AMERICAN SOCIETY of
w GENE & CELL

Molecular Therapy w4 THERAPY

Original Article

The GPI-Linked Protein LYBA Drives AAV-PHP.B
Transport across the Blood-Brain Barrier

Juliette Hordeaux,* Yuan Yuan,* Peter M. Clark,' Qiang Wang,' R. Alexander Martino,' JoshuaJ. Sims,' Peter Bell,’
Angela Raymond,>* William L. Stanford,>* and James M. Wilson'

!Gene Therapy Program, Department of Medicine, University of Pennsylvania, Perelman School of Medicine, Philadelphia, PA 19104, USA; 2Regenerative Medicine
Program, Ottawa Hospital Research Institute, University of Ottawa, Ottawa, ON K1H 8L6, Canada; 3Department of Cellular and Molecular Medicine, University of

Ottawa, Ottawa, ON K1H 8L6, Canada

Efficient delivery of gene therapy vectors across the blood-brain
barrier (BBB) is the holy grail of neurological disease therapies.
A variant of the neurotropic vector adeno-associated virus
(AAV) serotype 9, called AAV-PHP.B, was shown to very effi-
ciently deliver transgenes across the BBB in C57BL/6] mice.
Based on our recent observation that this phenotype is mouse
strain dependent, we used whole-exome sequencing-based ge-
netics to map this phenotype to a specific haplotype of lympho-
cyte antigen 6 complex, locus A (Ly6a) (stem cell antigen-1
[Sca-1]), which encodes a glycosylphosphatidylinositol (GPI)-
anchored protein whose function had been thought to be
limited to the biology of hematopoiesis. Additional biochem-
ical and genetic studies definitively linked high BBB transport
to the binding of AAV-PHP.B with LY6A (SCA-1). These
studies identify, for the first time, a ligand for this GPI-
anchored protein and suggest a role for it in BBB transport
that could be hijacked by viruses in natural infections or by
gene therapy vectors to treat neurological diseases.

INTRODUCTION

Gene therapy has successfully progressed into the clinic for the treat-
ment of several rare monogenic diseases. A vector platform based on
natural isolates of adeno-associated viruses (AAVs) has been essential
to this success. We isolated and characterized a natural variant of AAV
from human heart muscle called AAV9" that has shown superior dis-
tribution following intravenous (i.v.) delivery.”> An AAV9-based
vector approach to target motor neurons of patients with spinal
muscular atrophy resulted in improved motor function and prolonged
survival.® Similarly, impressive results have been achieved following
i.v. delivery of an AAV8 serotype vector that we isolated from a ma-
caque’ in the treatment of children with a rare inherited myopathy
(ClinicalTrials.gov: NCT03199469). Despite improvements in AAV
vectors through the isolation of variants such as AAV8 and AAVY,
most candidate diseases are outside the reach of successful in vivo
gene therapy because of limited delivery to cells of target tissues.

An approach that we and others have pursued to improve the perfor-
mance of AAV vectors is to engineer variants with enhanced effi-
ciency. One strategy is to create diversity in capsid structure through
population mutagenesis and select preferred candidates after itera-
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tively screening the population in cells or animals. The most widely
celebrated engineered AAV variant, called AAV-PHP.B, was shown
by Deverman et al.” to have superior neurotropic properties. This
research group created a library of variants by inserting randomized
seven-amino-acid domains into the hypervariable region VIII
of AAVY9, and selected for those that target the CNS following i.v. in-
jection into astrocyte-specific Cre recombinase-expressing mice in the
C57BL/6] background. This selection process identified AAV-PHP.B,
which contains a unique TLAVPFK peptide, and showed an amazing
50-fold improvement in CNS transduction following i.v. delivery into
C57BL/6] mice.® This level of transduction would significantly expand
the utility of AAV gene therapy for human neurological disorders.
However, when we evaluated the use of AAV-PHP.B, we found a
strain-specific effect in mice with widespread transduction of CNS
cells achieved in C57BL/6]J, but not BALB/cJ, mice.’

Through a combination of genetic and biochemical approaches, in
this study we defined the factors allowing AAV-PHP.B to efficiently
cross the blood-brain barrier (BBB) in a strain-specific manner. We
determined that the high BBB permeability of AAV-PHP.B is based
on the specific binding of the seven-amino-acid insert modified
capsid to a glycosylphosphatidylinositol (GPI)-anchored protein ex-
pressed on brain endothelial cells called lymphocyte antigen 6 com-
plex, locus A (LY6A, also known as stem cell antigen-1 [SCA-1]).
Our findings suggest that in addition to its previously known roles
in hematopoietic, mesenchymal, and cancer stem cell biology,m’13
LY6A is involved in BBB transport.

