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In vivo gene therapy targeting hematopoietic stem cells
(HSC:s) holds significant therapeutic potential for treating he-
matological diseases. This study uses adeno-associated virus
serotype 6 (AAV6) vectors and Cre recombination to system-
atically optimize the parameters for effective in vivo HSC
transduction. We evaluated various genetic architectures
and delivery methods of AAV6, establishing an optimized
protocol that achieved functional recombination in more
than two-thirds of immunophenotypic HSCs. Our findings
highlight that second-strand synthesis is a critical limiting
factor for transgene expression in HSCs, leading to significant
under-detection of HSC transduction with single-stranded
AAV6 vectors. We also demonstrate that HSCs in the bone
marrow (BM) are readily accessible to transduction, with
neither localized injection nor mobilization of HSCs into
the bloodstream, enhancing transduction efficacy. Addition-
ally, we observed a surprising preference for HSC transduc-
tion over other BM cells, regardless of the AAV6 delivery
route. Together, these findings not only underscore the poten-
tial of AAV vectors for in vivo HSC gene therapy but also lay a
foundation that can inform the development of both in vivo
AAV-based HSC gene therapies and potentially in vivo HSC
gene therapies that employ alternative delivery modalities.

INTRODUCTION

Hematopoietic stem cell (HSC) gene therapy is a groundbreaking and
potentially life-saving form of treatment for genetic diseases of the he-
matopoietic system such as sickle cell disease, severe combined im-
munodeficiency, and Fanconi anemia." This genetic form of therapy
involves modifying or introducing nucleotide sequences into the

genome of HSCs to cure disease. A wide array of technologies have
been developed that allow for the genetic modification of an HSCs
genome including lentiviral vectors, genome-modifying enzymes
(such as base editors) and homology-directed repair (HDR)-based
approaches, among others.”

These technologies have successfully been applied to HSCs ex vivo to
cure genetic hematological diseases.””” Although efficacious, the tech-
nical- and cost-intensive nature of these ex vivo HSC gene therapies
has made their clinical implementation in patients a major challenge.®
In contrast with ex vivo approaches, the development of in vivo gene
therapies offers significant opportunities to improve patient accessi-
bility to this form of therapy, due to the ability of in vivo gene therapy
vectors to be mass manufactured and administered to patients via
simple injection without the need for chemotherapy conditioning.

A wide variety of different delivery modalities have been developed to
facilitate the delivery of genetic engineering enzymes, mRNA, and
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DNA to cells in vivo.””'? Among the available platforms, adeno-asso-

ciated virus (AAV) stands out as an attractive vector for in vivo HSC
gene therapy due to its dual capability to express therapeutic trans-
genes and deliver DNA templates that can serve as donors for targeted
integration approaches.'”'* In addition, AAV vectors have also
demonstrated efficacy as part of ex vivo HSC gene therapies and are
capable of transducing HSCs in vivo.">'°

While a number of studies have demonstrated that HSCs can be
transduced by gene therapy vectors in vivo, there is a paucity of
studies that have systematically characterized and compared different
methodologies for achieving transduction.'™'”'* Here we sought to
develop and characterize an optimized approach to achieve transduc-
tion of HSCs by AAV vectors in vivo and to systematically compare
different approaches for achieving in vivo transduction of HSCs,
focusing on the use of AAV6 due to its demonstrated efficacy for
genetic engineering of human HSCs ex vivo.'® Using the Ail4
(Rosa26AC-loxP-STOP-loxP-tdTomato) transgenic mouse model to detect
HSC transduction of Cre-expressing AAVs via tdTomato (TdT)
expression, we provide an AAV vector with an optimized genetic ar-
chitecture for expression in HSCs and protocol for transduction of
HSCs by AAV6 in vivo.

We demonstrate that (1) immunophenotypic HSCs can be trans-
duced at rates of more than 80% in vivo by AAV6; (2) HSCs show
a marked preference for AAV6 transduction compared with other
bone marrow (BM) cells, which we hypothesize is due to their prox-
imity to vascular niches, which potentially enhances their accessibility
to vector transduction from the bloodstream; (3) HSCs are directly
accessible to AAV6 transduction in the BM from the bloodstream,
with neither localized injection nor mobilization significantly boost-
ing transduction; (4) high doses of AAV6 are necessary for systemic
delivery to HSCs, while lower doses mainly transduce the liver; and
(5) second-strand synthesis is rate-limiting for transgene expression
in HSCs, leading to significant underestimation of HSC transduction
when using single-stranded AAV vectors.

Together these findings underscore the potential of AAV6 vectors for
in vivo HSC gene therapy and highlight challenges to their clinical
application. We anticipate that our findings can serve as a foundation
for further development of in vivo AAV-based HSC gene therapies
and potentially for therapies utilizing alternative delivery modalities,
such as lipid nanoparticles (LNPs) or viral-like particles (VLPs).

RESULTS

AAV6 can transduce HSCs in vivo

To determine if we could transduce mouse HSCs in vivo we used
AAV6 vectors that encoded a cytomegalovirus (CMV)-Cre-SV40
expression cassette and Ail4 mice. Successful transduction of cells
and expression of Cre from AAV6 vectors can be detected in the
Ail4 mouse model by the expression of TdT following Cre recombi-
nation (Figures 1A, 1B, and S1). Injecting AAV6 vectors at a dose of
lell or lel2 vector genomes (vg) into Ail4 mice retro-orbitally (RO)
we found that we could successfully transduce and induce Cre recom-
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bination in Lineage™Scal™c-Kit" (LSK) hematopoietic stem and pro-
genitor cells (HSPCs) at a dose of 1e12 vg (Figure 1C). Surprisingly,
compared with other cell types in the BM HSPCs were preferentially
transduced by AAV6 vectors (p < 0.001, ANOVA; n = 5-6).

