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ARTICLE INFO ABSTRACT
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Biological applications deriving from the clustered regularly interspaced short palindromic repeats (CRISPR)-
Cas9 site-specific nuclease system continue to impact and accelerate gene therapy strategies. Safe and effective in
vivo co-delivery of the CRISPR/Cas9 system to target somatic cells is essential in the clinical therapeutic context.
Both non-viral and viral vector systems have been applied for this delivery matter. Despite elegant proof-of-
principle studies, available vector technologies still face challenges that restrict the application of CRISPR/
Cas9-facilitated gene therapy. Of note, the mandated co-delivery of the gene-editing components must be
accomplished in the potential presence of pre-formed anti-vector immunity. Additionally, methods must be
sought to limit the potential of off-target editing. To this end, we have exploited the molecular promiscuities of
adenovirus (Ad) to address the key requirements of CRISPR/Cas9-facilitated gene therapy. In this regard, we
have endeavored capsid engineering of a simian (chimpanzee) adenovirus isolate 36 (SAd36) to achieve targeted
modifications of vector tropism. The SAd36 vector with the myeloid cell-binding peptide (MBP) incorporated in
the capsid has allowed selective in vivo modifications of the vascular endothelium. Importantly, vascular
endothelium can serve as an effective non-hepatic cellular source of deficient serum factors relevant to several
inherited genetic disorders. In addition to allowing for re-directed tropism, capsid engineering of nonhuman
primate Ads provide the means to circumvent pre-formed vector immunity. Herein we have generated a SAd36.
MBP vector that can serve as a single intravenously administered agent allowing effective and selective in vivo
editing for endothelial target cells of the mouse spleen, brain and kidney.

Data availability: The data that support the findings of this study are available from the corresponding author
upon reasonable request.

1. Introduction

In the changing landscape of gene therapies, one of the biggest
hurdles is developing innovative approaches to deliver genome-editing
machinery such as clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 system into disease-relevant cells and tissues in
vivo. Specifically, delivery systems targeting vascular endothelium in
organs beyond the eye and the liver are of great interest to accomplish
safe and effective therapeutic strategies for several cardiovascular dis-
orders and inherited genetic disorders (hemophilia, alpha-1 antitrypsin
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deficiency, mucopolysaccharidoses type I [1-5]. In vivo gene transfer to
the endothelial cells (EC) has been challenging for a long time [6]. Both
non-viral and viral vector systems have been employed to approach the
delivery issue [7,8]. Recent advances such as alternate viral serotypes
[9], viral capsid modification [10], including in vivo phage display and
peptide libraries [11,12], coating the surface of nanoparticles with
polyethylene glycol (PEG) [13], and application of endothelium specific
promoters [7,10] leaded to enhanced EC delivery. Nevertheless, there is
still a need to seek highly EC-specific delivery platforms and decrease
the shortcomings of viral and non-viral vectors.
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In this regard, the recombinant adeno-associated virus (AAV) is a
potential viral platform for targeting and editing the vascular endothe-
lium of various organs. Recent studies explored the utility of AAV-
CRISPR systems for in vivo genetic screening and editing of functional
genes of the brain endothelium such as the vascular endothelial growth
factor receptor 2 (Vegfr2), activing receptor-like kinase 1 (Alkl), or
cadherin-associated protein beta 1 (B-catenin) [7,14,15]. These studies
demonstrated detectable editing in the vascular endothelium either by
using endothelium-specific promoter elements or by local injection of
the AAV-CRISPR vectors. Nonetheless, current AAV vectors primarily
transduces the liver when administered systemically, raising the concern
for  potential hepatotoxicity  in patients. Additionally,
vector-integration-related genotoxicity, low transduction efficiency,
tissue specificity, neutralizing antibodies against the AAV capsid, and a
limited cargo size of ~4.7 kilobases (kb) are field barriers that will
require improvements in the course of clinical development [16-18].

On this basis, alternative vectors are being explored to target endo-
thelial cells with more specificity and efficiency [19]. Systemically
administered, EC-targeted Ad enables multi-organ vascular access
directly to the disease sites or eventually harness ECs to produce ther-
apeutics for several human diseases with the potential to circumvent
vector-associated liver toxicity [9,10]. However, intravenous (iv)
administration of human Ad5 (hAd5) vector results in cellular and hu-
moral immune responses limiting sustained therapeutic transgene
expression from vector, severely compromising vector efficacy in vac-
cine and gene therapy applications. Several strategies have been
developed to evade preexisting human Ad immunity, including modi-
fication of Ad capsid and fiber knob, vector pseudotyping, encapsula-
tion, helper-dependent Ads (HD-Ad), serotype switching, and
nonhuman Ad vectors [20]. Applications of genetically modified
nonhuman adenovirus serotypes such as simian and gorilla could be
employed to avoid preexisting immunity-related concerns and simulta-
neously reserve the multi-bed vascular targeting capacity [9,21]. On this
basis, EC-targeted and liver-untargeted nonhuman serotype Ad, in
combination with CRISPR/Cas9 system, could provide the technical
basis for long-term gene expression in the presence of preformed
anti-Ad5 vector immunity, which significantly expands its utility for a
full range of inherited serum deficiency disorders.