RESULTS

BBB Permeability to AAV-PHP.B Is Inherited as a Codominant
Trait in Mice

We previously showed that i.v. administration of 1 x 10'> genome
copies (GCs) of AAV-PHP.B carrying the GFP transgene resulted
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Figure 1. Permeability of the BBB to PHP.B Is Strain Specific and Inherited
as a Codominant Trait in Mice

(A) Representative direct GFP fluorescence in the brain of inbred and intercrossed
strains injected i.v. with 1 x 10'2 GCs of AAV-PHP.B.CB7.EGFP. The percentage of
F2 mice showing intermediate (55.5%), minimal (27.8%), and strong (16.7%) brain
transduction is indicated on the corresponding images. A total of 18 F2 mice
were injected. Scale bar, 100 um. (B) Vector GCs measured by TagMan gPCR
in the brain, with averages per group and SDs as error bars. ANOVA Kruskal-
Wallis test followed by Dunn’s multiple comparison test: *p < 0.05, *p < 0.01,
****p < 0.0001. See also Figure S1.

in widespread transduction of CNS cells in C57BL/6] mice, but not
BALB/cJ, mice.” In contrast, direct administration of AAV-PHP.B
into the CNS by intracerebroventricular injection, which bypasses
the BBB, led to equally robust GFP expression in both C57BL/6]
and BALB/c] mouse brains close to the injection site; however,
expression at a distance was more robust in C57BL/6] mice (Fig-
ure S1). Therefore, we concluded that in both mouse strains, CNS
cells were susceptible to AAV-PHP.B brain transduction, but the
higher efficiency of AAV-PHP.B in C57BL/6] mice was attributable
to enhanced delivery across the BBB. We hypothesized that the
strain-specific differences in permeability of the BBB to AAV-

PHP.B was caused by a variation in a single gene involved in BBB
transport. To test this hypothesis, we evaluated CNS transduction
after i.v. administration of AAV-PHP.B in F1 and F2 progenies of
C57BL/6] x BALB/cJ crossings. Whereas all F1 offsprings displayed
intermediate CNS transduction compared with the parental strains,
the F2 generation showed a distribution of transduction with 55.5%
intermediate, 16.7% high C57BL/6]-like, and 27.8% low BALB/c]-
like CNS transduction (Figure 1A). We confirmed this result by using
qPCR to quantify vector GC numbers in the corresponding mouse
brains (Figure 1B). Based on phenotype distributions of F1 and F2,
we conclude that BBB permeability to PHP.B follows the Mendelian
inheritance pattern of two codominant alleles at a single genomic
locus. In contrast with AAV-PHP.B, we did not observe any strain-
specific brain transduction for AAV9 (Figure 1B).

Ly6a Is Linked to PHP.B Transduction across the BBB

The CNS transduction inheritance pattern in F1 and F2 progenies
suggests that variations in a single gene underlie the strain-specific
differences in this phenotype (i.e., high BBB permeability to AAV-
PHP.B). We therefore conducted a whole-exome sequencing
(WES)-based genotyping and genetic linkage analysis of 16 related
mice to identify potential causal mutations within and around exonic
regions of the mouse genome (Figure 2A). We identified 135 unique
mutations within a ~4.5-Mbp stretch of genomic DNA spanning the
D3 and E3 karyotype bands of murine chromosome 15 that were
most significantly associated (p = 1.9E—31) with the observed pheno-
type (Figure 2B). Functional varjant annotation of the significant var-
iants (p < 5E—8) revealed that missense mutations within the Ly6a,
Ly6i, Rhophilin 1, and Riken cDNA 2010109103 genes were most
significantly linked with low BBB permeability to AAV-PHP.B
(Table S1). Based on the subcellular localization of the proteins en-
coded by these genes and their abundance in the brain according to
public databases,'* we hypothesized that the causative protein was
LY6A, a GPI-anchored surface protein also known as SCA-1 that is
highly expressed in the brain microvasculature. To test whether
Lyé6a is essential for the efficient delivery of AAV-PHP.B across the
BBB, we iv. injected AAV-PHP.B carrying the GFP transgene in
Ly6a knockout mice (Ly6a™'") in the C57BL/6] background and
wild-type (WT) controls. Although AAV-PHP.B transduced liver in
both WT and Ly6a7/ ~ mice, we observed minimal brain transduction
in Ly6a /" mice (Figure 2C). This indicates that LY6A is required for
AAV-PHP.B transport across the BBB. Interestingly, polymorphisms
in the Ly6 gene cluster have been described previously,"” with two
major haplotypes in inbred strains: Ly6* (BALB/cJ-like) and Ly6"
(C57BL/6]-like). These two haplotypes differ with respect to several
single-nucleotide changes within the promotor region and two amino
acid substitutions in the LY6A protein (i.e., the Ly6”-encoded proteins
have Val106Ala and pAsp63Gly substitutions relative to Ly6?). Upon
analyzing the brain tissue via immunohistochemistry with a pan-
LY6A antibody, we observed a high level of expression in the micro-
vascular endothelial cells of C57BL/6]J animals. In contrast, LY6A
expression was substantially reduced in BALB/cJ animals (Figure 2D),
consistent with previous reports.'® We detected no expression of
LY6A in tissue from Ly6a~’~ mice, thus confirming the specificity

