@ance to each sequence's
count and then divided by the total sum of counts, giving a frequency of each amino acid
at each position. Then, the log2 fold change is calculated between the output and the input.
For amino acids with a count of O in either ihggut or output, no calculation is performed.
In order to distinguish between statistically significant amino acid biases, a statistical test
was performed using the statsmodels Python library. For the case where there are two
amino acid counts, a twsided, twaeproportion ztest was performed; for comparing the
output amino acid count to an expected input frequency from a templatepeopoetion
z-test was performed. All-palues were then corrected for multiple comparisons using
Bonferroni correctionOnly bias differences below a significance threshold ef Bee

then outlined on the heatmap; all other (insignificant) squares are left empty.
Clustering analysis

Using custom scripts written in MATLAB (version R2017b; MathWorks), we
determined the revee Hamming distances representing the number of shared amino acids
between two peptides. Cytoscape (version .$oftware was then used to cluster the
variants. The amino acid frequency plot representing the highlighted cluster was created
using Weblogo (Version 2.8 2§67

The reverse Hamming distances (representing the number of shared AAs between

two peptides) was determined for all unique capsid variants with greater than 10 count and
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greater than 2:%0ld enrichment after R2 selection. This process itegiticompares

each variant with all other variants within the group. Capsid variants were then clustered
by their reverse Hamming distances using Cytoscape. The minimum reverse Hamming

distance for visualization was chosen manually based on sequenceityimila

For the amino acid frequency plots, the number on the bottom represents the position
of the diversified motif starting from 1. The size of the amino acid in the stack reflects the
proportion of unique clones in which the AA appears at that speositign in the motif.

The color code is based on the AA properties. The positively charged residues K, R, and
H are in blue. The negatively charged residues D and E are in red. The amide containing
polar residues Q, and N are in magenta. The polar residuasd S, are in green. The
hydrophobic residues A, L, V, I, P, F, M, and W are in black.

Statistics and reproducibility

Statistical tests were performed using GraphPad PRISM or Python scripts. All
correlation analyses reported were carried out usingieaiileassquares regression
met hod by an inbuilt Python function from
coefficient of determinationRP) is reported. Tests evaluating the significance of amino
acid bias were done using statsmodels Pyttwarly. A oneproportionz-test for a library
versus known template frequency (NNK), and {pvoportionz-test for twalibrary
comparisons were performdélvalues are corrected for multiple comparisons using a
Bonferroni correction. For datasets with texperimental group comparisons, a Mann
Whitney test was used and twailed exacP values are reported. For more than two
experimental group comparisons with one variable, avae ANOVA nonparametric
Kruskal Wallis testwith multiple comparisons usingtncor r ect ed Dunnos
performed. ExadP values are reported from both tests (unless indicated otherwise). For
experimental group comparisons with two variables, atmddy A NOVA wi t h Tuke

for multiple comparisons reporting correctegalueswere performed with 95% CI.
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All quantitative data reported in graphs are from biological replicates (mouse or

tissue culture replicates), where each data point from a biological replicate is the mean
from technical replicates (raw data such as imagesspkaific brain region). Statistical

analyses were performed on datasets with at least three biological replicates. Error bars in
the figures denote s.e.m. All experiments were validated in more than one independent trial

unless otherwise noted.
Data availability

The NGS datasets using the synthetic pool and PCR pool selection methods that are
reported in this article are available under the SRA accession RBA&IA610987. The
following vector plasmids are deposited on Addgene for distribution
(http://www.aldgene.org) AAVPHP.V1:127847, AAVPHP.V2:127848, AAV
PHP.B4:127849, and AAVWPHP.N:127851, and viruses may be available for commonly
packaged genomes. Other plasmids or viruses not available at Addgene may be requested
from Caltech, CLOVER Center (httfclover.caltech.edu/). GenBank: AAV
PHP.V1:MT162422, AAV-PHP.V2:MT162423, AAV-PHP.N:MT162424, AAV-
PHP.C1:MT162425, AAV-PHP.C2:MT162426, AAV-PHP.C3:MT162427, AAV-
PHP.B4:MT162428, AAV-PHP.B5:MT162429, AAV-PHP.B6:MT162430, AAV-
PHP.B7:MT162431andAAV -PHP.B8:MT162432.