An average of 16% of HSPCs were positive for TdT expression
3-4 weeks after injection compared with only 3% of the total popula-
tion of cells in the BM (Figure 1C). Significantly lower rates of TdT™*
cells were found in the BM of mice transduced with lell vg, with an
average of only 0.1% of total BM cells positive for TdT expression and
1.1% of HSPCs (Figure 1C) (p < 0.001, ANOVA; n = 5-6). Analysis of
peripheral blood (PB) from mice demonstrated that AAV6 vectors
could also transduce PB cells when injected RO, albeit at lower fre-
quencies than found in the BM (Figures 1D and S2). An average of
0.04% of CD45" cells were positive for expression of TdT at a dose
of 1el1 vg and 0.1% at a dose of 1e12 vg. Recombination could be de-
tected in both myeloid and lymphoid cells of the PB with 0.5% of
myeloid cells (CD45"CD11b/Grl), 0.1% of B cells (CD45*CD45R")
and 0.06% of T-cells (CD45"CD4/8") positive for TdT expression
3-4 weeks after injection of lel2 vg of AAV6 (Figure 1D).

Off-target uptake by the liver has been a major challenge for achieving
delivery to other desired cell types in vivo for a number of different
gene therapy delivery modalities, including AAV vectors.”® We hy-
pothesized that high doses of AAV6 were required to transduce
HSCs in vivo due to initial uptake of AAV6 by the liver, with signif-
icant systemic delivery to HSCs achieved only once the liver was satu-
rated by AAV6 particles. Taking sections of livers and analyzing TdT
expression, we found that at a dose of 1ell vg an average of 45% of
hepatocytes were TdT positive compared with 95% at a dose of
lel2 vg, in line with our hypothesis (Figures 1E and 1F) (p < 0.01,
t test; n = 5).

Comparison of targeted HSC-specific delivery approaches

Having established that liver uptake was a rate-limiting factor for the
delivery of AAV6 particles to HSCs, we next sought to divert the vec-
tors from the liver to the BM (Figure 2A). We systematically investi-
gated and compared localized injection routes and the mobilization of
HSCs before RO injection, to standard venous injections of AAVS6, to
identify the most effective approach for maximizing in vivo transduc-
tion of HSCs. Prior work has demonstrated that injection into the
caudal tail artery of mice can improve the engraftment of cells into
the BM.>! We, thus, first compared transduction of HSPCs when
AAV6 was delivered by RO versus caudal artery injection. However,
after injection of 1el2 vg of AAV6 into mice via the caudal artery or
the RO vein, we found no statistically significant differences in the fre-
quency of TdT" cells in the BM (Figure 2B) (ANOVA; n = 6).

We then compared direct injection of AAV6 into the BM by intra-
femoral (IF) injection with RO injection. AAV6 vectors were injected
into the left femur of mice at a dose of lel2 vg and 3-4 weeks after
injection the BM from the left and right femurs of mice was analyzed
for TdT expression. Surprisingly, no statistically significant differ-
ences in the frequency of TdT" cells were found between injected
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Figure 1. AAV6 preferentially transduces HSPCs in the BM at high doses
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(A) Schematic outlining the experimental procedure for determining if AAV6 can transduce HSCs in vivo using Ai14 mice. (B) Representative FACS plots showing gating for
TdT* positive cells in the general BM population and Lin"Scal*Kit" HSPCs (LSK) after injection AAV6-Cre vectors into Ai14 mice. (C) Bar graph showing the frequency of TdT*
cells in the BM of Ai14 mice after RO injection of AAV6 Cre at a dose of 1e11 vg or 112 vg (ANOVA, n = 5; mean + SD). (D) Bar graph showing the frequency of TdT* PB cell
types 3-4 weeks after RO injection of AAV6 Cre (n = 5; mean + SD). (E) Representative images of liver sections taken from mice injected with AAV6-Cre compared with
controls. DAPI-stained nuclei are shown in blue, cells expressing TdT are shown in red. Scale bar, 100 um. (F) Bar graph showing the frequency of TdT* cells in the livers of

mice injected with AAV6-Cre (t test; n = 5; mean + SD). **p < 0.01, ****p < 0.0001.

and non-injected femurs, or between IF and RO injection (Figure 2C)
(ANOVA; n = 6). The lack of any significant differences between
these conditions indicated that the BM is readily accessible to the
bloodstream, with AAV6 immediately entering the bloodstream
and traveling throughout the body systemically even after localized
injection, leading to equivalent transduction frequencies in both fe-
murs. It also indicated that we were potentially injecting saturating
levels of AAV6 vectors into mice. Notably, regardless of the injection
route utilized, a significantly higher fraction of HSPCs were trans-
duced compared with other cell types in the BM (Figures 2B and 2C).

Prior work using adenovirus has found that mobilization of HSCs
into the bloodstream can significantly improve transduction and we
next sought to determine if this same approach was effective for
AAV6."® HSCs were mobilized using a combination of granulocyte-
colony stimulating factor (GCSF) and Plerixafor, after which AAV6
was injected into mice (Figure 2D). Flow cytometric analysis of PB
samples collected directly before injection of AAV6 vectors confirmed
that we were able to mobilize HSPCs in mice, with a significantly
higher frequency of lineage negative and LSK cells found in the PB
of mobilized mice compared with untreated controls (Figures 2E,
2G, and 2H) (p < 0.05, t test; n = 3-6). Analyzing TdT expression

in cells 3-4 weeks after injection of lel2 vg of AAV6, we found
that mobilization actually led to a statistically significant decrease in
transduction of both the general BM cell population and HSPCs (Fig-
ure 2F) (p < 0.05, t test; n = 6). No statistically significant differences
were found in the frequency of LSK cells in the BM between the
different routes and methods used to deliver AAV6 to mice,
compared with untreated controls (Figure S3) (ANOVA; n = 3-6).