In this study, we have evaluated one of the nonhuman Ad vectors, the
simian (chimpanzee) Ad type, isolate 36 (SAd36) as a gene-transfer
vector for this application. Chimpanzee origin Ads have low seropre-
valence in human populations and exhibit a similar safety profile to the
human Ad5 [22]. The SAd36 has been applied as an effective vaccine
platform for several human infections such as COVID-19, malaria, and
Ebola [23-27]. To re-redirect the natural SAd36 vector tropism selec-
tively to the vascular endothelium, we replaced the fiber knob region
with the previously reported T4 fibritin-MBP sequence (SAd36. MBP) [9,
10,28]. This targeting strategy resulted in a multi-vascular bed-targeting
capacity. Particularly, endothelial cells (EC) of the kidney and brain
have shown the highest transduction efficiency, whereas liver trans-
duction drastically reduced compared to Ad5. Moreover, SAd36. MBP
infection retained in vivo gene transfer even in the presence of
neutralizing anti-Ad5 antibodies. Based on this feasibility, we next
explored whether the SAd36. MBP could deliver Cre recombinase or
CRISPR/Cas9 genome editor from Streptococcus pyogenes (SpyCas9) to
the EC cells of these organs. In vivo analysis of the iv injected SAd36.
MBP in the Ai9-SauSpyCas9 reporter mouse model revealed relevant
tdTomato expression ECs of the spleen, brain, kidney, lungs and adrenal
glands. Our study is the first to report in vivo editing of multi-organ
endothelium by a systemically administered viral vector that evades
the anti-Ad5 preexisting immunity. This platform provides a key tech-
nology feasibilizing gene editing-based gene therapy for the vascular
endothelium.
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2. Results

2.1. SAd36 vector with fiber incorporated MBP sequence exhibits a multi-
vascular bed-targeting capacity

To assess the utility of the SAd36 as a gene transfer vector, we
generated a replication-deficient vector by replacing the open reading
frames of E1A and E1B with a transgene expressing a green fluorescent
protein (GFP) reporter gene driven by the cytomegalovirus (CMV) pro-
moter. For re-targeting purposes to the endothelial cells, we have
employed a similar capsid modification that our group previously re-
ported for human Ads [10]. In this regard, Lu et al. showed that the
capsid-engineered human Ad5 with the fiber knob deleted and replaced
by MBP ligand-T4 fibritin trimerization domain (Ad5. MBP) enables
multiorgan vascular EC gene expression and reduced liver tropism [10].
We hypothesized that the SAd36 vector with the fiber knob replaced
with MBP ligand-T4 fibritin (SAd36. MBP) recapitulates the
multi-vascular bed-targeting capacity of the human Ad5. MBP vector
(Fig. 1A). We compared the body-wide biodistribution of SAd36, SAd36.
MBP versus Ad5 in mice following iv vector administration using
immunofluorescence microscopy analysis. The study revealed that
SAd36 lacks transduction in almost all organs examined (kidney, brain,
heart, muscle, small and large bowel, pancreas) (Figs. 1B-C and S1), and
exhibits reduced transduction of the liver compared to the human Ad5
adenoviral vector (Fig. 1D). The SAd36. MBP vector, however, showed
strong GFP transgene expression in the spleen, kidney, and the brain
(Fig. 1B-C). Co-staining of tissue sections with an endothelial cell
(EC)-specific CD31/endomucin cocktail revealed that enhanced GFP
expression was restricted to the vasculature in nonspleen organs. Of
note, all the examined vectors showed transduction in the pulmonary
vasculature. Furthermore, we quantified the fraction of vascular EC area
expressing GFP in kidney and brain micrograph sections derived from
SAd36. MBP-injected mice and compared to that from Ad5 and
SAd36-injected mice (Fig. 1C). SAd36. MBP vector systemic injection
results in a significantly higher transduction of kidney and brain endo-
thelium compared to Ad5 or SAd36 viral vector injection (mean
GFP"/vascular area for brain and kidney 4.1% and 12.8%, respectively)
(Fig. 1C). Moreover, GFP expression was observed almost exclusively in
the vasculature of these organs (>50 and >90% of the GFP expression
colocalized with the CD31/endomucin stained cells in the brain and
kidney, respectively) and the GFP expression persisted from day 1 to day
15 post-injection (data not shown). Additionally, quantification of the
GFP protein levels in tissue lysates revealed 80-fold reduction in the liver
GFP level of SAd36. MBP injected mice compared to the liver GFP level
of Ad5 injected mice (Fig. 1D).

