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Abstract
Astrocytes, the most abundant cells in the mammalian brain, perform key functions and are
involved in several neurodegenerative diseases. The human immunodeficiency virus (HIV) can persist in astrocytes, contributing to the HIV burden and neurological dysfunctions in infected
individuals. While a comprehensive approach to HIV cure must include the targeting of HIV-1 in
astrocytes, dedicated tools for this purpose are still lacking. Here we report a novel Adenoassociated virus-based vector (AAV9P1) with a synthetic surface peptide for transduction of astrocytes. Analysis of AAV9P1 transduction efficiencies with single brain cell populations, including
primary human brain cells, as well as human brain organoids demonstrated that AAV9P1 targeted
terminally differentiated human astrocytes much more efficiently than neurons. We then investigated whether AAV9P1 can be used to deliver HIV-inhibitory genes to astrocytes. To this end we
generated AAV9P1 vectors containing genes for HIV-1 proviral editing by CRISPR/Cas9. Latently
HIV-1 infected astrocytes transduced with these vectors showed significantly diminished reactivation of proviruses, compared with untransduced cultures. Sequence analysis identified mutations/
deletions in key HIV-1 transcriptional control regions. We conclude that AAV9P1 is a promising
tool for gene delivery to astrocytes and may facilitate inactivation/destruction of persisting HIV-1
proviruses in astrocyte reservoirs.
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1 | INTRODUCTION

unaids.org) and will remain infected lifelong. Long-lived cell populations
that survive virus infection and become permanent carriers of func-

Currently 37 million individuals worldwide are living with human

tional viral genomes are major obstacles to an HIV cure. These persis-

immunodeficiency virus (HIV; UNAIDS Global Statistics 2016, www.

tently infected cells form virus reservoirs for resupply of circulating
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virus and contribute to virus pathogenicity by producing toxic viral

Astrocytes are the most abundant cell population of the brain

products. While current antiviral treatments can block virus replication,

(>1.7 3 1010 cells in humans; [Azevedo et al., 2009; Sofroniew &

there is no established treatment to inactivate persisting viral genomes

Vinters, 2010]), representing a high potential for formation of virus res-

(Kimata, Rice, & Wang, 2016).

ervoirs (reviewed in [Borgmann & Ghorpade, 2015; Churchill & Nath,

Cells with persisting HIV-1 genomes are located at many different

2013]). Infection of astrocytes may have various detrimental effects

sites of the body and in different organs. A major challenge is the per-

that contribute to HAND. For instance, HIV-1 infection was shown to

sistence of HIV-1 in the central nervous system (CNS). Early infection

alter gene expression patterns in astrocytes, including upregulation of

of the brain compartment by HIV has been shown in humans

expression of AEG-1 (astrocyte elevated gene 1), which promotes aging

(Gonzalez-Scarano & Martín-García, 2005; Valcour et al., 2012) and in

and tumor formation (reviewed in [Vartak-Sharma, Nooka, & Ghorpade,

macaques (Overholser et al., 2003). Persistence of the virus in the brain

2016]). Among the deleterious nonstructural HIV-1 proteins expressed

is facilitated by limited accessibility of many antiretroviral drugs (Tan &

by infected astrocytes is Tat, which can be secreted (Fan & He, 2016),

McArthur, 2012) and by the long lifespan of brain cells (Sofroniew &

damages the BBB, promotes glutamate excitotoxicity and exacerbates

Vinters, 2010). Up to 50% of HIV-positive individuals suffer from HIV-

neuroinflammation (reviewed in [Cisneros & Ghorpade, 2012]). Finally,

1-associated neurocognitive disorders (HAND), which can range from

astrocytes were shown to be capable of transmitting HIV to immune

minor motor and cognitive disorders to HIV-associated dementia

cells by cell-to-cell contact in co-culture experiments (Li et al., 2015),

(Brack-Werner, 1999; McArthur, Steiner, Sacktor, & Nath, 2010). A

suggesting that they also contribute to virus spread. For a more in-

recent clinical study demonstrates prevalence of CNS disease (i.e.,

depth discussion of the potential of astrocytes to form virus reservoirs

HAND) in HIV-infected individuals for many years (Sacktor et al.,

and promote neurological damage to the brain and HAND, the reader

2016). HIV-1 invades mainly glial cells of the brain (Kramer-Hämmerle

is referred to selected reviews (Carroll & Brew, 2017; Gray, Brew, &

Rothenaigner, Wolff, Bell, & Brack-Werner, 2005) but not neurons.

Churchill, 2016; Li, Henderson, & Nath, 2016; Saylor et al., 2016).

Infected glial cells initiate and sustain neuronal damage by promoting

Taken together, the accumulated data from over two decades of

neuroinflammation and by producing viral and cellular neurotoxic fac-

studying HIV-brain interactions provide compelling evidence for the

tors (Chen, Gill, & Kolson, 2014; Zayyad & Spudich, 2015).

need to integrate the brain in HIV cure research (Ellero, Lubomski, &

Studies of postmortem brain tissues from HIV-1-infected individu-

Brew, 2017; Saylor et al., 2016) and the need for novel therapeutic

als show infection of both microglial cells (i.e., resident brain macro-

approaches for targeting HIV in brain cells (Spector & Rappaport,

phage cells) and astrocytes (Brack-Werner, 1999). Markers of active

2017). To this end, clinically relevant strategies for targeting persis-

virus replication have been detected mainly, but not exclusively, in

tently HIV-infected astrocytes are required. One strategy currently

microglial cells. However, HIV-1 proviral DNA was detected in 19%

under consideration for elimination of T-cell reservoirs is the deliberate

of astrocytes in brain tissues of neurocognitively impaired individuals,

activation of virus replication, in order to induce the death of the reser-

despite antiretroviral treatment (Churchill et al., 2009). In addition to

voir cell (“shock-and-kill” strategy; [Kimata et al., 2016]). This strategy is

HIV-1 proviral DNA, expression of early nonstructural viral proteins

not feasible for astrocytes for a number of reasons, including the key

and viral RNAs were also reported for astrocytes in human post-

functional roles of these cells and their limited renewal. As an alterna-

mortem tissues (Brack-Werner, 1999). Furthermore, astrocytes were

tive, we propose the development of therapeutic strategies that pre-

demonstrated to be infected in macaques very early during Simian

vent virus expression without cell death.