An optimized genetic architecture for detection of in vivo
transduction

The studies described above used commercially available AAV6-Cre
vectors that potentially did not have a genetic architecture optimal for
transgene expression in HSPCs. Specifically, the vector expressed Cre
via the CMV promoter, which has been reported to be silenced in he-
matopoietic cell types, and also uses the short viral SV40 polyA signal,
which may not be optimal for RNA stability.”>** We hypothesized that
this non-optimal genetic architecture may lead to significant under-rep-
resentation of the percentage of HSPCs that were transduced by AAV6
vectors in vivo due to low levels of Cre expression in transduced cells.

We generated a series of GFP-expressing AAV6 vectors to compare
promoter activity in HSPCs when different promoters (CMV, UBC,
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(A) Schematic showing the different locations where AAV6-Cre vectors were injected into mice. (B) Bar graph showing the frequency of recombination in the BM of mice
injected with AAV6-Cre by RO compared with caudal artery injection (ANOVA; n = 3-6; mean + SD). (C) Bar graph comparing the frequency of TdT" cells in the BM of
mice injected with AAV6-Cre. RO delivery was compared with direct injection into the BM (femur) of mice, frequencies of TdT* cells in the BM were also compared between
the injected femur and non-injected femur (ANOVA; n = 6; mean + SD). (D) Schematic showing the procedure to mobilize HSCs before injection of AAV6-Cre vectors into
mice. Black arrows indicate the days on which mice were injected with reagents. (E) Representative FACS plots of PB staining for lineage (top) and LSK HSPCs (bottom) after
mobilization. (F) Bar graph comparing the frequency of TdT™ cells in the BM of mice whose HSPCs were (mobilized) or were not (unmobilized) by treatment with GCSF and
Plerixafor, before injection of AAV6-Cre vectors (ANOVA; n = 5-6; mean + SD). (G) Bar graph comparing the frequency of Lin™ cells in the PB of mice that were treated with
GCSF and Plerixafor compared with mice that were not (t test; n = 3-6; mean + SD). (H) Bar graph comparing the frequency of LSK cells in the PB of mice that were treated
with GCSF and Plerixafor compared with mice that were not (t test; n = 3-6; mean + SD). *p < 0.05, ns = not significant.

and SFFV) and polyA signal tails were used (SV40 and bGH polyA).
Applying each vector to expanded C57BL/6] HSCs in vitro across a
dose titration and analyzing for GFP expression 3 days later, we found
that GFP expression could be detected at a surprisingly low frequency
and intensity in cells regardless of the genetic architecture of the vec-
tor used (Figures 3A and 3B). An average of just 0.4% of HSCs could
be detected as GFP positive at 3 days after transduction when a CMV-
EGFP-SV40 AAV6 vector was applied to cells at a dose of 1e6 vg/cell
(Figure 3D). Even with our most efficient vector (SFFV-GFP-bGH),
we could only detect an average of 6% of HSCs as positive for GFP
expression at a dose of 1e6 vg/cell (Figure 3D).

Our group and others have found that maximal delivery of a DNA
donor to HSCs for ex vivo genetic engineering is achieved at doses
of less than le4 vg/cell,”'® suggesting that a significantly greater frac-
tion of HSC:s is transduced by AAV6 both in vitro and in vivo than is
detected by transgene expression. Second-strand synthesis is known
to be a significantly rate-limiting step for AAV6 transgene expression
in many tissues and we hypothesized that the low level of expression
we detected was due to poor second-strand synthesis of AAV ge-
nomes in HSCs.”*

Second-strand synthesis can be bypassed through the use of self-com-
plementary AAV (scAAV) vectors (Figure 3C).** We, therefore,
generated and compared GFP expression from single-stranded
AAV6 (ssAAV6) vectors and scAAV6 vectors that had the same ge-
netic architecture (SFFV-GFP-SV40) at a dose of le5 vg/cell (Fig-
ure 3E). We found that the use of an scAAV6 vector led to significantly
greater GFP expression in HSCs. Using the scAAV6 vector, 95% of the
HSCs became GFP”, as compared with just 0.15% using the ssAAV6
vector (p < 0.05, t test; n = 3-6). We next generated ssAAV6 and
scAAV6 vectors with the same genetic architecture to express Cre
(SFFV-Cre-bGH) and applied these vectors to expanded Ail4 mouse
HSCs. We found that scAAV6 vectors also induced significantly
higher rates of recombination in this context (Figure 3F) (p < 0.0001
at le4 and le5 vg/cell doses, ANOVA; n = 7). By applying each vector
to Ail4 HSCs across a dose titration and then analyzing TdT expres-
sion 1 week later, we found that at a dose of 1e4 vg/cell, 64% of HSCs
were TdT" using scAAV, compared with just 11% for ssAAV.