In sum, these results suggest that the SAd36 vector, like Ad5, is
suitable for capsid engineering, and incorporating an EC-specific MBP
targeting ligand into the viral capsid alters vector tropism and retargets
it to the endothelium of various organs. Furthermore, the drastically
reduced liver transduction of SAd36. MBP makes this vector highly
desirable for delivering therapeutic genes providing the means to
circumvent potential hepatotoxicity associated with other viral vectors.
In the present context, these technical feasibilities facilitated testing our
main hypothesis regarding in vivo editing at the vascular endothelium.

2.2. SAd36.MBP retains an effective in vivo gene transfer in presence of
pre-formed anti-Ad5 immunity

A key rationale to employ non-human Ads is their capacity to tra-
verse pre-formed immunity to human Ad5 (hAd5). In this regard, a large
portion of the population has pre-formed neutralizing antibodies (nAbs)
against this major human serotype. To investigate whether SAd36. MBP
could escape the host neutralization response against the hAd5 in vivo;
we first injected C57BL/6 mice with phosphate-buffered saline (PBS or
saline) or 10'° virus particles (VPs) of Ad5 per mouse via iv injection.
Lower concentrations of iv injected Ad5 virus have been succeeded in
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Fig. 1. SAd36 vector with fiber incorporated MBP sequence exhibits a multi-vascular bed-targeting capacity. (A) Schema to accomplish in vivo pan-endothelium
targeting via the myeloid cell-binding (MBP) peptide incorporated into the simian adenovirus 36 (SAd36) capsid. To modify the vector tropism a strategy of
fiber replacement was employed. Particularly, SAd36 fiber knob was deleted and replaced by the MBP ligand -T4 fibritin trimerization domain to get SAd36.MBP
adenoviral vector. (B) Biodistribution of SAd36, SAd36.MBP, and Ad5 vector transgene expression in mice. Immunofluorescence microscopy analysis of vector GFP
expression in host organs at day 3 following iv injection of 1.0 x 10”11 viral particles (vp) of Ad5 (n = 4), SAd36 (n = 4), and SAd36.MBP (n = 4) into C57BL/6 J
mice. The study revealed that SAd36 lacks transduction in almost all organs examined (lungs, kidney, brain, heart, muscle, small and large bowel, pancreas) (see
Fig. S1.) The SAd36.MBP vector, however, showed strong transgene expression in kidney and brain. (C) Costaining of tissue sections with an endothelial cell (EC)-
specific CD31/endomucin cocktail revealed that enhanced GFP expression was restricted to the vasculature in nonspleen organs. The percentage of vascular EC area
expressing GFP in each organ derived from Ad5.CMV-, SAd36.CMV-injected mice (n = 4 for all organs) versus that from SAd36.MBP.CMV-injected mice. Bar graph is
mean + /- standard deviation, * p < 0.05, ** p < 0.01, *** p < 0.001, Magnifications, x 100. Red, CD31/endomucin; green, GFP; blue, DAPI. The GFP fluorescence
exposure time was 120 ms for all organs. (D) C57BL/6 mice were injected with PBS or 10'! VPs of Ad5, SAd36, or SAd36.MBP.CMV.GFP per mouse by iv injection
(n = 3-4 per group). Three days later, the mice were sacrificed and the livers were harvested for the GFP activity assay. The GFP protein level were normalized to the
corresponding average GFP protein levels of PBS control mice. Bar graph is mean + /- standard deviation, * p < 0.05.
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generating suitable nAbs to prevent reinfection of the Ad5 vector [29].
One month later, the mice were injected with PBS or 10! VPs of Ad5,
SAd36 or SAd36. MBP per mouse by iv injection (Fig. 2). Three days
later, the mice were sacrificed, and their tissues were harvested for the
GFP quantification assay. For this assay, the spleen was chosen as a
target organ because all vector examined here exhibits a significant level
of spleen transduction. As expected, the GFP protein levels of tissue ly-
sates measured by the GFP quantification kit were significantly lower in
the Ad5 pre-immunized mouse group than the group immunized by only
PBS. This data confirms that Ad5 infection was blocked by Ad5
pre-immunization. On the other hand, SAd36. MBP infection was not
blocked by anti-Ad5 neutralizing antibodies, as GFP protein levels of
tissue lysates remained at a similar level in the Ad5-and PBS-preim-
munized mice after SAd36. MBP iv injection (Fig. 2). Immunofluores-
cence microscopy analysis of GFP expression in the harvested tissues
revealed the same pattern (data are not shown). Overall, our data
indicate that Ad5 and SAd36. MBP (and SAd36) vectors were not
cross-neutralized in vivo and SAd36. MBP (and SAd36) virus could
overcome the host neutralization response to hAd5. This capacity
potentially provides a key advantage vis-a-vis ultimate human clinical
translation.