Molecular Therapy Vol. 27 No 5 May 2019 913


http://www.moleculartherapy.org

F2 hybrids

A BALB/cJ C57BL/6J

F1 hybrids

IR

Molecular Therapy

AAV-PHP.B.GFP 1x10*2GC IV

brain GFP expression
Whole exome sequencing
Phenotype-genotype linkage analysis

LyGa, ¢.3177>C, p.Val106Ala
Ly6a, c.188A>G, p.Asp63Gly ~

v
v

ol alh -ﬂw_-ﬁ:;ﬂ;_'h i

10 1 12 14 15 16 18 Y
Chromosome
C D LYBA
Ly6a KO

3

o o
g’ ey
8 [aa]
S 0
e | Q
2

. CJ
2 ]
= <

“Lq

Figure 2. The Ly6a Gene Is Associated with High AAV-PHP.B Transduction across the BBB

(A) WES association study design overview. We generated F1 hybrids by crossing the inbred strains C57BL/6J and BALB/cJ, producing heterozygotes with an intermediate
brain transduction phenotype. F2 hybrids were generated by intercrossing F1 mice, producing a variety of phenotypes and genotypes. WES was performed on genomic DNA
isolated from the brains of 16 mice (4 F1 and 12 F2), and reads were mapped to the reference genome (GRCm38, C57BL/6J). (B) Manhattan plot, showing genetic variants
that are significantly associated (red line, p < 5E—8) with PHP.B transduction across the BBB in mice. We observed the strongest association within the D3 karyotype band
(colored in green), which includes the two labeled missense mutations within the Ly6a gene. (C) Genetic confirmation that the presence of Ly6a is necessary for AAV-PHP.B
brain transduction across the BBB in vivo. Representative images show direct GFP fluorescence in the hippocampus (top) and liver (bottom) of inbred WT and Ly6a null mice
in the C57BL/6J background after i.v. administration of 1 x 10'2 GCs of AAV-PHP.B.CB7.EGFP. (D) LYBA immunostaining in the cerebral cortex of knockout (KO) and WT
mice using an antibody that recognizes both haplotypes (clone D7). LYBA expression was mainly confined to the brain capillaries and was high in C57BL/6J WT mice, weak in
BALB/cJ WT mice, and undetectable in all KO mice. Scale bars, (C) 100 um and (D) 50 um.

of the assay (Figure 2D). Either the promoter mutations or those
within the open reading frame of BALB/c] LY6A could contribute
to the drastically decreased LY6A expression on brain endothelium.
In agreement with our findings, a study reported an approximately
4-fold decrease in Ly6a mRNA levels in the CNS of Ly6” compared
with Ly6” mouse strains (RNA-sequencing data).'”

Based on these observations, we hypothesized that the strain-specific
BBB permeability of AAV-PHP.B observed in C57BL/6] and BALB/c]
mice could be generalized across all strains of mice with Ly6” and Ly6"
haplotypes. To test this hypothesis, we obtained six additional inbred
strains of mice, three with the Ly6” haplotype (12951/Svimj, DBA2/J,
and FVB/NJ) and three with the Ly6” haplotype (C3H/He]J, CBA/],
and A/J; see Figure 3A). We i.v. infused mice from each strain with
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AAV-PHP.B expressing GFP and subsequently analyzed them for
CNS transduction. As predicted, high levels of CNS transduction
directly correlated with the Ly6” (C57BL/6]-like) haplotype (Fig-
ure 3B). Taken together, we conclude that Ly6a gene variants are
linked to PHP.B transduction across the BBB.

AAV-PHP.B and AAV-PHP.eB Bind to LY6A Protein with High
Affinity

We developed ELISAs to evaluate the potential for direct interactions
between LY6A and AAV capsids. We constructed expression cas-
settes containing a GPI-anchor truncated version of the C57BL/6]
LY6A to isolate the soluble version of the recombinant protein.
We performed an ELISA assay by analyzing the binding of AAV
particles to the recombinant LY6A protein bound to the ELISA
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Figure 3. Ly6a Haplotype Determines the Ability of
AAV-PHP.B to Cross the BBB in Mice

(A) Ly6a haplotypes from a selection of inbred mice
(data compiled from the mouse genome project, MM10
dbSNP142). (B) AAV-PHP.B brain transduction after sys-
temic administration in inbred mice with the reference Ly6a
gene (Ly6” haplotype, C57BL/6J-like) and strains with the
BALB/cJ-like SNP (Ly6? haplotype). Scale bar, 100 pum.

in vivo, which supports a role for LY6A as a re-
ceptor or co-receptor for AAV-PHP.B.