immunodeficiency virus infection (Overholser et al., 2003). Together

A promising approach for inhibiting HIV-1 expression is the selec-

these findings indicate that astrocytes are targets for HIV infection

tive destruction of proviruses by genome editing, using tools such as

and, once infected, may permit nonproductive expression of selected

CRISPR/Cas9 (Khalili, Kaminski, Gordon, Cosentino, & Hu, 2015). A

viral proteins, while restricting virus replication. In addition, numerous

number of studies strongly support the capacity of the CRISPR/Cas9

cell culture studies confirm nonproductive infection and persistence of

machinery to inactivate HIV-1 proviruses by disruptive mutation (Ebina,

HIV-1 in astrocytes and identified multiple mechanisms for limiting

Misawa, Kanemura, & Koyanagi, 2013; Hu et al., 2014; Kaminski, Bella,

HIV-1 replication in astrocytes and their precursors, neural progenitor

et al., 2016; Kaminski, Chen, et al., 2016; Wang, Zhao, Berkhout, &

cells (Gorry et al., 2003; Kramer-Hämmerle, Ceccherini-Silberstein,

Das, 2017; Yin et al., 2017; Zhu et al., 2015). However, targeted deliv-

et al., 2005; Vincendeau et al., 2010).

ery of the CRISPR/Cas9 system to persistently HIV-infected cell types,

Despite their poorly productive infection phenotype, infected

like differentiated astrocytes, with safe and effective tools remains a

astrocytes can pose a serious threat to the health of HIV-1-infected

challenge. Consequently, the aim of this work was to contribute to fill-

individuals. Astrocytes have key functions in the brain, which include

ing in this gap by developing a vector system for the delivery of HIV-1-

maintenance of the blood–brain barrier (BBB), of glutamate balance,

suppressive sequences to astrocytes.

and of ion and water homeostasis, as well as regulation of synapse for-

As candidate vectors for astrocyte transduction, we chose to

mation, neural circuit development and brain antioxidant defense (Alla-

explore Adeno-associated virus (AAV) vectors, since they are non-

langer, & Magistretti, 2011; Barres, 2008; Sofroniew & Vinters,
man, Be

pathogenic, non-integrating, transduce both proliferating and non-

2010). They respond to pathological insults of the brain by reactivation,

proliferating (e.g., terminally differentiated) cells in vivo and can induce

and in the activated state can have both beneficial and detrimental

long-term transgene expression (Grimm & Kay, 2003). Studies in a large

effects (Pekny & Pekna, 2014; Seifert, Schilling, & Steinhäuser, 2006).

number of animal species including mice, dogs, and non-human
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primates, as well as numerous clinical trials in humans, confirmed their

(Biochrom). Both media were supplemented with 10% FCS and 1%

high transduction efficacy and their safety as a gene delivery vector

antibiotic-antimycotic solution (Gibco).

(Ellis et al., 2013; Zincarelli, Soltys, Rengo, & Rabinowitz, 2008).
Recombinant AAV vectors have been used for CNS applications,
including clinical trials for treatment of different CNS diseases, which
mostly used AAV serotypes 2 and 9 (Hocquemiller, Giersch, Audrain,
Parker, & Cartier, 2016). Studies in animal models reported that AAV9
and several other AAV serotypes can efficiently transduce neurons.
However, they show only limited transduction of glial cells (Cearley &
Wolfe, 2006; Foust et al., 2008; Gray et al., 2011).
Restraints of natural AAV variants, in particular low efficiency or
specificity in cells of choice, can be overcome by chimeric AAV capsids
that display artificial peptides on the surface of wild-type capsids
€ller et al., 2003; Perabo et al., 2003).
(Grimm & Zolotukhin, 2015; Mu
Here, we used a library of chimeric AAV capsids derived from five natural AAV serotypes to isolate a synthetic variant (AAV9P1) that efficiently transduces human astrocytes derived from a fetal neural
progenitor cell line (Villa, 2000). Astrocyte targeting was further validated with differentiated astrocyte populations as well as brain organo-

2.2 | Human induced pluripotent stem cells
A detailed experimental protocol for production of hiPSCs and brain
cells/organoids derived thereof can be found in the Supporting Information, Materials and Methods Section. Briefly, NuFF3-RQ human
newborn foreskin feeder fibroblasts (GlobalStem) were seeded in
advanced minimal essential medium (MEM; Thermo Fisher Scientific)
supplemented with 5% HyClone fetal bovine serum (GE Healthcare),
1% MEM NEAA (non-essential amino acids) and GlutaMAX (Thermo
Fisher Scientific). One day later, 2 3 104 BJ fibroblasts (ATCC) were
seeded on the feeder cells. After 24 hr, medium was changed to Pluriton reprogramming medium supplemented with 500 ng/ml carrier-free
B18R recombinant protein (Stemgent) and cells were transfected daily
(day 3–18) with a modified mRNA (mmRNA) cocktail consisting of
OCT4, SOX2, KLF4, LIN28, and C-MYC. First hiPSC colonies appeared
on day 12 and were transferred at day 15–20 to mouse inactivated
fibroblast feeders in StemPro hESC serum- and feeder-free medium

ids generated from reprogrammed human induced pluripotent stem

(Thermo Fisher Scientific). After 10 additional passages, hiPSCs were

cells (hiPSC). AAV9P1-mediated delivery of an HIV-1-targeting

adapted to Matrigel-coated plates (Corning BioLogica) and mTeSR1

CRISPR/Cas9 expression construct to latently infected astrocytes

medium (StemCell Technologies).

(Schneider et al., 2015) suppressed reactivation of latent provirus and

HiPSCs were differentiated to neural progenitor cells (NPCs;

led to multiple inactivating mutations in the proviral promoter region.

Chambers et al., 2012), astrocytes, cortical neurons and cerebral orga-

We conclude that AAV9P1 is a promising vector candidate for target-

noids as described in Supporting Information, Materials and Methods

ing persistently HIV-1-infected astrocytes and for manifold other appli-

Section. For differentiation into cortical neurons, NPCs were cultured

cations requiring potent gene delivery to this cell type.

in neural maintenance medium supplemented with ascorbic acid
(Sigma) at 200 mM and brain-derived neurotrophic factor at 20 ng/ml

2 | MATERIALS AND METHODS
2.1 | Immortalized cell lines

(Miltenyi) for 40 days. For differentiation into astrocytes, NPCs were
cultured in neural maintenance medium for 90 days, followed by culture in astrocyte-inducing medium until day 271. Differentiation into
cerebral organoids was performed as described in (Lancaster et al.,

All cell lines were cultured at 378C and 5% CO2. Human fetal neural

2013). Seventy-two hours after AAV9P1 transduction, organoids were

stem cell line (HNSC.100) immortalized by v-myc, which shows charac-

fixed in paraformaldehyde (PFA), embedded in gelatin/sucrose and cry-

teristics of neural progenitor cells (Villa, 2000). HNSC.100 cells were

osections generated.

kept on poly-L-lysine-coated plastic ware. Cell medium consisted of
Dulbecco’s modified Eagle’s medium (DMEM) F-12, 1% bovine serum

2.3 | Primary human brain cells

albumin, 1% N2 supplement, 5 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 0.5% fetal calf serum (FCS; all Gibco) and 1% PenStrep (Sigma-Aldrich). To maintain neural stem cell characteristics,
medium was supplemented with growth factors epidermal growth factor and basic fibroblast growth factor 2, both at a final concentration of
20 ng/ml (both PeproTech). For differentiation into astrocyte-enriched
populations, HNSC.100 cells were maintained in basal medium without
growth factors for 2 weeks (Rothenaigner et al., 2007). The HIV latency
model HNSC.LatGFP1.2 harbors a latent integrated NL4-3-DEnv-GFP

Primary human astrocytes and neurons were obtained from ScienCell.
Astrocytes (Cat. number 1800) and neurons (Cat. Number 1520) were
maintained as described in the manufacturer’s protocol using culture
medium provided by ScienCell. Astrocytes were passaged once a week.
Since primary neurons did not proliferate, they were directly plated on
poly-L-lysine-coated 12-well plates.