Transduction of HSCs in vivo with scAAV6
Having detected significantly higher rates of recombination in HSCs
when using our scAAV6 vector in vitro, we next applied this vector
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Figure 3. A genetically optimized AAV6 vector to detect transduction in HSCs

(A) Schematic outlining the procedure to compare the efficacy of different AAV6 constructs in expression of GFP, in expanded C57BL6/j HSCs in vitro. (B) Representative
FACS plots from screening different AAV6 vectors for GFP expression in HSCs when AAV6 was added to cells at a dose of 1e5 vg/cell. (C) Schematic showing the design of
different AAV6 cassettes to assess GFP expression and the difference in the genetic architecture of ssAAV vectors compared with SCAAV vectors. (D) Bar graph showing the
results from screening different ssAAV6 vectors on mouse HSCs in vitro for GFP expression (ANOVA; n = 3; mean + SD). (E) Bar graph comparing the expression GFP from
sSAAV and scAAV with the same optimized AAV6 genetic architecture (SFFV-GFP-SV40), 1e5 vg/cell of virus was used (t test; n = 3-6; mean + SD). (F) Bar graph comparing
the ability of optimized ssAAV and scAAV Cre expression vectors (SFFV-Cre-bGH) for their ability to induce recombination in Ai14 HSCs across a dose titration in vitro

(ANOVA; n = 7; mean + SD). *p < 0.05, ****p < 0.0001.

in vivo to Ail4 mice. Injecting scAAV6 into mice at doses of lell
and lel2 vg RO, we found significantly higher rates of AAV6 trans-
duction and recombination in vivo when our optimized scAAV6
vectors were applied to Ail4 mice, compared with the original
ssAAV6 vector we used (Figures 4A and 4B). Our scAAV6 vector
led to not only significantly higher rates of recombination in the
BM, but also in the LSK HSPC and CD150*CD48 ~LSK HSC popu-
lations at both doses tested (p < 0.0001, ANOVA; n = 4-5).
Comparing each vector at a dose of lell vg, we found that an
average of 0.1% vs. 5.5% of total BM cells, 1.1% vs. 30% of LSK cells,
and 0% vs. 36% of HSCs, were positive for TdT expression from
sSAAV6 and scAAV6, respectively. At a higher dose of 1el2 vg,
an average of 2.2% vs. 16.5% of BM cells, 16% vs. 62% of LSK cells,
and 2.4% vs. 72% of HSCs were positive for TdT expression from
sSAAV6 vs. scAAVG6, respectively (Figure 4B). These results demon-
strate that we could achieve significantly higher rates of AAV trans-
duction within the immunophenotypic HSPC and HSCs popula-
tions’ in vivo using scAAV6.

To assess the stability of the AAV genome in the BM of injected mice,
we used digital droplet PCR to measure the relative frequency of AAV
genomes compared with reference alleles from the mouse gene Zeb2
in mice injected with lel2 vg of AAV6. No significant difference was
observed in the frequency of AAV genomes between mice injected
with ssSAAV and those injected with scAAV. Compared with the fre-
quency of the mouse gene Zeb2 an average of 0.5% ssAAV genomes
were detected in the BM compared with 1.6% for scAAV 3-4 weeks
after injection of AAV6 into mice (Figure S4A).

Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025

To further evaluate the stability of Cre vector expression in HSCs, we
introduced Cre directly into the genome of mouse HSCs in vitro and
tracked the persistence of Cre-expressing HSCs over time. Using the
CRISPR-Cas9 system to create a double-stranded break at the
Rosa26 locus, we designed vectors to insert either a Cre-T2A-tGFP
cassette or a fluorescent protein-only control cassette into the Rosa26
locus via HDR, as previously described (Figures S4B—S4D).”’ Four
days after editing, we observed successful integration and fluorescence
in control samples with fluorescent protein-only cassettes; however,
there was almost no detectable fluorescence in samples targeted with
Cre-expressing cassettes (Figures S4B-S4D). Cre protein is known to
have off-target activity and cause DNA damage, which HSCs are partic-
ularly sensitive to, suggesting that HSCs constitutively expressing Cre
are negatively selected against.”>*° Thus, the low persistence of AAV
genomes in the BM compared with frequencies of TdT" cells may be
due to loss of the AAV genome during cell proliferation but may
also be influenced by the cytotoxic effect of Cre expression in cells.

Higher rates of recombination were also found in the PB of mice
treated with scAAV6 vectors as compared with sSAAV6 vectors,
although to a lesser extent. An average of 0.1% and 0.6% of CD45"
PB cells were positive for TdT expression from lel2 vg of ssAAV6
vs. sScCAAVS, respectively (Figure 4C) (p < 0.0001, ANOVA; n = 4-5).
Notably, a statistically significant decrease in the frequency of LSK cells
was found in the BM of mice injected with 1el2 vg of scAAV6 as
compared with ssAAV6 (Figure S3C) (p < 0.05, t test; n = 4-5). This
may potentially be due to the increased immunogenicity of scAAV6
vectors and/or due to higher levels of Cre expression causing DNA
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Figure 4. scAAV vectors demonstrate that
significantly more HSPCs are transduced by AAV6
in vivo than is detected using ssAAV vectors

(A) Schematic outlining the experiments. Ai14 mice were
injected with scAAV vectors and the ability of scAAV
vectors to transduce cells was compared with ssAAV
vectors 3-4 weeks after injection. To confirm that true
HSCs were transduced by AAV6 WBM from injected mice
was then transplanted into irradiated recipients and PB

® scAAV (1e12)

T-cell B-cell Myeloid
analyzed 16 weeks later. (B) Bar graph showing the fre-
o ssaay  quency of TdT™ cells in the BM of mice injected with either
o SCAAV ssAAV-Cre or scAAV-Cre at a dose of 1e11 or 1e12 vg/

mouse (ANOVA; n = 4-5; mean + SD). (C) Bar graph
showing the frequency of TdT* cells in the PB of mice
injected with either ssAAV-Cre or scAAV-Cre at a dose
of 1e11 or 1e12 vg/mouse (ANOVA; n = 4-5; mean =+
SD). (D) Bar graph showing the frequency of TdT™ cells
in the PB of mice transplanted with BM from Ai14 mice