We then studied the ability of LY6A to enhance
the internalization of AAV capsids. In this assay,
we transiently transfected the full-length C57BL/
6] Ly6a coding sequence into HEK293 cells that
were subsequently incubated with AAV-PHP.B
or AAV9 expressing lacZ. In this assay, we
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well (Figure 4A). AAV-PHP.B bound LY6A with high apparent af-
finity, with ELISA data closely fitting a subnanomolar isotherm
(0.07 nM). We suspect this high affinity represents the avid engage-
ment of multiple immobilized LY6A proteins with AAV-PHP.B
vectors. We did not detect any binding between AAV9 and the
LY6A protein (Figure 4A). Next, we generated a variant capsid
AAV-PHP.B V592G with a single-amino-acid mutation in the
seven-amino-acid loop of AAV-PHP.B (ie., valine to glycine on
VP1 position 592 in the fourth residue of the seven-amino-acid
insert). The expression profile following iv. injection of a GFP-
expressing version of this mutant capsid resembled that of AAV9,
but not AAV-PHP.B: high liver but little CNS transduction (Fig-
ure S2). Interestingly, neither AAV9 nor AAV-PHP.B V592G bound
detectibly to LY6A (Figure 4A), showing a direct link between capsid
interaction with LY6A in vitro and the ability to cross the BBB

129Sl|Svm| DBA2|J FVB|NJ

used transgene (LacZ) expression, measured by
B-galactosidase activity in cell lysates, as a proxy
for internalization. Transduction was achieved in
a dose-dependent manner with AAV-PHP.B
incubated with cells expressing the LY6A protein
(Figure 4B). There was no transduction over
background with AAV9 on cells that expressed
LY6A or with AAV-PHP.B on cells that ex-
pressed the related GPI-anchored protein
LY6C1 (Figure 4B). Moreover, we could prevent
the LY6A-enhanced transduction of AAV-
PHP.B by pre-incubating cells with an anti-
LY6A rat monoclonal antibody, but not an
isotype control (Figure 4C). This result lends
further support to the hypothesis of a co-receptor
or receptor role for LY6A.

A recent study described a second-generation

version of AAV-PHP.B, called AAV-PHP.eB,
with an even higher transduction of CNS in C57BL/6] mice following
i.v. injection. We studied this variant to determine whether LY6A re-
mained the primary determinant of BBB permeability. Following i.v.
injection of AAV-PHP.eB, we observed CNS transduction in C57BL/
6] mice, but not BALB/c] mice, similar to our observations with AAV-
PHP.B (Figure S3). AAV-PHP.eB bound to C57BL/6] LY6A with
subnanomolar apparent affinity and a slightly higher maximum
signal than that achieved with AAV-PHP.B (Figure 4A). We conclude
that interactions with LY6A remain critical to the neurotropic prop-
erties of both AAV-PHP.B and AAV-PHP.eB.

DISCUSSION

As the technology of gene transfer has progressed, so has our under-
standing of key performance drivers like transduction efficiency
and host-vector responses. Some of these translational studies have
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enhanced our understanding of related fundamental biological pro-
cesses. The ability of AAV vectors to transduce cells in the CNS of
all mammals in a deliberate and dose-dependent manner has revolu-
tionized the field of neurobiology through the advent of tools such as
optogenetics (reviewed in Betley and Sternson'®). In studies designed
to blunt adaptive immune responses to in vivo gene transfer with ade-
noviruses, we have discovered the mechanism by which CD40 engages
with CD40 ligand (CD40L) to activate T cells."”” The story described in
this paper is another example of translational work illuminating a new
biological principle that has impacts beyond gene therapy.

The AAV9 variant AAV.PHP.B was heralded as potentially trans-
forming the treatment of neurological diseases. The efficiency with
which it could transduce CNS cells after i.v. injection in C57BL/6]
mice was at least 50-fold higher than what had been previously
achieved. If translated to primates, AAV.PHP.B would enable the
development of treatments across a broad array of neurological dis-
eases.”” Our initial evaluation of AAV-PHP.B led to the serendipitous
discovery that its BBB permeability was limited to some strains of
mice such as C57BL/6].° The substantial difference in transduction
biology between two related, but genetically distinct, strains of mice
such as C57BL/6] and BALB/cJ allowed us to use a classic genetic link-
age approach to show that a single gene determines this dramatic
strain difference in BBB permeability and that this gene encodes
the GPI-anchored protein LY6A.

LY6A, also called SCA-1, was discovered more than 40 years ago as an
antigen that is upregulated on activated lymphocytes. It is commonly

916 Molecular Therapy Vol. 27 No 5 May 2019
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Figure 4. AAV-PHP.B Binds to LY6A Proteins