2.4 | AAV vector production and transduction

provirus (Schneider et al., 2015). HNSC.LatGFP1.2 cells were cultured

Production of vectors with the AAV9P1 capsid was performed as

in the presence of tumor necrosis factor a (TNF-a; 10 ng/ml, Sigma-

described in (Grimm, 2002). Briefly, ten 15-cm dishes were seeded

Aldrich) for 30 hr for provirus reactivation (Schneider et al., 2015).

with 4 3 106 HEK293T cells each 2 days before transfection. Cells

HEK293T, U-251 MG, U-87 MG, TH4–7-5, (Brack-Werner et al., 1992)

were transfected with equal amounts of an AAV vector plasmid, which

and LC-5 RIC (Kremb et al., 2010) cells were cultivated in DMEM

contains the expression cassette flanked by two inverted terminal

(Gibco), LAN-5 cells in Roswell Park Memorial Institute medium

repeats, an AAV helper plasmid, which contains the AAV2 rep and
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AAV9P1 cap genes, and an adenoviral helper plasmid, which provides

per experiment for all cell types, except primary human neurons, which

all necessary adenoviral genes for AAV replication and gene expression.

were analyzed in duplicate in three independent transduction experi-

Transfection was performed by mixing 2 ml DMEM without supple-

ments due to limited cell numbers.

ments, 22.5 mg of total DNA and 67.5 ml polyethylenimine (1 mg/ml)
for each plate. The transfection mixture was incubated for 10 min at
room temperature and then added dropwise to the cells. Seventy-two

2.7 | Guide RNA design and screening

hours after transfection, HEK293T cells were scraped off the plate sur-

Guide (g)RNAs were designed for recognition of the long terminal

face and harvested by centrifugation (400 g, 15 min, room tempera-

repeat (LTR) of NL4-3/LAI and Renilla luciferase (negative control) using

ture). The pellet was washed with phosphate-buffered saline (PBS) and

the online tool based on (Hsu et al., 2013, crispr.mit.edu). LTR sequen-

centrifugation was repeated. Next, the pellet was resuspended in 4 ml

ces of LAI or NL4-3 were uploaded individually to crispr.mit.edu. Guide

lysis buffer (50 mM Tris-HCl pH 8.5, 150 mM NaCl) and cells were

RNAs were chosen which bind both LTR sequences and target impor-

lysed by five freeze-thaw cycles. The lysate was incubated with 50 U/

tant transcription factor binding sites or the transcriptional start point.

ml benzonase and subsequently cleared by centrifugation (4,000 g,

Guide RNA 6 binds at the major splice donor site. Guide RNAs were

15 min, 48C). The supernatant was used as crude extract for direct

cloned into an all-in-one AAV vector plasmid described in (Senís et al.,

transduction of target cells for screening. For all other analyses, the

2014), expressing Streptococcus pyogenes Cas9 from a minimal CMV

vector was further purified by an iodixanol gradient as described in

promoter and using the 7SK promoter for gRNA expression. For

€ rner et al., 2013). AAV vectors were stored in aliquots at 2808C.
(Bo

screening, 3 3 104 HEK293T cells were seeded in 48-well plates. Next

Screening of AAV vectors was performed with proliferating and

day, 150 ng pLAI (plasmid encoding wild-type HIV strain LAI, [Peden,

differentiated HNSC.100 cultures and 30 representatives of an AAV

Emerman, & Montagnier, 1991]) were co-transfected with 200 ng of

library of artificial, peptide-modified capsids (details will be reported

different all-in-one constructs (i.e., different Cas9/gRNA combinations).

€rner et al., manuscript in preparation) and the correelsewhere; Bo

As negative controls, pLAI was co-transfected with a plasmid encoding

sponding five wild-type capsids (AAV serotypes 1, 2, 6, 8, and 9) as ref-

Cas9 only (Senís et al 2014) or an all-in-one construct directed against

erence, using crude lysates from HEK293T producer cells. All AAV

Renilla luciferase (200 ng each). Transfection was performed with

vectors contained a cytomegalovirus (CMV) promoter-driven reporter

Extreme Gene HP (Roche) according to the manufacturer’s protocol.

gene encoding the enhanced yellow fluorescence protein (EYFP;

The HIV reporter cell line LC5-RIC contains a red fluorescent reporter

Grimm et al., 2006). Forty-eight hours after transduction, cells were

gene induced by HIV infection and was used to quantify infectious HIV

fixed with 2% PFA in PBS and analyzed by flow cytometry. For trans-

titers in supernatants of transfected HEK293T cells, as described in

duction of cells with iodixanol-purified AAVs, viral titers were deter-

(Kremb et al., 2010; Rebensburg et al., 2016). Briefly, 20 ml supernatant

mined by quantitative PCR. AAV vectors were thawed and directly

of the transfected HEK293T cells was transferred to LC5-RIC cells that

added to the cell medium. Efficient transduction was obtained using a

had been seeded at a density of 1 3 104 cells/well in 96-well plates

5

24 hr earlier. Forty-eight hours after transfer of supernatants, fluores-

multiplicity of infection (MOI) of 10 particles per cell.

cence signals of LC5-RIC cells were measured with a Tecan M200 plate

2.5 | Quantitative PCR
Quantitative PCR (qPCR) was performed for absolute quantification of

reader (Tecan) at excitation/emission wavelengths of 552/596 nm,
respectively.

AAV titers or of EYFP copy numbers in transduced HNSC.100 cells,
and for determining the amount of HIV proviral DNA in HNSC.
LatGFP1.2 cells. As external standard for quantification of AAV titers
and EYFP copy numbers, serial dilutions of plasmid DNA were used.
For provirus quantification, serial dilutions of genomic DNA isolated
from TH4–7-5 (Brack-Werner et al., 1992; Schneider et al., 2015) cell
line were used as external standard. Relative amounts of HIV transcripts in HNSC.LatGFP1.2 cultures were determined using cDNA,
which was synthesized from total RNA isolated from HNSC.LatGFP1.2
cultures. Experimental details including primer sequences can be found
in the Supporting Information, Materials and Methods Section.