1 (P8) injected with AAV-Cre at a dose of 1e12 vg, 16 weeks

after transplantation (n = 3-4; mean = SD). (E) Line graph comparing the frequency of LSK, CD48~, CD150" TdT" cells in the BM of mice that received 1e12 vg of AAV
(0°) to the frequency of CD45", TdT™ cells in the PB of transplant recipients 16 weeks after transplantation (1°) (ANOVA; n = 3-4).***p < 0.0001.

damage in cells. No other statistically significant differences in the fre-
quency of LSK cells (n = 4-5; t test) or PB cells (n = 4-5; ANOVA) were
found between the two vectors or doses (Figures S3B-S3E).

To confirm that functional HSCs were successfully transduced by
AAV6, whole BM (WBM) from mice injected with ssAAV6 or scAAV6
was then transplanted into lethally irradiated recipients. Analyzing the
PB for TdT™ cells at 16 weeks post-transplantation, we found TdT™ cells
from both conditions in both myeloid and lymphoid cells (Figures 4D
and S3F). Notably, however, there was a significant drop in the fre-
quency of TdT™ cells in the PB of recipient mice as compared with
the frequency of TdT" immunophenotypic HSCs in transduced mice
(Figure 4E) (p < 0.0001, ANOVA; n = 3-4). For ssAAV6 transduced
mice (at 1el2 vg, 0°), an average of 19.8% TdT" immunophenotypic
HSCs in the BM 3-4 weeks after AAV6 injection led to an average
0f0.5% of TdAT*CD45" cells in the transplant recipient PB (1°) 16 weeks
after transplantation. For scAAV6 transduced mice (at 1e12 vg, 0°), an
average of 72% TdT" immunophenotypic HSCs in the BM in the BM
3-4 weeks after AAV6 injection led to an average of 13% of
CD45"TdT" cells in the transplant recipient PB (1°) 16 weeks after
transplantation.

This drop between injected mice and transplanted mice, could indi-
cate that a lower frequency of functional HSCs are transduced
compared with immunophenotypic HSCs, but may also potentially
be due to AAV transduction or expression of Cre reducing the fitness
of transduced cells. Despite these significant decreases, these data
demonstrate that functionally transplantable HSCs are transduced
in the BM of mice injected with AAV6 vectors.

Liver uptake is rate limiting for systemic delivery of AAV6 vectors
in vivo

Finally, mice that were injected with scAAV6 vectors were imaged for
TdT fluorescence to ascertain to what extent AAV6 vectors trans-

duced tissues other than the hematopoietic system and liver. In
mice that were injected with 1ell vg of scAAVS6, very high levels of
TdT expression could be detected in the liver but only very low levels
of fluorescence were detected in other tissues (Figures 5 and S5). By
contrast, in mice injected with 1el2 vg scAAV6, high levels of TdT
expression could be detected in the liver and in multiple other tissues
of the body, including the intestines, ovaries, and skin (Figures 5 and
S5). Comparing total body fluorescence between lell and 1el2 con-
ditions by imaging (after removal of the liver), we found that mice in-
jected with 1lell vg had a significantly lower level of total body fluo-
rescence than mice injected with 1el2 vg (p < 0.05, t test; n = 4-5).
Mice injected with 1el2 vg had 5-fold higher relative fluorescence
units than lell vg-injected mice, and over 30-fold higher than con-
trols (Figure 5B).

Analysis of liver sections from mice injected with scAAV6 vectors re-
vealed that 99% and 100% of hepatocytes were positive for TdT
expression when lell vg and lel2 vg of scAAV6 were injected,
respectively (Figure 5D). These results suggest that, even at the lower
dose of AAV6 used, the liver was reaching saturating levels of trans-
duction by AAVS, facilitating some level of systemic delivery of
AAV6 vectors to HSCs. However, this was not detected when ssAAV6
vectors were injected into mice due to low levels of transgene
expression.

DISCUSSION

Here we have demonstrated that AAV6 vectors can transduce func-
tional HSCs in vivo at high efficiency and provide both an optimal
protocol to transduce HSCs in vivo, including an scAAV6 vector
with an optimal genetic architecture to detect transduction of
HSCs. Our data highlight that HSCs are readily able to be transduced
in the BM, a surprising preferential transduction of HSCs in the BM
compared with other cell types, that second-strand synthesis is rate
limiting for expression of a transgene from AAV6 vectors in HSCs
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and highlight the challenge that off-target transduction by the liver
poses to systemic delivery of AAV6 vectors to tissues throughout
the body, including the BM.

Notably, the use of ssAAV6 vectors likely leads to underestimation of
AAV6 transduction in many tissues due to low expression of transgenes,
but poor episomal expression from AAV6 vectors seems to be particu-
larly acute in HSCs. This under-representation is particularly important
in the context of using AAV6 for delivery of transgenes or gene editing
enzymes to HSCs, suggesting that AAV6 vectors are not ideal for either
without further development to improve transgene expression. Notably,
however, our scAAV6 data highlight that, even at moderate doses,
AAV6 can transduce immunophenotypic HSCs at clinically relevant
frequencies. Although our method of detection is indirect (tracking
Cre recombination after expression of Cre from AAV vectors via TdT
expression), our findings are in line with previous studies.””