(A) ELISA measurement of the binding of AAV-PHP.B, AAV-
PHP.eB, AAV9, or an inactive AAV-PHP.B V592G mutant
to the C57BL/6J LYBA protein. Data points represent the
average of three replicates with error bars denoting the SEM.
(B) AAV.LacZ transduction assay in Ly6a-transfected cells.
HEK293 cells were transiently transfected with LYBA- or
LYBC1-expressing vectors, followed by incubation with AAV
variants carrying the LacZ transgene. Twenty-four hours later,
AAV transduction was evaluated by LacZ expression. Tran-
sient expression of C57BL/6J Ly6a in HEK293 cells enhanced
AAV-PHP.B, but not AAV9, transduction, whereas another ly6
family member, ly6¢1, had no effect. AAV9- and AAV-PHP.B-
mediated transduction efficiency within the same transfection
conditions were compared using two-way ANOVA followed by
a mean comparison test using Tukey’s multiple comparison
test (GraphPad Prism); *p < 0.05, ***p < 0.0001. (C) AAV.-
LacZ transduction assay in the presence of anti-LYBA anti-
body. Enhanced AAV-PHP.B transduction (MOI of 10,000)
was prevented by preincubating transfected cells with an
anti-LYBA antibody (clone D7, 100 nM, 1 h at 4°C). Trans-
duction efficiencies in the presence of different antibodies
were compared within the same transfection conditions using
two-way ANOVA followed by a mean comparison test
using Tukey’s multiple comparison test (GraphPad Prism);
****p < 0.0001. The bar graphs show the average of (B) six or
(C) eight replicates, with error bars representing SD. See also
Figures S2 and S83.
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used to enrich adult murine hematopoietic stem cells (HSCs) and is
also expressed on stem cells, progenitors, and differentiated cell types
across a wide variety of tissues and organs (reviewed in Holmes and
Stanford'’). It is fascinating that despite its common use in stem cell
biology research, ligand(s) of LY6A have not yet been identified.”’ >
Although its physiological functions are also unclear, studies of Ly6a
null mice suggest a role in downregulating T cell proliferation;** regu-
lating hematopoiesis lineage, engraftment, and homing of HSCs;'"*
promoting the self-renewal of mesenchymal stem cells; and regulating
bone formation.”**” In the present study, we made the novel discov-
ery of a ligand for LY6A (i.e., the AAV9 capsid variant AAV.PHP.B),
and we demonstrated a direct link between the binding of this ligand
to LY6A and its ability to cross the BBB. LY6A is highly expressed in
brain microvasculature,'*'®** and the Ly6" haplotype was previously
linked to WT mouse adenovirus 1-induced lethal encephalitis.**>*° In
this context, our results suggest that this murine GPI-anchored pro-
tein could play a role in viral interaction and transcytosis at the BBB.

Studies of other GPI-anchored proteins suggest various mechanisms
by which LY6A could enhance BBB permeability of AAV vectors.
GPI-anchored proteins are localized to lipid rafts, which are dynamic
microdomains within the plasma membrane that are enriched in
cholesterol, sphingolipids, and a specific set of key signaling mole-
cules such as receptors and protein tyrosine kinases. The apical-to-ba-
solateral delivery of raft-associated GPI-anchored proteins occurs via
a transcytotic pathway in polarized cells.’’ Furthermore, transcytosis
of macromolecules at the BBB can occur, in part, via tightly regulated
caveolae-associated lipid rafts.”> Some GPI-anchored proteins, and
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lipid rafts in general, play a role in the cell entry and exit of virus par-
ticles (reviewed in Metzner et al.>”). Interestingly, group B coxsackie-
viruses cross epithelial barriers through a three-step mechanism
involving: (1) interaction with the apically localized GPI-anchored
protein CD55 (aka, decay-accelerating factor); (2) CD55 clustering
and activation of AbI kinase driving Rac-dependent actin reorganiza-
tion; and (3) translocation of viral particles to lateral tight junctions
where the particles engage their receptor, the coxsackievirus-adeno-
virus receptor, and undergo endocytosis.’* In this model, GPI-
anchored proteins allow for the initial capture of viral particles and
trigger transport of the virus to a receptor buried in the tight-junction
area. In the case of AAV-PHP.B transduction across the BBB, further
experiments are necessary to determine whether LY6A is a co-
receptor that facilitates the co-localization of viral capsids with other
factors, or if LY6A acts as the main receptor through cross-linking
activated endocytosis.

Experimental data suggest that AAV9 crosses the BBB without
compromising its integrity via transendothelial trafficking to the
basolateral compartment.”> The efficiency with which this occurs,
however, is at least 20-fold lower than what is achieved with AAV-
PHP.B in C57BL/6] mice.® Other AAV serotypes such as AAVS5
can cross epithelial and endothelial barriers in vitro through transcy-
tosis, a phenomenon that can be blocked by tannic acid or filipin,*®
two chemicals that interfere with GPI-anchored protein-mediated
transport. Interestingly, some researchers have suggested that the ma-
jor transduction route that recombinant AAV?2 uses is the CLathrin-
Independent Carriers GPI-anchored-protein-Enriched Endosomal
Compartment.”” Those studies, conducted by independent groups,
combined with the work reported here collectively support a central
role of GPI-enriched lipid rafts in AAV transcytosis and/or transduc-
tion. Our group is the first to show that a particular GPI-anchored
protein acts as a co-receptor or receptor for AAV vectors.