2.6 | Flow cytometry

2.8 | Immunostaining and confocal microscopy
HNSC.100 cells were stained for the cellular markers Nestin (proliferating HNSC.100) or glial fibrillary acidic protein (GFAP; differentiated
HNSC.100). In addition, HNSC.100 cells were stained for the cellular
proliferation marker KI-67. For quantification of KI-67 staining, 300
4’,6-diamidino-2-phenylindole (DAPI)-stained nuclei were randomly
chosen and the number of KI-67-positive cells was counted. To distinguish between astrocytes and neurons within brain organoids, sections
were simultaneously stained for GFAP (astrocytes) and b III tubulin
(neurons). Co-localization of AAV9P1-mediated EYFP expression with
GFAP-positive or b III tubulin-positive cells within brain organoids was
analyzed by determination of the Pearson’s correlation coefficient.

For flow cytometry, cells were harvested and fixed with 2% PFA in

Therefore, 10 organoid slices were stained and 10 images per slice

PBS. Cells were analyzed using a FACS CANTO II and the FACSDiva

were analyzed (n 5 100 images analyzed in total). Detailed staining

software (both BD Bioscience). Flow cytometry analysis was performed

protocols can be found in the Supporting Information, Materials and

for three independent transduction experiments with three replicates

Methods Section.
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of cells expressing both EYFP and the progenitor cell marker Nestin or
the astrocyte marker GFAP in HNSC.100 progenitor and differentiated

For sequence analysis of mutations caused by CRISPR/Cas9, total
DNA was isolated from cells using the QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer’s protocol. Library preparation was performed using Nextera XT Index Kit (24 indexes and 96 samples) and
MiSeq Reagent Nano Kit v2 (300 cycles). PCR was performed using Pfu
polymerase (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Primers used for amplification of the HIV-1 LTR are listed in
Supporting Information Table S3. Clean-up of PCR products was performed using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel).
Library quantification was performed with a Qubit Fluorometer (Invitrogen). Data were analyzed using Unipro UGENE (Okonechnikov,
Golosova, Fursov, & the UGENE team, 2012) and MEGA7 (Kumar,
Stecher, & Tamura, 2016).

cell populations, respectively (Figure 1b). Proportions of cells expressing both EYFP and the respective cell marker were determined by flow
cytometry, revealing 69.3% 6 8.7% EYFP/Nestin double-positive cells
in progenitor cell populations and 90.4% 6 4.5% EYFP/GFAP doublepositive cells in differentiated populations (Supporting Information Figure S1).
AAV9P1 yielded the highest transduction efficiencies in the
screening assay with HNSC.100 cells. Furthermore, the natural AAV
serotype 9 (AAV9) has been shown to enter the brain in numerous animal studies and has been used in clinical trials for CNS diseases in
humans (Foust et al., 2008; Hocquemiller et al., 2016; Zincarelli et al.,
2008). Therefore, we selected the AAV9P1 variant for more detailed
exploration of its transduction profile for human brain cells from different origins. Figure 2a shows that in addition to proliferating and differ-

2.10 | Statistical analysis

entiated

One-way analysis of variance (ANOVA) test was used for statistical

transduced astroglial cell lines derived from human glioblastoma/astro-

analysis of data. Analysis was performed using Prism5 (Graph Pad Soft-

cytomas (U-251 MG and U-87 MG), but not the LAN-5 neuroblastoma

ware Inc.). *p  .05, **p  .01, ***p  .001, n.s. 5 not significant. Pear-

cell line.

HNSC.100 cultures, AAV9P1

vectors also efficiently

son correlation coefficient was determined by analyzing single pictures

To validate AAV9P1 transduction of human brain cells with

with the Volocity 6.2.1 software (Perkin Elmer). All error bars indicated

another cell culture system, we used human brain cells generated from

in this study represent standard deviations of the means.

hiPSC. We confirmed the generation of neural progenitor cells, astrocytes and cortical neurons from hiPSC by immunostaining for expres-

3 | RESULTS
3.1 | Identification of novel synthetic AAV capsids for
transduction and long-term expression of transgenes
in human astrocytes

sion of Nestin, GFAP and b III tubulin markers, respectively (Supporting
Information Figure S2). AAV9P1_CMV-EYFP transduced 30% of cells
in neural progenitor cell populations, while >80% of astrocytes were
transduced by the same vector (Figure 2b). In contrast, <10% of cortical neurons were transduced by this vector. In addition, we also investigated transduction of human primary astrocytes and neurons by

AAVs provide a versatile tool for the design of customized viral vectors

AAV9P1. Again, AAV9P1 transduced primary astrocytes much more

with specific cellular tropisms. One particularly powerful strategy for

efficiently than primary neurons (Figure 2c).

expansion or alteration of cellular tropisms of AAV vectors is the gener-

To investigate whether AAV9P1 was also capable of targeting

ation of synthetic AAV capsids that display short, 7–9 amino acids long

astrocytes in mixed cell cultures, we used hiPSC-derived brain organo-

€ller et al., 2003; Perabo et al.,
peptides (Grimm & Zolotukhin, 2015; Mu

ids, which are three-dimensional cellular structures that contain both

2003). To identify AAV variants capable of efficiently transducing

astrocytes and neurons (Lancaster et al., 2013). Organoids were

human brain cells, we screened a library of 30 artificial AAV variants.

exposed to AAV9P1_CMV-EYFP and subsequently immunostained

These variants were generated by integrating specific peptides (P1–P6;

with antibodies that recognized cell markers for astrocytes (GFAP) and

for peptide sequences see Supporting Information Table S1) into the

neurons (b III tubulin). Exemplary images of slices of transduced orga-

AAV capsid sequence of five wild-type AAV serotypes (AAV1, 2, 6, 8,

noids expressing EYFP are shown in Supporting Information Figure S3.

and 9). To monitor transduction efficiencies, the AAV capsids contained

Evaluation of 100 images for correlation of the EYFP signal with each

an EYFP-encoding reporter transgene under the transcriptional control

of the cell marker signals yielded a much stronger correlation of the

of an ubiquitously expressed CMV promoter. Screening was performed

EYFP signal with GFAP than with b III tubulin (Figure 2d). Together

with HNSC.100, maintained either as dividing neural progenitor cell

these results confirmed the capacity of AAV9P1_CMV-EYFP to trans-

populations or as non-dividing cell populations. The latter show

duce cells in organoids and indicated selectivity of AAV9P1_CMV-

strongly increased expression of astrocyte markers, and only very low

EYFP for transduction of astrocytes in organoids.

expression of neuronal markers, indicating that they are astrocyte-

Mature astrocytes are characterized by a low self-renewal rate and

enriched populations (Rothenaigner, Kramer, Meggendorfer, Rethwilm,

long lifespans (Sofroniew & Vinters, 2010). Therefore, we investigated

& Brack-Werner, 2009; Rothenaigner et al., 2007; Villa, 2000). Trans-

the persistence and expression duration of EYFP-encoding reporter

duction efficiencies were monitored by flow cytometry. Capsids

transgenes delivered by AAV9P1 in terminally differentiated astrocytic

derived from AAV serotype 9 containing peptide P1 (AAV9P1) showed

HNSC.100 cells. For comparison, we also transduced proliferating

the highest transduction rates for progenitor as well as for differenti-

HNSC.100 cell populations with the same AAV9P1 vector (Figure 3).