Our results indicate that AAV6 vectors could readily prove to be a
valuable vector for delivering DNA templates in vivo to HSCs, which
can serve as a template for homology-directed repair (HDR) or ho-
mology-independent targeted integration. This approach could be
especially effective if paired with a second delivery vector, such as
LNPs, which can transiently deliver genetic engineering enzymes
like CRISPR-Cas9, as has been demonstrated for the in vivo correc-
tion of hemophilia in the liver.”**

Furthermore, we found that HSCs are preferentially transduced in the
BM compared with other cell types, regardless of the delivery route.
This consistent transduction efficiency suggests that HSCs are readily
accessible to systemic delivery once liver uptake is overcome. Notably,
our systematic comparison of different delivery routes indicates that,
compared with simple venous injection, alternative localized delivery

immediately going systemic after injection,

regardless of the delivery route used, leading to
equivalent levels of off-target liver transduction. However, this hy-
pothesis would be further strengthened with a more in-depth analysis
of AAV vector genomes in different organs, in particular the liver, af-
ter injection by different routes.

Additionally, the effective transduction of HSCs at high doses, once
liver uptake is overcome, implies that while strategies such as conju-
gating anti-HSC antibodies or nanobodies to vectors may improve
in vivo targeting, reducing off-target uptake by the liver is even
more crucial for enhancing HSC targeting in vivo. High titers of virus
were required (1e12 vg) to efficiently transduce HSCs, which present
manufacturing challenges to clinical application. However, our data
suggest that, if off-target liver transduction can be overcome, clini-
cally relevant transduction of HSCs may be achieved by AAV6 vectors
at clinically relevant doses that can be translated to patients.

The consistent preferential transduction of HSCs in the BM is a sur-
prising finding of this study and our group has observed a similar
trend when applying VLPs technology to target HSCs in vivo as
well.*® We hypothesize that HSC residence in vascular niches within
the BM could be a cause for their preferential transduction in the BM
by AAV6 vectors.”" Close proximity to the bloodstream might facil-
itate better transduction of HSCs compared with other BM cell types
that are situated farther from blood vessels. Preferential transduction
of HSCs in the BM indicates that HSCs may make an ideal cell type
for the development of in vivo gene therapies. However, other factors
such as vector tropism could also be contributing to this preferential
transduction, and further investigation is required to better charac-
terize and explain this phenomenon.

A notable finding from this study was that significantly lower rates of
recombination were detected in transplanted mice than observed in
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the immunophenotypic HSCs of the transplanted BM. Furthermore,
a low frequency of AAV genomes was detected in the BM of mice
3-4 weeks after injection. Transduction of HSCs by AAV6 vectors
is known to cause differentiation and reduced engraftment of cells,
and high levels of Cre expression are known to be toxic to cells due
to DNA damage.””*® Notably, targeting HSCs at the Rosa26 locus
with a Cre-expressing cassette we found that Cre exerted strong nega-
tive selection pressure in HSCs. These effects may be contributing to
the reduced fitness of the transduced HSCs in the transplant setting
and may be exerting negative selection on transduced HSCs that sta-
bly express Cre as well. In line with this hypothesis, significantly lower
frequencies of LSK cells were found in the BM of mice injected with
scAAV6 vectors at a dose of lel2 vg. Despite the significant drop
upon transplantation, our data demonstrate that long-term func-
tional HSCs are able to be transduced by AAV6 vectors at clinically
relevant frequencies and are able to retain their self-renewal and
multipotent differentiation capabilities in the long term after
transduction.

In summary, this study underscores the potential of AAV6 vectors
for in vivo HSC gene therapy while highlighting challenges and con-
siderations for their effective application. Understanding the nuances
of HSC transduction in vivo, including cellular barriers, tropism,
optimal delivery methods and off-target effects, is crucial for
advancing in vivo HSC gene therapies for the treatment of genetic he-
matopoietic diseases. We expect that many of the general principles
we have found here that apply to AAV6 will also be applicable with
other similar in vivo delivery modalities and hope that our findings
can help to serve as a foundation for future studies.

MATERIALS AND METHODS

Data reporting

No statistical methods were used to predetermine the sample size. The
experiments were not randomized, and the investigators were not
blinded to outcome assessment.

HSC culture and transduction in vitro

HSCs from Ail4 mice were isolated, expanded, and cultured as pre-
viously described.’*?* Briefly, mice were euthanized, femurs were
collected from mice, and BM was flushed. BM was stained with
anti-cKit (CD117) antibody (Miltenyi Biotech) conjugated to mag-
netic beads and HSCs were enriched by MACs (Miltenyi Biotech)
following the manufacturer’s instructions. Cells were then plated in
HSC expansion media: F12 (Gibco), 0.1% PVA (Sigma Aldrich),
1% penicillin/streptomycin/glutamine (Gibco), 1% ITSX (Gibco),
100 ng/mL mTPO (PeproTech), and 10 ng/mL SCF (PeproTech), af-
ter which cells were cultured in hypoxic (5% O?) conditions as previ-
ously described, resulting in a highly enriched and expanded popula-
tion of mouse HSCs after 2-4 weeks.”>*> For in vitro transduction
experiments, le4 expanded HSCs were plated in 96-well CellBIND
plates (costar) in 100 pL of expansion media and AAV6 vectors
applied to HSC:s at the specified titers. Media was changed once every
2-3 days after transduction and cells were analyzed for TdT expres-
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sion 1 week after transduction by flow cytometry or 3 days after trans-
duction for GFP using an LSR Fortessa flow cytometer (BD).