2.3. Successful production of CRISPR/Cas9 genome editor expressing
SAd36.MBP vector

To generate SAd36. MBP vectors expressing CRISPR/Cas9 genome
editors, we used an inducible system to suppress Cas9 expression in the
Ad-producer 293 cell line. Previous studies noted difficulties during
propagation or rescue of Cas9, transcription activator-like effector
nuclease (TALEN), or zinc-finger nuclease (ZFN) endonuclease
expressing Ad vectors [30,31]. To prevent the deletion of the
CRISPR/Cas9 expression cassette or selection for recombinant vector
genomes during virus production, we employed the tetracycline
(Tet)-inducible transgene expression system [32]. The vectors were
successfully rescued and propagated in TREx"™-293 cell line expressing
Ad5 wild type fiber (F5), created as described in Material and Methods.

We constructed Streptococcus pyogenes Cas9 (SpyCas9) containing
SAd36. MBP vectors under the Tet-dependent CMV promoter (CMV.
TetON); expressing the modified Ai9-SauSpyCas9 allele-specific guide
RNA (gRNA) driven by U6 promoter either in forward or reverse
orientation, SAd36. MBP.SpyCas9_FWD and SAd36. MBP.SpyCas9_REV,
respectively (Fig. 3A). Orientation of the promoters of the two genome
editing components, gRNA and Cas9, has been shown to affect gene-
editing outcomes when delivered via AAV vector [33]. To investigate
the effect of the orientation of the two transgenes expressed by Ad vector

»
|
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on gene editing efficiency, we transduced immortalized mouse embry-
onic fibroblast (MEF) cells derived from the Ai9-SauSpyCas9 reporter
mouse line [34]. This reporter mouse model and its derivative MEF cell
line express robust tdTomato fluorescence following the deletion of the
loxP flanked stop cassette by single gRNA — SpyCas9 mediated
non-homologous end joining (NHEJ) or Cre-mediated recombination.
Six days post-transduction, transduced Ai9-SauSpyCas9 derived MEF
cells were analyzed by fluorescence microscopy (Fig. 3B.) and flow
cytometry (Fig. 3C). Gene editing efficiency was quantified based on
tdTomato expression of the single-cell suspension prepared by trypsi-
nization of the transduced MEF cells. There was no significant difference
in the gene editing outcomes between SAd36. MBP.SpyCas9_FWD with
the gRNA in the forward direction and the SAd36. MBP.SpyCas9_REV
with the reverse-oriented guide based on dTomato expression measured
by flow cytometry (Fig. 3C.). As expected, control vectors, the SAd36.
MBP.Cre and the Ad5. Cre performed extensively better to induce
tdTomato fluorescence signal due to the Cre-mediated recombination.
Furthermore, the significant difference between the tdTomato expres-
sion of the Ad5. Cre and SAd36. MBP.Cre transduced cells could be
explained by the higher transduction efficiency of MEF cells by the Ad5
backbone compared to SAd36. MBP. A similar tendency was observed
between GFP expressing Ad5 and SAd36. MBP backbone vectors (data
are not shown). Additionally, we validated the genome editing function
of SAd36. MBP.SpyCas9 and SAd36. MBP.Cre vectors by next generation
sequencing (NGS)-based deletion (Fig. S2.). The Cre recombinase
expressing SAd36. MBP vector induced over 95% deletion at the
Ai9-SauSpyCas9 locus, while transduction of the Ai9-SauSpyCas9 MEF
cells by the SpyCas9 expressing vector resulted in only approximately
25% deletion. Based on our previous studies [3,4], we found the 25%
deletion capacity of the SAd36. MBP.SpyCas9_FWD, SAd36. MBP.Spy-
Cas9 hereafter, rational to move on to evaluate the functionality of these
vectors in the Ai9-SauSpyCas9 mouse model in vivo.

2.4. SAd36.MBP adenoviral vector delivers CRISPR/Cas9 genome editor
to the spleen, kidney, lungs, brain, and adrenal glands vasculature of the
Ai9-SauSpyCas9 reporter mouse model

We assessed the capacity of the SAd36. MBP adenoviral vector to
deliver CRISPR/Cas9 genome editor to the vasculature of Ai9-
SauSpyCas9 reporter mouse model in vivo. The Ai9-SauSpyCas9 fluo-
rescent reporter platform is originated from Ai9 mouse model, where the
loxP-flanked stop cassette was modified so that a single gRNA for
Streptococcus pyogenes or Staphylococcus aureus Cas9 (SpyCas9 and
SauCas9, respectively) can guide Cas proteins to delete the stop cassette
by NHEJ events which results in tdTomato activation [34].