ated cells (Figure 1a). Fluorescence microscopy confirmed the presence

Staining for the proliferation marker KI-67 (Scholzen & Gerdes, 2000)
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Identification of synthetic AAV capsids for transduction of human brain cells. (a) Proliferating (neural progenitors) or
differentiated (astrocyte-enriched) HNSC.100 cells were transduced with an AAV library consisting of five wild-type (Wt) and 30 synthetic,
peptide-modified AAV capsids. AAV vectors carried expression cassettes for EYFP under the control of the ubiquitous CMV promoter.
Transduction efficiencies (percent EYFP-positive cells) are illustrated as a heat map. Numbers in each cell indicate percentage of EYFPpositive cells as determined by flow cytometry analysis. (b) Fluorescence microscopy images confirm EYFP expression (green) following
AAV9P1_CMV-EYFP transduction of proliferating HNSC.100 neural progenitor cells (top row) or of differentiated non-dividing HNSC.100
astrocytic cells (bottom row). Cells were transduced at a MOI of 105 and were harvested 48 hr after transduction. Proliferating cells were
stained for expression of the neural progenitor cell marker Nestin and terminally differentiated cells for expression of the astrocyte marker
GFAP. DAPI staining was performed to identify cell nuclei. Size bar 5 37 mm. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 1

confirmed that differentiated astrocytic HNSC.100 populations contain

These results demonstrate that AAV9P1 provides a modality for long-

only low proportions of dividing cells, compared with neural progenitor

term transgene expression in terminally differentiated, astrocyte-

populations (Supporting Information Figure S4). As shown in Figure 3a,

enriched cell populations.

(top graph), the transgene remained detectable in the transduced, differentiated astrocytic cell population for the entire observation period
(49 days). Importantly, the transgene was expressed in about 80% of
cells in the culture from day 4 onwards (Figure 3a bottom). In contrast,

3.2 | Using AAV9P1 to target HIV-1 proviruses in
astrocytic cells

in proliferating HNSC.100 progenitor populations, transgene levels

We next investigated whether AAV9P1 could be used to deliver tools

dropped to levels akin to background by day 24 (Figure 3b top), and

to astrocytes to inactivate HIV-1 expression. As a proof-of-concept for

transgene expression was detectable for <7 days (Figure 3b bottom).

this approach, we selected the CRISPR/Cas9 genome editing system,
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Targeted gene delivery to astrocytes by AAV9P1. (a) Immortalized cell lines were transduced with AAV9P1_CMV-EYFP. Flowcytometry analysis revealed high transduction rates of HNSC.100 neural progenitor cells (prol. HNSC.100), astrocytes (diff. HNSC.100) and
human cell lines derived from astrocytoma/glioblastomas (U-251 MG and U-87 MG), while the neuroblastoma-derived cell line LAN-5 was
not efficiently transduced. (b) Transduction of hiPSC-derived NPCs, astrocytes and cortical neurons with AAV9P1_CMV-EYFP shows the
highest transduction rate for astrocytes (88.2% 6 0.8%), a medium transduction rate for NPCs (31.1% 6 9.5%) and inefficient transduction
of neurons (8.7% 6 0.5%). (c) Transduction of primary human astrocytes or primary human neurons shows a higher transduction rate for
astrocytes (62.2% 6 3.23%) compared with neurons (9.25% 6 0.05%). In Figure 2a–c, bars represent mean values of three independent
transduction experiments. (d) HiPSC-derived brain organoids were transduced with AAV9P1_CMV-EYFP. After cryo-sectioning, 10 slices
were stained for GFAP-positive astrocytes and b III tubulin-positive neurons. Pearson’s correlation coefficient was determined for 10 images
per slice (n 5 100) and indicates a stronger co-localization of AAV9P1-encoded EYFP with GFAP-positive astrocytes than with b III tubulinpositive neurons. Bars represent the mean of Pearson’s correlation coefficients determined from 100 images
FIGURE 2

which consists of the Cas9 nuclease and a guide (g)RNA. For delivery

sequences are shown in Figure 4a,b. All guide RNAs designed to target

of the CRISPR/Cas9 system by AAV9P1, we used an AAV vector plas-

HIV-1 showed 100% identity with HIV-1 proviral DNA sequences,

mid that contains expression cassettes for Streptococcus pyogenes Cas9

with LTR-targeting guide RNAs 1–5 matching proviral sequences from

and the gRNA in a single construct (Senís et al., 2014). In this construct,

multiple clades (Supporting Information Table S4 and Figure S5). Addi-

transcription of the Cas9-encoding cDNA is directed by a minimal

tional information on gRNAs and on in silico off-target analysis can be

CMV promoter, while transcription of the gRNA is driven by the human

found in Supporting Information Tables S4 and S5.

RNA polymerase III promoter 7SK.

For functional testing, the gRNAs were inserted into AAV all-in-

We targeted the HIV-1 proviral LTR, because it is required for

one vector plasmids and tested for inhibition of virus production as

expression of all viral products (Frankel & Young, 1998; Pereira, 2000)

outlined in Figure 4c. Briefly, HEK293T cells were co-transfected with

and because other studies have demonstrated the feasibility of this

proviral HIV-1 plasmid (pLAI) and each all-in-one vector plasmid. As

approach (Ebina et al., 2013; Hu et al., 2014; Kaminski et al., 2016; Zhu

control, cultures were co-transfected with pLAI and a plasmid encoding

et al., 2015). We designed five gRNAs that recognize sequences within

for Cas9 only, or pLAI was co-transfected with an all-in-one construct

the LTRs (gRNAs 1–5), one gRNA that binds downstream of the 50 LTR

against Renilla luciferase. Levels of infectious HIV in the culture super-

in the leader region containing the major 50 splice site (gRNA 6), as well

natants of co-transfected HEK293T cultures were assayed in HIV-

as a gRNA that targets the Renilla luciferase as a negative control. The

indicator cells (LC5-RIC), which contain an HIV-inducible reporter gene

target locations of the gRNAs in the HIV-1 provirus and their

encoding a red fluorescent protein (Kremb et al., 2010). As shown in
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Long-term transgene expression in non-dividing astrocytic cell cultures transduced with AAV9P1. Differentiated (a) or proliferating (b) HNSC.100 cells were transduced with AAV9P1_CMV-EYFP. Cells were harvested at the indicated days post-transduction and analyzed by qPCR for EYFP copy numbers (upper row) or by flow cytometry for EYFP-expressing cells (lower row). Compared with proliferating
HNSC.100 cultures, differentiated HNSC.100 populations maintain high levels of EYFP copy numbers and EYFP-expressing cells until day
49 post-transduction. Flow cytometry and qPCR data were obtained in triplicates from two independent experiments. Individual data points
represent mean values of three independent experiments including standard deviation