AAVG6 vector production

In the case of ssAAV-CMV-Cre-SV40 poly constructs, vectors were
produced, titered, and purchased from Virovek. In the case of
scAAV-SFFV-Cre-Bgh PolyA constructs AAV6 vectors for all in vivo
experiments and some in vitro experiments were produced, titered,
and purchased from Vigene. In all other cases, AAV6 constructs
were produced and titered as follows: Five 15-cm plates of 293T cells
were prepared at a confluency of 80%, then transfected using 560 pg
of PEI max, 110 ng of PDGMS6 (Gift from the Porteus lab), and 30 pg
of AAV expression vectors. At 48 h after transfection, cells were
scraped from plates and pelleted, and AAV6 vectors purified from
cell pellets using Takara AAVpro purification kits following the man-
ufacturer’s instructions. After purification, AAV6 vectors were titered
using the ITR primer probes as described previously.”* AAV6 expres-
sion constructs were cloned using HiFi DNA assembly following the
manufacturer’s instructions (NEB). The ssAAV backbone used was a
gift from the Porteus lab; the scAAV backbone was obtained from
Addgene (32396).

Injection of AAV6 vectors in vivo

All animal experiments were approved by the Adminstrative Panel on
Laboratory Animal Care at Stanford University. Ail4 mice (007914)
used throughout were either obtained directly from the Jackon Labo-
ratory or were bred in house. RO, caudal artery, and IF injections were
performed as previously described.*"* For experiments where HSCs
were mobilized before transplantation mice were injected with
3.25 pg of GCSF twice daily subcutaneously, separated by 7- to 8-h
intervals for 4 days. One hour before delivery of AAV6 vectors,
100 pg of Plerixafor was injected into mice intra-peritoneally.
AAV6 vectors were then RO injected into mice 1 h after Plerixafor in-
jection. Immediately before injection of AAV6 vectors PB was taken
RO from mice and the frequency of LSK-positive cells in the PB was
determined by staining with the lineage cocktail of antibodies
described below for 30 min at 4°C. After 30 min cells were washed
in PBS and then stained with the following cocktail of antibodies
for 90 min at 4°C: CD34-fluorescein isothiocyanate (FITC)
(RAM34; Invitrogen), cKit-APC (2B8; BioLegend), Scal-PE (D7;
BioLegend), APC Efluor 780-streptavidin (BioLegend), and BV421-
CD45.2 (104; Invitrogen), after which cells were washed in PBS and
re-suspended in PBS with propidium iodide (Sigma-Aldrich) at a
concentration of 1 pg/pL after which cells were analyzed using an
Aria flow cytometer (BD). All animal protocols were approved by
the Administrative Panel on Laboratory Animal Care at Stanford
University.

Analysis of Cre recombination in vivo

At 3-4 weeks after injection of AAV6, mice were analyzed and the level
of recombination in cells determined based on TdT expression. For PB
analysis mice were anesthetized and blood samples taken via retroorbi-
tal bleeds. Red blood cells were lysed using ammonium chloride solu-
tion (STEMCELL Technologies). PB was then stained for using the
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following antibodies: FITC CD11b (M1/70; eBioscience), FITC-GR1/
Ly-6G (1A8; BioLegend), APC-CD4 (RM4-5; Invitrogen), APC-CD8
(53-6.7; Invitrogen), APC Efluor 780-B220 (RA3-6B2; Invitrogen),
and BV421-CD45.2 (104; Invitrogen). Cells were re-suspended in
PBS (Corning) with propidium iodide (Sigma- Aldrich) at a concentra-
tion of 1 pug/mL; cells were then analyzed for TdT expression by flow
cytometry. To analyze BM, mice were euthanized and femurs were
collected from mice. Femurs were flushed after which lineage positive
cells were stained for using the following cocktail combination of bio-
tinylated antibodies (lineage cocktail) for 30 min at 4°C: Gr-1 (RB6-
8C5; BioLegend), Ter-119 (TER-119; Invitrogen), CD4 (RM4-5;
BioLegend), CD8 (54-6.7; BioLegend), B220 (RA3-6B2; BioLegend),
and interleukin-7R (A7R34; BioLegend), after which cells were washed
with PBS and then stained in the following cocktail for 30 min at 4°C:
BV421-ckit (2B8; BioLegend), FITC-Scal (D7; BioLegend), and APC/
Efluor780-streptavidin (BioLegend). In some cases, cells were also
stained with CD48-FITC and CD150-APC. Cells were then re-sus-
pended in PBS with propidium iodide at a concentration of 1 pg/mL
and rates of recombination determined using an Aria flow cytome-
ter (BD).

Droplet digital PCR for detecting AAV genome

BM samples were collected and stored in liquid nitrogen in Cryostor
CS10 3-4 weeks after injection of AAV6 vectors into mice. Frozen cell
pellets were thawed with 150 pL lysis buffer containing 0.1% SDS,
5 mM EDTA, 0.2 mg/mL proteinase K (Thermo Fisher Scientific),
15 mM tris (pH 7.8), and 100 mM NaCl. The cells pellets were
mechanically disrupted by pipette trituration, heated to 55°C for
10 min, heated to 75°C for 10 min, and spun at 6,000xg for 1 min
to remove debris.