Our study suggests that GPI-anchored proteins could be hijacked to
improve the delivery of biotherapeutics to the brain. However, several
groups including ours have failed to demonstrate increased CNS
transduction following iv. injection of AAV-PHP.B in non-human
primates.””® This failure can be explained by the absence of a LY6A
homolog in primates.’ In fact, the only animal models that show
enhanced BBB permeability of AAV.PHP.B are those with genetic
backgrounds similar to the model in which it was selected (ie.,
C57BL/6] mice). This fact illustrates how the method of selecting
novel capsid variants can limit the utility of candidate capsids.
When developing human gene therapy vectors and other protein
therapeutics, it may be more productive to evaluate populations of
variants for binding to GPI-anchored proteins expressed on endothe-
lial cells derived from primates.

MATERIALS AND METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, James M. Wil-
son (wilsonjm@upenn.edu).

Experimental Model and Subject Details

Animals

C56BL/6] (stock no. 000664), BALB/cJ (000651), F1 hybrids CB6F1/]
(100007), 129S1/Svim] (002448), DBA/2J] (000671), FVB/NJ
(001800), C3H/HeJ (000659), CBA/J (000656), and A/J (000646)
mice were purchased from the Jackson Laboratory. F2 hybrids were
obtained by crossing CB6F1/] at the facility. Ly6a null mice on a
C57BL/6] and BALB/c] background were generously provided
by William L. Stanford (University of Ottawa). For reporter gene
experiments, adult (6-8 weeks old) males were injected. Animals
were housed in standard caging of two to five animals per cage. Cages,
water bottles, and bedding substrates were autoclaved in the barrier
facility, and cages were changed once per week. An automatically
controlled 12-h light or dark cycle was maintained. Each dark period
began at 7:00 p.m. (+30 min). Irradiated laboratory rodent food was
provided ad libitum.

Cell Lines

HEK293 (originally obtained from a female embryo) cells were main-
tained in DMEM (catalog no. [Cat#] 11995-040; GIBCO, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with gamma-
irradiated 10% fetal bovine serum (Cat# SH30071.03IR; Hyclone;
GE Healthcare, Pittsburgh, PA, USA) and 100 IU/mL penicillin and
streptomycin (P/S), and grown in a humidified incubator at 37°C
with 5% CO,.

Method Details

Vector Production

The AAV9.PHP.B trans plasmid (pAAV2/PHP.B) was generated
with a QuikChange Lightning Site-Directed Mutagenesis Kit
(Cat# 210515; Agilent Technologies, Santa Clara, CA, USA) using
PAAV2/9 (Penn Vector Core) as the template, following the manu-
facturer’s manual. The AAV-PHP.B mutants were constructed the
same way using pAAV2/PHP.B as the template. AAV vectors were
produced and titrated by the Penn Vector Core as described before.*’
In brief, HEK293 cells were triple transfected, and the culture super-
natant was harvested, concentrated, and purified with an iodixanol
gradient. The purified vectors were titrated with droplet digital PCR
using primers targeting the rabbit Beta-globin polyA sequence as
previously described.*’

In Vivo Studies and Histology

Mice received 1 x 10'* GCs (5 x 10"* GC/kg) of AAV9, AAV-PHP.B,
or AAV-PHP.eB vectors encoding EGFP (Penn Vector Core) in
0.1 mL via the lateral tail vein and were euthanized by inhalation of
CO, 21 days post-injection. Tissues were promptly collected, starting
with brain. Half sagittally sectioned brain was immersion fixed in 10%
neutral-buffered formalin for about 24 h, washed briefly in PBS, and
equilibrated sequentially in 15% and 30% sucrose in PBS at 4°C.
Tissues were then frozen in optimum cutting temperature embedding
medium and cryosectioned for direct GFP visualization (brains were
sectioned at 30 pm, other tissues at 10 pm thickness). Images were
either acquired with a Nikon Eclipse Ti-E fluorescence microscope
or whole-brain sections were scanned with an Aperio Versa slide
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scanner. The other half of the brain was either snap-frozen on dry ice
for the qPCR vector biodistribution study, or formalin-fixed and
paraffin-embedded for immunostaining. Immunofluorescence for
LY6A was performed on formalin-fixed, paraffin-embedded brain
samples. Sections were deparaffinized, boiled for 6 min in 10 mM cit-
rate buffer (pH 6.0) for antigen retrieval, blocked with 1% donkey
serum in PBS + 0.2% Triton for 15 min, and then sequentially incu-
bated with primary (1 h) and fluorescence-labeled secondary anti-
bodies (45 min) diluted in blocking buffer. Monoclonal rat antibody
D7 against LY6A (Cat# 14-5981-82; eBioscience, Thermo Fisher
Scientific, San Diego, CA, USA) was used at a dilution of 1:200, and
tetramethylrhodamine (TRITC)-labeled donkey anti-rat (Cat# 712-
025-153; 1:100 dilution; Jackson Immunoresearch, West Grove, PA,
USA) was served as secondary antibody.