FIGURE 3

Figure 4d, gRNAs 1, 3, 4, and 5 most strongly inhibited HIV-1 produc-

replication-defective HIV-1 proviruses that incorporate GFP-encoding

tion in this assay, reducing production of infectious HIV-1 to <20% of

sequences in the env reading frame. HIV-1 latency is maintained

control levels. Guide RNAs 2 and 6 showed only very minor or no

throughout differentiation to astrocytic populations. However, latency

inhibitory effects on HIV-1 production. The most potent gRNA in this

can be overcome by treatment of differentiated HNSC.LatGFP1.2 cells

assay was gRNA 5 (Figure 4d), which is directed to a region containing

with latency-reversing agents such as TNF-a, resulting in increased lev-

the transcriptional start site located between the TAR Region and the

els of HIV-1 transcripts and elevated proportions of GFP-positive cells

TATA box (Supporting Information Figure S5). Simultaneous expression

(Schneider et al., 2015).

of gRNAs 1 and 5 inhibited HIV production with similar potency as

AAV9P1 vectors were generated that carried cassettes for expres-

expression of the individual gRNAs (Supporting Information Figure S6).

sion of Cas9 and gRNA1 (AAV9P1_Cas9/gRNA1) or gRNA5

Evaluation of metabolic activity of HEK293T cells confirmed the

(AAV9P1_Cas9/gRNA5). Differentiated HNSC.LatGFP1.2 cells were

absence of cytotoxicity in cultures expressing HIV-1-targeting gRNAs

transduced with each vector type, either individually or together.

(Supporting Information Figure S7a).

Transduced cultures were subsequently challenged with TNF-a for

Next, we investigated whether AAV9P1-mediated delivery of the

activation of latent HIV-1. Expression of HIV-1 proviruses was moni-

CRISPR/Cas9 system affects expression of persisting HIV proviruses in

tored on RNA and protein levels (Figure 5a,b). Controls consisted of

mature (i.e., non-dividing) astrocytes. To this end, we selected gRNAs 1

HNSC.LatGFP1.2 cells that were either untransduced or transduced

and 5, which showed strong inhibition of HIV replication in the

with AAV9P1 vectors containing an expression cassette for a

HEK293T-based functional assay (Figure 4d) and had the lowest pre-

luciferase-targeting CRISPR/Cas9 system (Luc).

dicted off-target activities (Supporting Information Table S4). As cell

Quantitative RT-PCR analysis confirmed that treatment with TNF-

system for persisting HIV-1 in astrocytes, we took advantage of a pre-

a markedly increased HIV-1 RNA levels in control cultures lacking HIV-

viously described model for HIV-1 transcriptional latency in astrocytes

1-targeting gRNAs, as expected (Schneider et al., 2015). In contrast, the

(Schneider et al., 2015). This model consists of HNSC.100 populations

HIV-1-inducing effect of TNF-a was strongly reduced in cultures trans-

(HNSC.LatGFP1.2) with latent (i.e., transcriptionally silent), persisting,

duced with AAV9P1 vectors carrying expression cassettes for the HIV-
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Location of binding sites, sequences and functional evaluation of HIV-1 guide RNAs. (a) Locations of binding sites of the gRNAs
1–5 within the HIV-1 LTR. The diagram shows the structure of the 50 LTR, which directs HIV-1 transcription and contains numerous binding
sites for cellular transcription factors (colored symbols), the transcription start site (11) and the TAR (trans-activation response element),
which directs binding of HIV-1 Tat (viral trans-activator of transcription; [Pereira, 2000]). Guide RNA 6 binds to the major splice donor site,
which is located downstream of the 50 LTR. (b) Sequences of gRNAs used in this work. A gRNA against Renilla luciferase (Luc) was designed
as negative control. (c) Strategy for functional evaluation of anti-HIV-1 potency of gRNAs. HEK293T cells were co-transfected with pLAI
(HIV-1-encoding plasmid) and CRISPR/Cas9-encoding all-in-one plasmids. As negative controls, pLAI was transfected either alone, or cotransfected with a plasmid encoding only Cas9 or an all-in-one construct directed against Renilla luciferase. HEK293T cultures were evaluated for HIV-1 production 72 hr post-transfection, using LC5-RIC HIV reporter cells which contain an HIV-1-inducible dsRed reporter
gene. To this end, LC5-RIC cells were exposed to supernatants of transfected HEK293T cells for 48 hr and red fluorescent signal intensities
of cultures were monitored with a fluorescence plate reader. (d) Anti-HIV-1 potencies of selected gRNAs. Grey bars show the results of
control experiments performed without functional CRISPR/Cas9 machinery or with a CRISPR/Cas9 construct directed against Renilla luciferase (Luc). Red bars show HIV-1 infection levels of HEK293T cells expressing CRISPR/Cas9 with different HIV-1-targeting gRNAs relative to
pLAI-transfected cultures lacking CRISPR/Cas9 (100% infection). Each bar represents the mean value of three independent transfection
experiments and is shown with standard deviation. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4

1-targeting CRISPR/Cas9 system. Reduced proviral reactivation was

cytometry confirmed diminished activation of HIV-1 proviral expres-

observed in cell populations transduced with each vector type, either

sion by AAV9P1-mediated delivery of HIV-1-targeting gRNAs

singly or together (Figure 5a). Analysis of GFP expression by flow

(Figure 5b).
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AAV9P1-mediated delivery of CRISPR/Cas9 inhibits HIV-1 expression in astrocytes. Differentiated HNSC.LatGFP1.2 cultures were
transduced with AAV9P1 vectors containing genes for CRISPR/Cas9 expression. Ninety-six hours after transduction, cells were exposed to the HIV1 latency-reversing agent TNF-a (10 ng/ml) for 30 hr and subsequently analyzed for HIV-1 expression. (a) Levels of total HIV transcripts were determined by quantitative RT-PCR. Data were obtained in triplicates from two independent experiments and were analyzed with the 2-DDCp method
using untransduced/not-reactivated cells as reference values. RNA polymerase II was used as reference gene (Livak & Schmittgen, 2001). (b) Proportions of cells expressing the proviral GFP reporter were determined by flow-cytometry analysis. Analysis was performed for three independent transduction experiments with three replicates per experiment. (c) Amounts of provirus relative to untreated cells (set to 100%) were determined by
qPCR according to (Kabamba-Mukadi et al., 2010). Bars represent mean values of two independent experiments and are shown with standard deviations. (d) Mutations in proviral HIV-1 LTR sequences detected in differentiated HNSC.LatGFP1.2 cultures transduced with AAV9P1_CRISPR/Cas9
vectors. Numbers above sequences indicate nucleotide positions relative to transcriptional start site, that is, the beginning of TAR. *p  .05,
***p  .001, n.s. 5 not significant. [Color figure can be viewed at wileyonlinelibrary.com]
FIGURE 5