Supernatant from the cell lysate was analyzed by droplet digital PCR
(ddPCR) to compare the number of residual AAV genome copies
(GCs) relative to mouse cells. To detect the ssAAV, a previously pub-
lished primer/probe set was used to detect CRE.”® Since the scCAAV
used an alternate version of CRE, a different primer/probe set was
designed termed CREv2. For quantifying mouse cells, a previously
published primer/probe set termed Zeb2 was used to count the
*% All primers and probes were ordered
from Integrated DNA Technologies. Probes contained a Zen-3' Iowa
Black quencher, and either a 5 FAM or 5" HEX fluorophore: CRE-
Forward 5'-TTGGCAGAACGAAAACGCTG-3/, CRE-Reverse 5'-GG
AAATCCATCGCTCGACCA-3', CRE-Probe (FAM) 5-CCGCAGG
TGTAGAGAAGGCACT-3/, CREv2-Forward 5'-TTCGACCAGGTC
AGATCCCT-3/, CREv2-Reverse 5-CCCAGAAATGCGAGGTTC
CT-3/, CREv2-Probe (FAM) 5'-CAGCGATCGGTGCCAGGACA-3/,
Zeb2-Forward 5-GGATGGGGAATGCAGCTCTT-3, Zeb2-Reverse
5'-AGTGCGGCAGAATACAGCA-3, Zeb2-Probe (HEX)-3'.

number of mammalian cells.

Each ddPCR reaction was prepared and analyzed with the QX200
ddPCR system (Bio-Rad) in accordance with Bio-Rad’s standard
recommendations for use with their ddPCR Supermix for Probes
(No dUTP) unless otherwise stated. All reactions had a final volume
of 20 pL, containing 2 puL cell lysate, 0.45 M Zeb2-F primer, 0.45 pM

Zeb2-R primer, 0.125 pM Zeb2 probe (HEX channel), and the same
concentration of either CRE or CREv2 primers and probe (FAM
channel). Thermocycler conditions: 95°C for 10 min; 50 cycles of
94°C for 30 s and 60°C for 60 s; 98°C for 10 min; and hold at 4°C.

ddPCR analysis and gating was performed using QX Manager Stan-
dard Edition Version 2.1.0.25 (Bio-Rad). After subtracting back-
ground (<0.5 copies/pL in all negative controls), CRE and CREv2
were divided by the number of Zeb2 copies/uL. The ratio was then
multiplied by two (accounting for two copies of Zeb2 per cell) and re-
ported as AAV GCs per cell.

Gene targeting of HSCs using AAV6

For experiments targeting HSCs at the Rosa26 locus, cells were
targeted as previously described.” In brief, HSCs were targeted
using CRISPR-Cas9 RNP targeting the Rosa26 locus, using the
Rosa26 sgRNA 5'-actccagtctttctagaaga-3' and the 4D electropora-
tion (Lonza) system utilizing program EO100. Cassettes for integra-
tion into the Rosa26 locus were introduced using a previously
described HDR cassette for the Rosa26 locus.” AAV6 donors were
added to cells immediately after electroporation at a concentration
of 5,000 vg/cell. Media was changed the next day and cells were
analyzed for integration of cassettes by FACS analysis as previously
described."

Cryosectioning

Livers were removed from mice after euthanasia and dissected into
5 x 5 mm pieces. Liver pieces were fixed in 4% paraformaldehyde
and then placed in a 30% sucrose 70% PBS solution for 2-3 days, after
which they were embedded in OCT (Sakura), snap frozen in liquid ni-
trogen, and stored at —80°C. Frozen sections of 5 um were then made
from livers using a Leica CM3050S Cryostat. After which sections
were stained with DAPI for 5 min at a concentration of 1 ug/mL in
PBS, after which sections were washed with PBS 2x for 5 min. After
drying, tissue sections were covered with Immumount (Epredia) for
coverslip. Sections were then analyzed for TdT and DAPI fluores-
cence using a Keyence BZ-X710 microscope with DAPI imaged on
the DAPI filter (Keyence) and TdT expression on the TRITC filter
(Keyence).

Whole mouse fluorescence analysis

To determine the frequency of recombination in tissues other than
the liver and hematopoietic system, livers were removed from mice
and TdT fluorescence measured using an ImageQuant 800 imager
(Amersham). Whole mice were placed in the imager and fluorescence
was analyzed using the Cy3 filter, 0.8 s exposure and 2 X 2 binning,

Image analysis

Brightness and contrast of liver sections was increased using
PowerPoint. Whole mouse images were analyzed using FIJI, the
relative fluorescence of mice was pseudo colored using the Fire
look-up table. Brightness and contrast of whole mouse images was
also adjusted using ImageJ and total body fluorescence determined
using FIJT as well. DAPI-positive nuclei were counted using the
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Analyze particles function with the size set to 700-infinity pixels and
the circularity to 0-1. Frequencies of TdT*~ cells were counted
manually by eye, four independent sections were taken per indepen-
dent replicate and the average frequency of TdT" cells between rep-
licates used.

HSPC secondary transplantation and analysis

To functionally confirm Cre recombination in functional HSCs
secondary transplants were performed as follows. We prepared
2e6 BM cells from primary mice injected with AAV6 vectors in
150 pL of PBS. Recipient Pepboy J mice (45.1, 002014) obtained
from Jackson Laboratories were then lethally irradiated with a total
of 9 Gy, separated into two doses of 4.5 Gy by 12-h intervals. After
irradiation, mice were anesthetized with 2.5% isoflurane and 1le6
WBM cells were injected into recipient’s RO. To analyze engraft-
ment of cells into secondary recipients’ PB was collected while
mice were under anesthesia by RO bleed. Red blood cells were
then lysed, stained, and analyzed as described above with the
addition of BV421-CD45.1 antibody (A20, eBioscience) and the
use of BUV395-CD45.2 antibody to the staining protocol (104;
Invitrogen).

Statistical analysis
Two-way ANOVA tests and unpaired two-tailed t tests were per-
formed as indicated in the figures, using Prism 9 software.
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