Vector Biodistribution

Tissue DNA was extracted with a QIAamp DNA Mini Kit (Cat#
51306; QIAGEN, Germany), and vector genomes were quantified
by real-time PCR using TagMan reagents (Applied Biosystems, Life
Technologies, Foster City, CA, USA) and primers and probes target-
ing the rabbit beta-globin (rBG) polyadenylation sequence of the
vectors.

Whole-Exome Sequencing

WES libraries were generated from genomic DNA isolated from
the brains of 4 F1 and 12 F2 mice using the Agilent SureSelect
Mouse All Exon Kit (Cat 5190-4641; Agilent). Samples were
indexed and sequenced on a NextSeq high-output cartridge (eight
samples per flow cell). Following sequencing, paired-end reads
from each sample were mapped to the reference genome
(GRCm38) using NovoAlign (v3.08.02) with optimized parameters
for WES.** Duplicate reads (optical and/or PCR duplicates that
originate from a single fragment of DNA) were subsequently
flagged with Picard tools (v2.13.2). Following data pre-processing,
variant calling was performed for each sample using Genome
Analysis Tool Kit (GATK) best practices.”> *° In brief, base quality
score recalibration was performed first, followed by variant calling
and joint genotyping using GATK (v3.8). Raw variants were subse-
quently filtered to remove Mendelian violations and variants with a
quality score of 50 or less. High-confidence variants were subse-
quently used for association testing (see Statistics). Genomic
variant annotation and functional effect prediction were performed
using SnpEff."”

Ly6a Expression Vector Construction

LY6A coding sequence from C57BL/6] was synthesized as a GeneArt
String (Thermo Fisher Scientific). For native LY6A expression
vectors, GeneArt String was assembled into BamHI-digested
pcDNA3.1(+)IRES GFP (plasmid 51406; Addgene, Cambridge, MA,
USA) using the NEBuilder HiFi DNA Assembly Master Mix (Cat#
E2621; NEB, Ipswich, MA, USA). For the Twin-Strep-tagged LY6A
expression vectors, DNA encoding the first 111 amino acid residues
of LY6A was PCR amplified before assembly into Esp3I-digested
PESG-IBA103 using the NEBuilder HiFi DNA Assembly Master
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Mix (Cat# E2621; NEB). All constructs were confirmed by Sanger
sequencing.

Twin-Strep-Tagged LY6A Production and Purification

HEK293 cells were transiently transfected with plasmids expressing
Twin-Strep-tagged C57BL/6] LY6A using a 1:2 DNA-to-polyethyle-
nimine (PEL linear PEI hydrochloride molecular weight [MW]
40,000; Cat# 24765-1; Polysciences, Warrington, PA, USA) w/w ra-
tio. Seventy-two hours post-transfection, cell culture supernatants
were filtered through 0.22-pm filters and adjusted to pH 8.0 by add-
ing one-tenth volumes of 10x Buffer W (1 M Tris-HCI [pH 8.0],
1.5 M NaCl, 10 mM EDTA). Transfected HEK293 cells were lysed
in 1x Buffer W supplemented with 0.1% Triton X-100 and passaged
twice through 27G needles. Cell lysates and culture supernatants
were combined followed by biotin depletion through a 15-min
incubation with 1/400 volume of BioLock Biotin Blocking Solution
(Cat# 2-0205-050; IBA Life Sciences) and subsequent centrifugation.
Purification of Twin-Strep-tagged LY6A protein was achieved
through Strep-Tactin XT affinity chromatography according to the
manufacturer’s protocol (IBA Life Sciences). In brief, Strep-Tactin
XT Superflow resin (Cat# 2-4010-010; IBA Life Sciences, Germany)
was incubated with cell lysates and supernatant for 2 h at room tem-
perature, washed with four column volumes (CVs) of 1x Buffer W,
and eluted with 0.6, 1.6, and 0.8 CV of 1x Buffer BXT. Eluate frac-
tions containing recombinant LY6A were pooled and dialyzed four
times in 50 mM Tris-HCI (pH 8.0), 150 mM NacCl. Protein concen-
trations were determined by bicinchoninic acid assay (Cat# 23225;
Pierce, Rockford, IL, USA).