To further validate HIV LTR silencing by CRISPR/Cas9 editing, we

(Figure 5c), suggesting that reduction of LTR activity was caused by

performed a T7 endonuclease I assay to evaluate the occurrence of InDel

mutation of LTRs rather than elimination of proviruses. In agreement,

(insertions/deletions) mutations. Moreover, we measured metabolic activ-

insertions, deletions and point mutations were identified within the

ity of cells in transduced cultures to assess cytotoxicity. T7 assays using

LTR in cells expressing gRNA 1 or 5 (representative InDels shown in

the genomic DNA from the entire transduced cell population revealed

Figure 5d). In cells transduced with both AAV9P1 vectors, large dele-

InDel mutations in the HIV LTR region as expected, but not in the six top

tions spanning the entire region between both gRNA binding sites

predicted off-target hits of gRNA 1 and gRNA 5, respectively (Supporting

were detected. These large deletions result in the elimination of many

Information Table S5 and Figure S8). Separation of transduced popula-

key elements of HIV-1 transcription, including binding sites for SP1

tions in silenced (i.e., GFP-negative) and non-silenced (GFP-positive) cell

and NF-jB and the transcriptional start site for production of HIV-1

populations confirmed the presence of InDel mutations in the silenced

mRNAs (Figure 4a; [Pereira, 2000]). In summary, these results confirm

but not in the non-silenced subpopulations (Supporting Information Fig-

that AAV9P1 can deliver tools to differentiated astrocytes that sup-

ure S9). Finally, transduced HNSC.LatGFP1.2 cultures showed no evi-

press HIV-1 proviral expression by inactivation of the HIV-1 LTR.

dence of cytotoxicity (Supporting Information Figure S7b).
To investigate whether the diminished HIV-1 response to TNF-a

4 | DISCUSSION

was caused by elimination of HIV-1 proviruses, HIV proviral DNA numbers were determined by qPCR. Interestingly, HIV-1 proviral levels in

Here, we report the identification of a novel artificial AAV variant

transduced cultures were similar to those in untransduced cultures

(AAV9P1) with strong astrocyte tropism and show its successful use
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for delivery of the genome editing tool CRISPR/Cas9 to HIV-1 infected

in vitro organoids consist of hiPSC-derived neurons and astrocytes and

human astrocytes.

reflect the complexity of human brains more precisely compared with

Persistently HIV-1-infected astrocytes remain an unsolved chal-

single cell-type cultures (Lancaster et al., 2013). Indeed, AAV9P1-

lenge in HIV research. Many anti-retroviral therapy drugs, which inhibit

mediated EYFP expression co-localized strongly with the astrocytic

HIV-1 replication in CD41 T cells to undetectable levels insufficiently

marker GFAP, showing that AAV9P1 preferentially transduces astro-

access the CNS (Ene, Duiculescu, & Ruta, 2011), making them ineffec-

cytes compared with neurons. An important advantage of AAVs com-

tive for blocking virus release by astrocytes. Furthermore, no clinical

pared with other viral vector systems is their ability to introduce long-

drugs are available that interfere with HIV expression and thus could

term transgene expression without integration into the host genome,

prevent production of potentially neurotoxic viral proteins such as Tat.

thus limiting the risk of insertional mutagenesis (Grimm & Kay, 2003).

In addition to the lack of suitable drug candidates, treatment with vari-

Here, we demonstrate long-term stability and expression of a reporter

ous anti-retroviral drugs can have neurological and psychiatric adverse

gene delivered to terminally differentiated astrocytes by AAV9P1 (at

effects (Abers, Shandera, & Kass, 2014; Shah et al., 2016).

least 7 weeks; Figure 3). In contrast, HNSC.100 neural progenitor cells,

The development of AAV vectors for delivery of HIV-inhibitory

which multiply by proliferation, showed short-term expression of the

sequences to astrocytes may represent an alternative strategy for HIV

transgene and no longer displayed detectable levels of transgene cop-

control in persistently infected astrocytes. Cell-selective vectors have

ies at 24 days post-transduction.

the potential to reduce interactions of non-target cells with the vector

Collectively, our study identifies AAV9P1 as a novel potent vector

and/or transgene and therefore may be safer than vectors with broad

candidate for long- or short-term transgene expression in human astro-

tropisms. To identify AAV vectors that efficiently enter astrocytes, we

cytes and their progenitors. This supports further exploration of

screened a collection of synthetic AAV capsids (Supporting Information

AAV9P1 as a tool to promote the development of novel therapies of

Table S1) for their potential to deliver genes to astrocytic progenitors

various CNS diseases including neurodevelopmental diseases like

as well as to terminally differentiated astrocytes derived from the

Alexander Disease or Rett Syndrome (Molofsky et al., 2012), and other

HNSC.100 cell line. In the screening assay, the AAV9P1 variant yielded

diseases involving astrocytes like Huntington’s disease, Parkinson’s dis-

the highest transduction rates, followed by AAV9P2. In contrast, AAV9

ease, Alzheimer’s disease, and amylotrophic lateral sclerosis (Phatnani

variants containing P3, P4, P5, or P6 yielded only very low transduction

& Maniatis, 2015). The results of the current study moreover suggest

levels. The amino acid sequences of peptides P1 and P2 both contain

the use of AAV9P1 in various disease-relevant cell culture models such

an Arg-Gly-Asp (RGD) motif, in contrast to the peptides 4, 5, and 6 (see

as cultured human glioblastoma cells, hiPSC-derived astrocytes or orga-

Supporting Information Table S1). The RGD motif is known to mediate

noids generated from patient cells.

selective recognition of integrins (reviewed in [Rubtsov, Syrkina, &

Future studies will aim at investigating the suitability of AAV9P1

Aliev, 2016]). We thus hypothesize that the highly efficient astrocyte

for application to in vivo disease models. It has been shown that sys-

transduction of AAV9P1 and P2 involves selective recognition of integ-

temic delivery of wild-type AAV9 in mice leads not only to transduction

rins via the RGD motif. The low transduction efficiency displayed by

of CNS cells, but also of cells in the liver, heart and skeletal muscle (Xie

AAV9P3, which also contains the RGD motif, may be a result of selec-

et al., 2011). In the light of these observations, approaches for potential

tivity of AAV9P3 for integrins different from those targeted by

development of AAV9P1 for in vivo applications will also need to con-

AAV9P1 and AAV9P2. Furthermore, we observed that P1 confers

sider potential strategies to optimize transduction selectivity. Options

much more efficient astrocyte targeting in the context of the AAV9

to overcome transduction of off-target tissues could be the use of an

capsid than in the AAV6 or AAV2 capsid. This indicates that the scaf-

astrocyte-specific promoter (Lee, Messing, Su, & Brenner, 2008) or de-

fold in which the RGD motif is embedded is also crucial for the astro-

targeting of transgene expression from off-target tissues by incorporat-

cyte targeting of AAVs. Future studies involving the identification of

ing cell-specific miRNA binding sites in the delivered transgene (Xie

the molecular constituents involved in selective recognition of cell sur-

et al., 2011).

face molecules by AAV9P1 will elucidate the mechanisms of AAV9P1

It is becoming increasingly evident that HIV reservoirs in the brain

selectivity and may also lead to the identification of novel astrocyte-

are different from those in the peripheral immune system (reviewed in

specific cell surface molecules.