Fig. 2. Effective in vivo gene transfer in presence of pre-

formed anti-Ad5 immunity. C57BL/6 mice were pre-
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Fig. 3. In vitro validation of SpyCas9 expressing SAd36.MBP vectors. (A) A schematic of the adenoviral vectors used in this study. SAd36.MBP.SpyCas9_FWD (vector
1) expresses Streptococcus pyogenes Cas9 nuclease (SpyCas9) under control of the tetracycline-dependent CMV promoter (CMV.TetON) and the Ai9-SauSpyCas9
allele-specific guide RNA (gRNA) driven by U6 promoter in forward orientation to induce double-stranded breaks at the target site. SAd36.MBP.SpyCas9_REV
(vector 2) expresses CMV.TetON driven SpyCas9 and U6 driven gRNA in reverse orientation to evaluate whether orientation of the two transgenes affect gene editing
efficiency. Control vector (SAd36.MBP.Cre, vector 3) consists of Cre recombinase under the CMV.TetON promoter. All SAd36.MBP vectors were transfected and
propagated in TREx™-293 cell line expressing Ad5 wild type fiber (F5) (TREx™.F5 cell line). (B) Immortalized mouse embryonic fibroblast (MEF) cells (5 x10%
cells) derived from Ai9-SauSpyCas9 mice were infected with Ad5.Cre (top left), SAd36.MBP.Cre (top right), SAd36.MBP.SpyCas9_REV (bottom left) and SAd36.MBP.
SpyCas9_FWD (bottom right) at a multiplicity of infection (MOI) of 5000, and tdTomato expression (red) were imaged on six days post virus infection (6 dpi) using
fluorescence microscopy and (C) flow cytometry. Magnifications, x 100; Red, tdTomato; fluorescence exposure time for tdTomato, 333 msec. (C) Quantification of in

vitro gene editing efficiency based on the percentage of tdTomato™ MEF cells by flow cytometry analysis at 6 dpi.

We administered 6 x 10*° VPs or 1 x 10! VPs of the SAd36. MBP.
SpyCas9 vector (4 mice per group), 6 x 10'° VPs of the SAd36. MBP.Cre
vector as positive control (2 mice), and saline solution as negative
control (4 mice) via tail vein injection. Seven days post-injection whole-
body biodistribution study by immunohistochemistry (IHC) was con-
ducted to assess tdTomato expression in the vasculature of different
organs (spleen, liver, lungs, kidney, adrenal glands, brain, heart, colon,
diaphragm, duodenum, epididymis, eye, gastrocnemius, ileum,
jejunum, ovary, pancreas, white and brown adipose tissues, soleus,
stomach, testes and uterus) (Figs. 4 and S3).

Among all organs examined, spleen, liver, lungs, and adrenal glands

showed relevant tdTomato signal in both the SAd36. MBP.SpyCas9 and
SAd36. MBP.Cre injected Ai9-SauSpyCas9 mice, and these signals
correlated well with the lectin-labeled endothelium (Figs. 4 and S3).
Interestingly, brain (thalamus) had tdTomato signal in mice injected
with SAd36. MBP.Cre, but no tdTomato signal was detected in the
SpyCas9 expressing vector injected mice. Particularly high level of co-
localization of tdTomato+ and lectin signals was observed in the
spleen (54.3%), brain thalamus (6.6%) and lungs (2.2%) of the SAd36.
MBP.Cre injected animals (Figs. S3 and S4). The results revealed by IHC
co-localization analysis confirm that the SAd36. MBP adenoviral vector
specifically targets and edits endothelial cells in the Ai9-SauSpyCas9

SAd36.MBP.SpyCas9 (M) SAd36.MBP.SpyCas9 (F) SAd36.MBP.Cre (+) Saline (-)

Spleen

| 4
| 4

tdTomato

Lungs

tdTomato

Kidney

tdTomato

tdTomato

Fig. 4. External in vivo validation of SpyCas9 expressing SAd36.MBP vector in the Ai9-SauSpyCas9 mouse. 6-10 weeks old Ai9-SauSpyCas9 reporter mice were
injected with either 6 x 10'° (two female (F) and two male (M)) or 1 x 10! (two F and two M) virus particles (VPs) of SAd36.MBP.SpyCas9 adenoviral vectors in
160 pl of saline via the tail vein. As positive control (+), two mice (one F and one M) were injected with 6 x 10'° VPs SAd36.MBP.Cre, and as negative control (-),
four mice (two F and two M) were injected with 160 pl saline solution. Tissues were harvested 7 days post administration. The frozen tissue sections were imaged on a
Zeiss Axio Scan.Z1 scanner, using the 20X objective and Cy3 (for tdTomato, red signal) fluorescence filter. The external validation study was performed by re-
searchers at Baylor College of Medicine and Rice University (BCM-Rice) in the frame of Somatic Cell Genome Editing (SCGE) Consortium.
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mouse.

For quantification of the tdTomato+ cells in cell population
expressing CD31 and CD102 endothelial cell specific biomarkers, we
thought to conduct flow cytometry analysis in the organs (spleen, lungs,
adrenal glands) that showed the highest-level tdTomato expression in
the whole-body biodistribution study. The adapted protocol from Wang
et al. and Dumas et al. was not suitable for isolation of brain endothelial
cells [35,36]. Ai9-SauSpyCas9 mice were iv injected with 1 x 10! vps
of either the SAd36. MBP.Cre vector or SAd36. MBP.SpyCas9 or with
saline (7-10 mice per group). Seven days later, we harvested spleens,
lungs and adrenal glands and prepared single cell suspensions subjected
for flow cytometry analysis.