ELISA

Strep-Tactin XT-coated microplates (Cat# 2-4101-001; IBA Life
Sciences) were incubated overnight at 4°C with 200 pL of coating
buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl) containing 0 or
0.5 pg of Twin-Strep-tagged LY6A proteins per well. Plates were
washed 3x with PBST (0.05% Tween 20 in PBS) and blocked in 3%
BSA in PBS for 2 h at room temperature. AAV serotypes were diluted
in PBS supplemented with 1% BSA and 0.1% Pluronic F-68 to the
indicated concentrations. We added 200 pL of AAV dilutions to
each well and incubated them for 2 h at 37°C. Immobilized AAV
particles were detected by sequential 1-h incubations with a rabbit
antiserum against AAV9 (1:50,000; Penn Immunology Core) and a
horseradish peroxidase-conjugated goat anti-rabbit secondary anti-
body (1:5,000, Cat# 31460; Thermo Fisher Scientific). We developed
plates using 200 pL of the SureBlue TMB 1-component microwell
Peroxidase Substrate (Cat# 52-00-01; Seracare, Gaithersburg, MD,
USA) per product instructions, and optical densities were measured
at 450 nm by a microplate reader (SpectraMax M3). To calculate
LY6A-dependent AAV binding, background AAV bindings to un-
coated microplate wells were subtracted from the observed AAV
bindings to LY6A-coated wells at each virus concentration. Data
are representative of three independent experiments. To estimate
the apparent affinity (K4) of AAV-PHP.B variants for LY6A, we
applied least-squares fitting of the ELISA data (A450 signal as a frac-
tion of the maximum) to a simple 1:1 model for molecular interaction
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[f= At/(Kq + At)], where fis the fraction of LY6A bound, and At is the
total amount of AAV applied to the well. A more complex model that
accounted for LY6A explicitly did not improve the fit. The ELISA
orientation used allows us only to estimate the apparent affinity of
a vector for a field of LY6A protein, as might be encountered on a
cell, and does not represent the microscopic affinity of a single
PHP.B peptide loop with a single LY6A protein.

HEK293 Transduction Assay

All cell culture was performed in a humidified incubator at 37°C + 5%
CO, using DMEM (10-013-CM; Corning) + 10% heat-inactivated
fetal bovine serum (10438-034; GIBCO) + 1% P/S (15140-122;
GIBCO). On the first day of the assay, HEK293 cells were trypsinized,
counted, and seeded on 96-well plates (Cat# 3603; Corning Life Sci-
ences, Corning, NY, USA) at a density of 80,000 cells/well. After
24 h, plasmid constructs containing the C57BL/6] Ly6a or Ly6c¢l, up-
stream of an IRES2-EGFP sequence, were transiently transfected into
cells. Transfection was performed in serum-free DMEM using 0.28 pg
of plasmid DNA and 0.56 pg of PEI per well in a culture volume of
100 pL. Mock-transfected cells received only PEI in serum-free
DMEM. Twenty-four hours post-transfection, each well was supple-
mented with 100 pL. DMEM + 20% FBS + 1% P/S and allowed to
expand under full-serum conditions for an additional 24 h. After
24 h, GFP expression was assessed qualitatively in transfected wells
using a fluorescence microscope. AAV9 and AAV9-PHP.B viral vec-
tors containing a beta-galactosidase reporter gene under control of a
CMYV promoter were then introduced to each well at an MOI ranging
from 100,000 to 10. This transduction step was performed in 100 pL
of serum-free DMEM for 2 h, followed by addition of 100 pL
DMEM + 20% FBS + 1% P/S and incubation for 24 h. Beta-galacto-
sidase expression was then determined using the Galacto-Star
B-Galactosidase Reporter Gene Assay System (T1014; Thermo Fisher
Scientific) as per the manufacturer’s Direct Lysis Protocol for Micro-
plate Cultures. The lysis step of this protocol was modified in
that 40 pL of lysis buffer was used per well, and lysis was performed
for 30 min. Luminescence detection was then performed on a
SpectramaxM3 Luminescence Plate Reader. Data are representative
of six independent experiments.

HEK293 Antibody Inhibition Assay

The HEK293 Antibody Inhibition Assay was performed as described
above in the HEK293 Transduction Assay with the following modifi-
cations or additions. Only the Ly6a-IRES2-EGFP plasmids were used
in transfection. Additionally, an antibody incubation step was added
before AAV9-PHP.B transduction on day 4 of the assay. In this step,
D7 endotoxin-low and azide-free anti-LY6A antibody (Cat# 31-2027;
Abeomics, San Diego, CA, USA) or IgG isotype control (Cat# 18450;
Abcam, Cambridge, MA, USA) was incubated with cells for 1 h at
4°C. Antibodies were introduced in 50 pL of serum-free DMEM at
100 nM and following this incubation, AAV9-PHP.B reporter vector
was introduced in 50 pL of serum-free DMEM at an MOI of 10,000.
Plates were then returned to the 37°C incubator, and the remainder of
the assay proceeded as previously described. Data are representative
of eight independent experiments.

Statistics

Vector GCs in mice were analyzed using a one-way ANOVA
(Kruskal-Wallis test) followed by Dunn’s multiple comparisons
test with an alpha value of 0.05 (GraphPad Prism). For WES link-
age analysis, trait-associated variants were identified using a linear
Wald test for quantitative traits (https://github.com/statgen/
EPACTS). Only variants with a p value <5E—8 were considered
significant. HEK293 transduction efficiencies (beta-galactosidase
activity) were compared using a two-way ANOVA followed by a
mean comparison test using Tukey’s multiple comparison test
(GraphPad Prism).

Study Approval

All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Penn-
sylvania, and animals were housed in an Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional-accredited barrier facility within the School of Medicine
at the University of Pennsylvania. The University of Pennsyl-
vania’s Office of Laboratory Animal Welfare Assurance Number
is A3079-01.
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