[Marban et al., 2016]). Thus, any strategy aiming at HIV cure necessi-

Wild-type AAV9 has been shown to cross the BBB after tail vein

tates the development of specific CNS-targeting therapies. Grave

injection in mice (Cearley & Wolfe, 2006; Foust et al., 2008; Gray et al.,

safety concerns and questionable feasibility prohibit eliminating virus

2011), supporting its use for CNS applications. However, wild-type

reservoirs from the brain by deliberate virus-induced cell-death (i.e.,

AAV9 transduced neurons more efficiently than astrocytes in studies

“shock-and-kill” strategy). An alternative strategy could be used to spe-

with marmoset and mice (Gray et al., 2011; Matsuzaki et al., 2016). In

cifically target and inactivate persisting viral genomes rather than to

this study, we explored the transduction pattern of AAV9P1 in cultured

eliminate the host cells. The ultimate aim of this targeted proviral inac-

human cells, using the human neural stem cell line HNSC.100, various

tivation approach would be to defuse the virus reservoir without com-

tumor-derived cell lines, neural cells derived from hiPSC and primary

promising crucial functions of the virus host cells.

human brain cells. All cell systems confirmed astrocyte transduction by

Specific targeting of HIV-1 proviruses can be achieved with

AAV9P1. To validate the transduction pattern of AAV9P1 in a mixed

genome editing tools such as CRISPR/Cas9 (reviewed in [Wang, Zhao,

cell population, three-dimensional cerebral organoids were used. These

et al., 2017]). Here, we show that the astrocyte-tropic AAV9P1 vector
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can be used to deliver CRISPR/Cas9 for genome editing of HIV-1 and

and 5 identified in our study recognize sequences strongly conserved

inhibition of reactivation of latent viruses in persistently infected astro-

in multiple HIV-clades (Supporting Information Table S4 and Figure S5).

cytes, including mature, terminally differentiated cell populations. Inac-

Furthermore, we show that the co-treatment with gRNA 1 and 5 can

tivation of proviruses was confirmed by reduced proviral expression,

lead to removal of a large region of the LTR which contains multiple

both on the RNA and protein level. Importantly, mutations within the

functional elements essential for HIV-1 expression (marked in Support-

provirus were identified that disrupt its expression, rendering it dys-

ing Information Figure S5). This indicates that the combination of these

functional (Figure 5). Our results support the feasibility of developing

gRNAs has the potential to further minimize any residual risk of pro-

strategies for CRISPR/Cas9-mediated silencing of HIV-1 proviruses in

duction of viral escape mutants. Finally, the overall risk of selection of

persistently HIV-infected astrocytes. Successful silencing of HIV-1 in

virus escape mutants is lower in astrocytes than e.g. in CD41 T-cells,

astrocytes may minimize the risk of virus resupply from a major reser-

because astrocytes have a lower capacity to produce virus than T-cells

voir within the brain and protect neurons from exposure to neurotoxic

(Kramer-Hämmerle, Rothenaigner, et al., 2005). Together this suggests

viral products. Furthermore, this strategy may also reduce the risk of

that CRISPR/Cas9-targeting of HIV in persistently infected astrocytes

virus transfer from the CNS to the periphery, for which mounting evi-

is associated with a low risk of emergence of viral escape mutants

dence exists (reviewed in [Marban et al., 2016]). Finally, proviral inacti-

under the conditions established in this study, and that the combina-

vation in astrocytes may protect the brain from detrimental effects of

tion of gRNAs 1 and 5 enables further risk minimization. Based on

latency-reactivating agents, such as those proposed for elimination of
peripheral T-cell reservoirs (“shock-and-kill” strategy). This raises the
possibility that AAV9P1-mediated delivery of HIV-1-targeting CRISPR/
Cas9 may constitute a brain-protective measure for use in combination
with more aggressive approaches for elimination of cellular HIV reservoirs from the peripheral immune system.
In addition to designing potent cell-delivery systems for CRISPR/
Cas9, another crucial step for HIV-1 inactivation is the design and
selection of appropriate gRNAs. In this study, criteria for selection of
LTR-targeting gRNAs were based on (a) functional testing for inhibition
of HIV-1 replication; (b) minimization of off-target risk; (c) evaluation
for specificity of HIV-1 sequence recognition; and (d) potential recognition of HIV-1 from multiple clades. Among the gRNAs tested, gRNAs 1
and 5 scored best and were therefore used to target HIV-1 in persistently infected astrocytes. Both gRNAs significantly inhibited HIV-1
reactivation in persistently infected astrocytes to similar extents (Figure
5). Furthermore, both gRNAs led to qualitatively similar mutation patterns, consisting of insertions, deletions and point mutations within a
short segment of their recognition sequence. In agreement with other
studies exploring the efficiency of CRISPR/Cas9 for inhibition of

these observations, future optimization of AAV9P1 vectors for functional inactivation of HIV-1 proviruses in persistently infected astrocytes will focus on the development and application of efficient tools
for gRNA multiplexing in astrocytes.
In summary, this study presents a new synthetic AAV vector
(AAV9P1), which exhibits strong astrocyte transduction in vitro and
selective targeting of astrocytes in mixed brain cell cultures. We conclude that AAV9P1 is a promising vector candidate for application in
human-specific cell culture models and is therefore relevant for the
investigation of pathomechanisms and the development of drugs and
new therapeutic approaches for numerous diseases involving astrocytes. A particularly auspicious application of AAV9P1, which was
exemplified in the present work, is its use for the development of strategies enabling functional inactivation of HIV-1 proviruses in astrocyte
reservoirs. We demonstrate that delivery of HIV-1-targeted CRISPR/
Cas9 to persistently HIV-infected astrocytes profoundly diminished
reactivation of latent proviruses. Thus, AAV9P1 has the potential to
promote the development of a functional cure in the CNS and to protect the brain from damage caused by viral expression. Future studies

latency reactivation (Ebina et al., 2013; Hu et al., 2014; Zhu et al.,

will focus on exploring and optimizing the in vivo properties of

2015), the effect was profound but not complete. Inactivation effi-

AAV9P1, and on investigating the potential of artificial AAV vectors for

ciency was not improved by co-delivery of gRNAs 1 and 5, suggesting

proviral targeting in other HIV-1 reservoir cell types.

the existence of a subpopulation of cells in which the HIV-1 provirus
remains unaffected by the CRISPR/Cas9 genome editing system.
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