SAd36. MBP.Cre vector induced significantly higher tdTomato signal
in both CD317", CD102" cell populations compared to the saline injected
group (Mean tdTomato signals in CD31" EC cells of the lungs, adrenal
glands and the spleen, respectively: 3.85, 0.80, 0.71%; mean tdTomato
signals in CD102" EC cells of the lungs, adrenal glands and the spleen,
respectively: 3.81; 0.92; 0.56%). However, we could not observe sig-
nificant level of tdTomato signals in the CD31" or CD102" EC cells of
these organs in the SAd36. MBP.SpyCas9 group analyzed by flow
cytometry (Fig. 5).

3. Discussion

In the present study, we report a vascular endothelium-targeted
nonhuman adenoviral vector, SAd36. MBP, which can evade the pre-
existing human adenovirus serotype 5 (hAd5) immunity and induce
genome editing selectively in the vascular endothelium through the
delivery of Cre recombinase or CRISPR/Cas9 nuclease.

Numerous strategies could circumvent pre-existing immunity against
hAd5 such as a prime-boost regimen, alternating immunization routes
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and nonhuman adenovirus serotypes [22]. Animal-derived adenoviruses
such as simian, bovine, and ovine have been developed since nAbs
against these viruses are rare in human populations. Nevertheless, be-
sides humoral ones, cellular immune responses must be considered since
cross-reactive Ad specific T-cells could decrease adenoviral vector effi-
cacy [22]. On this note, the simian adenovirus species E serotype 35
(SAd36) has previously shown low seroprevalence in human pop-
ulations and emerged as a safe vaccine platform in preclinical studies
and is currently being validated in clinical trials [24-26].

In addition to its utility as a genetic vaccine, SAd36 with a pan-
endothelium-targeting ligand myeloid cell-binding peptide (MBP)
incorporated in the capsid has allowed targeted delivery to the vascular
endothelium. Targeting endothelial monolayer of selective organs could
lead to the development of potential novel therapeutics for both benign
and malignant diseases characterized by endothelial dysfunction such as
atherosclerosis, Alzheimer’s, glioblastoma, sepsis, acute respiratory
distress syndrome, and COVID-19 respiratory distress and cardiovascu-
lar diseases [37-43]. Additionally, EC-targeted adenovirus that mitigate
liver toxicity could provide an effective means to transduce
organ-specific vascular endothelial subsets, providing an important
source of therapeutic serum factors for the treatment of systemic dis-
eases. We observed low liver gene transfer efficiency of SAd36. MBP;
however further studies are required to evaluate if this correlates with
reduced liver inflammatory damage compared with that caused by
hAd5.

We showed that after seven days of a single iv administration of Cre
recombinase expressing SAd36. MBP results in precise genome editing
events and consequently activation of the tdTomato gene in the spleen,
brain thalamus, lungs, and adrenal glands of the Ai9-SauSpyCas9 re-
porter mouse model. In vivo vascular fluorescence labeling by lectin dye
confirmed that large number of the tdTomato+ cells in these organs are
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Fig. 5. Quantification of tdTomato™ signal by flow cytometry analysis in the CD31", CD102" endothelial cells of multiple mouse organs. 6-10 weeks old Ai9-
SauSpyCas9 reporter mice were iv injected either with 1 x 10! VPs of the SAd36.MBP.Cre vector, SAd36.MBP.SpyCas9 or 160 pl saline (7-10 mice per group).
Seven days later, lungs, spleen and adrenal glands were harvested, and the single cell suspensions were subjected for flow cytometry analysis by Attune NxT flow
cytometer using YL-1 laser (ThermoFisher). Data from three replicate experiments were combined in each graphs. Mean tdTomato signals in CD31" EC cells of the
lungs, adrenal glands and the spleen, respectively: 3.85, 0.80, 0.71%. Mean tdTomato signals in CD102" EC cells of the lungs, adrenal glands and the spleen,

respectively: 3.81; 0.92; 0.56%.
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endothelial cells. Additionally, the more quantitative and sensitive flow
cytometry analysis of SAd36. MBP.Cre injected animals have revealed
close to 4% and 1% tdTomato expression in CD31" and CD102" endo-
thelial cell populations in the lung and spleen, respectively.

Recent studies have achieved efficient genome editing in mouse liver
with either viral [3,4,44] or non-viral vector [45,46] delivery of genome
editors; however, effective and selective editing of specific cell types
with a single therapeutic agent and without unwarranted nontarget cell
genome modification remains challenging. We acknowledge the
remarkable development of nanoparticle delivery of CRISPR/Cas
plasmid DNA that induced highly efficient genome editing, 37% indel
rate, in vascular EC cells of multiple organs (heart, lung, aorta) with
about 20% indels in hepatocytes [8]. Nevertheless, we believe that
targeted adenoviral vectors will earn their place in the toolbox for
promoting genome-editing applications. Targeted nonhuman adenoviral
vectors combined with CRISPR/Cas knock-in technology could traverse
field barriers, including protective local protein production, long-term
gene correction with minimized off-target effects, mitigated liver
toxicity, and circumvented preformed immunity. Moreover, using
vascular endothelium as a non-hepatic cellular source might embody an
excellent gene-therapy solution for several inherited genetic diseases
such as alpha-1 anti-trypsin deficiency [3,5,47], hemophilia A and B [4],
mucopolysaccharidoses type I [2].