Code availability

The codes used for MREATE data analysis were written in python or MATLAB
and are made available on GitHuittps://github.com/GradinaruLab/mCREATE. The
custom MATLAB scripts to generate HCR probes is accessiloigh GitHub on a
different repositoryhttps://github.com/GradinaruLab/HCRprobe



https://github.com/GradinaruLab/HCRprobe
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Supplementary Figure3.S1: Extended Schematic For Multiplexe€@REATE And
AnalysisOf Round-1 Selection.

(a), Diagram of the genetic switch used iIRGREATE. The Acceptor Vector shows the

position of the forward and reverse primers between the Lox sites that are used for selective
recovery of capsids from the Creells. The RefA A P aglCvactor shows a deletion of

4 8 0 bapgenen addition to the stop codons that are designed to prevent synthesis of
VP1, VP2, and VP3 proteins. AAP protein translation is unaffected by these
modifications.(b), Schematic of the protocol to selectiveécover rAAV genomes from

the target population using the €rex flipping strategy and preparation of the sample for

deep sequencingc), The library coverage for R1 DNA and virus libraries obtained from
specific sequencing depthg), The percentagef ovariant overlap within the sampled

DNA and virus, or across different Cre lines within tissues, or across tissues from R1
selection(e), The distributions of AAV capsiBCs for libraries recovered by NGS from

brain tissue across different Cre transgemice post R1 selection. The dotted line is
illustrative only and roughly separates the signal from noiseMg#igodsfor estimation

of signalversusnoise) where signal in this context represents the input for the R2
selection(f), rAAV genome recoveryrom tissues using different treatments are shown
with total r AAV geno me (g) Rercentage ofyAAY geaamesO . 1 ¢
recovered per ng of total extracted DNA, dh)l The CT value (cycle threshold from

gPCR) of rAAV genome extracted byziol that were treated with Smal restriction enzyme

or untreated ang), CT value of mitochondrial DNA (internal control for smaller genome
recovery, fold change =10.79%2) ) recovered from 1 ng of to
In (f-i), n= 4 mice; 2 fom GFARCre line and 2 from TeKre line, each data point is
drawn from the mean of three techni-<al re
Whitney test, twetailed (exactR» al ue of 0. 02®Bdi), &nd ®1143 (nG., 05) ,
P >0.05, Cl 9%) in (h)). The data reporte(, g, i) are from one independent trial, afing,

from three independent trials.
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Supplementary Figure3.S2: Analysis Of7-meri rAAV Libraries From Round2
Selections.

@, The vector vyi el ds DNAlibmary aceoss Rpand R2Vdrtorn g
productions(b), Distributions of the DNA and virus libraries produced bydjethetic
poolandPCR poolmethods by the standard score of N&Ss. The variants in virus
libraries are sorted by the decreasing ordertaridard scoréSS)and their scores from
respective DNA libraries are mapped onto thé). Correlations between

the SSof RCsfor the DNA and virus libraries (n = 1 per library) produced bysthehetic
poolandPCR poolmethods is determined by linelgastsquares regression, and the
regression line (best fit) and Representing the coefficient of determination is sha)).
Distributions of capsid libraries from brain tissue of two mice (purple and green) used in
each Cre line selection, as produdad thesynthetic poo(left) andPCR pool(right)
designs. The distribution apikein library introduced in theynthetic poolibrary design

of
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is shown in red (centerfe), Correlations of enrichment scores of variants from the
brain libraries (n = 2 peCre line, mean is plotted) produced dynthetic pooandPCR
pool methods is determined by the same method descrilfed in

Supplementary Figure 3.S3: Analysis Of Round2 7-mer-i Tissue Libraries
From Synthetic PoolAnd PCR PoolMethods.



























































































