While our data fully validate specific cargo delivery and gene editing
in the targeted endothelial cells by the modified SAd36 adenoviral
vector, further studies are required to optimize the efficacy of the
CRISPR/Cas9 nuclease mediated cleavage. The failure to observe higher
gene editing activity in the SAd36. MBP.SpyCas9 injected animals might
be due to insufficient expression of the Cas9 nuclease by the CMV.TetON
promoter, insufficient gRNA expression by the U6 promoter, or both.
Nevertheless, Western blot analysis for Cas9 suggests that Cas9 was
expressed at a detectable level in kidney and liver (Fig. S5.). Since we
administered the highest adenoviral vector dose that does not induce
tissue toxicity in mice, in future studies stronger or endothelial cell-
specific promoters, such as CAG and CDHS5, could be employed to
drive higher Cas9 expression in the vascular endothelium [8,48].
Additionally, choosing an alternative gRNA target sequence or an
alternative route to express both Cas9 and gRNA might be the solution
for achieving higher gene editing efficiency. To this end, we recently
developed an adenoviral “piggyback” approach to deliver CRISPR/Cas9
components as ribonucleoprotein (RNP) enzyme complexes on the sur-
face capsid proteins of the SAd36 vector [49]. The gene editing effi-
ciency of this Plug-and-Play platform was comparable with commercial
CRISPR/Cas9 transfection reagent when applied on Ai9-SauSpyCas9
derived MEF cells and much higher compared to the DNA expression
vector CRISPR/Cas9 delivery method of SAd36. MBP [49]. Nevertheless,
a direct comparison of the two systems is warranted in the future.

We anticipate combining an endothelium-targeted nonhuman
adenoviral vector that provides a shield against neutralizing antibodies,
such as the above-described SAd36. MBP, with the smart “piggyback”
technology, will result in a versatile tool for safe, specific and effective
genome editing applications and beyond.

4. Conclusions

To our best knowledge, the SAd36. MBP vector is the first targeted
adenoviral vector showing in vivo genome editing activity in endothelial
cells of multiple organs in a reporter mouse model. Moreover, we have
shown that SAd36. MBP vector is capable of delivering transgenes in the
potential presence of pre-formed anti-Ad vector immunity. Furthermore,
it has a significantly reduced capacity to target the liver hepatocytes
compared to the hAd5. This study serves as a proof-of-principle for the in
vivo adenoviral delivery of genome editing machinery into disease-
relevant cells and tissues. More studies are required to increase the
genome editing activity of the CRISPR/Cas expressing SAd36. MBP
vector; however, we demonstrated the excellent prospect of targeted
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adenoviral delivery systems for future clinical gene editing.
5. Material and methods
5.1. Adenoviral vector constructions

The replication incompetent Ad5. CMV.eGFP vector was constructed
using the E1-deleted Ad5 backbone as we previously described [50,51].
We employed pC36.000.cmv.PLEGFP.BGH plasmid carrying the
genome of chimpanzee species E adenovirus SAd36, in which the early
E1 region was replaced by a CMV promoter-hybrid intron-eGFP cassette
[52]. We further engineered E3 region-deleted pC36.000.cmv.PL.EGFP.
BGH viral genome by removing a 4384 bp fragment from a unique BspEI
site to the E3 14.7 K stop codon, which includes seven genes: E3 CR1-a,
E3 gp19K, E3 CR1-b, E3CR1-g, E3RID a, E3 RID b, and E3 14.7k[25]. To
engineer SAd36 fiber modification, we created a pSAd36 fiber shuttle
vector, in which a 7352 bp Swal/I-Ceul fragment released from the viral
genome was recirculated with a stuff DNA and Gibson ends flanked by
Sacll and Stul sites. A 1076 bp Mfel/Pvull fragment from the shuttle
plasmid was replaced by a 1003 bp synthesized fiber-T4 fibritin-MBP
(ffMBP) fragment via Gibson assembly. Specifically, the fiber knob re-
gion (sequences encoding codon 246 to the last codon 425) was replaced
by 285 bp bacteriophage T4 fibritin domain, 45 bp sequence encoding a
flexible linker, and sequences encoding MBP to derive pSAd36.ffMBP
shuttle. To generate pSAd36. E3D.ffMBP, the fragment containing the
modified fiber was released with Sacll and Stul and ligated back to a 30,
789 bp I-Ceul/Swal viral genome fragment via Gibson assembly. To
generate the CMV.TetON promoter driven SpyCas9 or Cre and the U6
promoter driven gRNA expressing pSAd36. E3D.ffMBP vectors, we
applied the strategy originally reported by Roy et al. [52]. First, the
SpyCas9-coding and U6-driven loxP gRNA target sequences were
PCR-amplified with primers SpyCas9_fwd (CGTACGGTCCAACTG-
CAGCCGGGACTATAAGGACCACGACG), SpyCas9rev (GGCCCTCC
TCCCCAGCATGCCTG), and loxPgRNA _fwd (CTGGGGAGGAGGGCCCG-
TACGTATTTCCCATG), loxPgRNA rev (TTTTCACCTAAATTTCCGCG-
TACGCAAAAAAGCACCGACTCGG) from CRISPRmTmG?2. The plasmid
was a kind gift from Connie Cepko (Addgene plasmid # 69992;
http://n2t.net/addgene:69992; RRID: Addgene_69992) [53]. The CMV.
TetOn promoter expressing pSAd36-El-shuttle plasmid was digested
with BsiWI and Acc65I restriction enzymes, followed by NEBuilder®
HiFi DNA Assembley Reaction (NEB #E2621) with the two PCR frag-
ments mentioned above. The resultant pSAd36-E1-shuttle. CMVTetON.
SpyCas9. U6.gRNA(loxP) plasmid was digested with BsiWI restriction
enzyme to enable NEBuilder® HiFi DNA Assembley with the DNA
fragment encoding the Ai9-SauSpyCas9 allele targeting gRNA sequence
(Sequence 5’ to 3° (PAM): GTATGCTATACGAAGTTATT (AGG)) under
the U6 promoter [54]. The resultant plasmid, pSAd36-El-shuttle.
CMVTetON.SpyCas9. U6.gRNA(Ai9) REV was digested with PspO-
MI/Stul to flip the CMVTetON.SpyCas9 fragment in the forward orien-
tation with U6.gRNA. The resultant plasmid was named
pSAd36-El-shuttle. CMVTetON.SpyCas9. U6.gRNA(Ai9) FWD. The
Pmel-linearized pSAd36-E1-shuttle plasmids were recombined with the
viral pSAd36. E3D.ffMBP genome in Escherichia coli strain BJ5183 as
described elsewhere[55]. The constructed viral genomes SAd36. MBP.
SpyCas9_FWD, SAd36. MBP.SpyCas9 REV and SAd36. MBP.Cre were
released from plasmid DNA by digestion with Pacl and transfected into
TREx™.F5 cell line. TREx ™-F5 cell line was derived from TREx ™M-293
cell line (Invitrogen), and constitutively expresses the wild-type Ad5
fiber protein (F5) to be incorporated into the viral capsids, similarly to
293F28 cell line that was generated and employed in-house[56,57]. The
rescued replication-incompetent SAd36. MBP vectors were upscaled in
TREx™.F5 cell line and then were purified using cesium chloride den-
sity gradient ultracentrifugation following the final passage in 293 cells
in order to produce viral progeny containing only the chimeric
fiber-fibritin-MBP. Purified virus preparations were dialyzed against
10% glycerol in phosphate-buffered saline (PBS), and the number of
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virus particles (vp) was determined based on absorbance at 260 nm as
described by Mittereder et al.[58], and were as follows: for SAd36. MBP.
SpyCas9_FWD, 1.8 x 10'2 vp/ml; for SAd36. MBP.SpyCas9_REV,
2.7 x 10! vp/ml; and for SAd36. MBP.Cre, 7.5 x 10'! vp/ml.

5.2. In vitro transduction and flow cytometry analysis

The immortalized mouse embryonic fibroblast (MEF) cell line
derived from Ai9-SauSpyCas9 mouse model (MMRRC strain #068227-
JAX) was seeded at 5 x 10* cells per well on twelve well plates after
1-2 h virus transduction at a multiplicity of infection (MOI) of 5000
with SAd36. MBP.SpyCas9 FWD, SAd36. MBP.SpyCas9_REV, SAd36.
MBP.Cre and Ad5. Cre viruses. Six days later, tdTomato" cells were
imaged with fluorescence microscopy. Next, cells were harvested by
trypsinization (0.25% Trypsin- 0.1% EDTA, CorningTM) either for
deletion test at the Ai9-SauSpyCas9 locus (Fig. S2) or flow cytometry
analysis (Fig. 3C). Deletion tests were performed by WashU Genome
Engineering and iPCS Center (GEiC). Shortly, JK287. DS.F1 (tctgctaac-
catgttcatgee) and JK287. DS.R2 (caccttgaagcgcatgaact) primers were
used to amplify the Ai9-SaiSpyCas9 allele region outside of the target
sides. If deletion is present because of SpyCas9-induced NHEJ event or
Cre-recombination, smaller than the predicated wild type amplicon
(<891 bp) can be detected on the agarose gel. The Quantification of the
tdTomato™ cell population was determined by flow cytometry analysis
using Attune™ NxT Flow Cytometer using YL-1 laser (ThermoFisher).
The results are from three independent experiments.

5.3. Animal studies

The Animal Studies Committee of Washington University in St. Louis
approved all experimental procedures. Mice of the C57BL/6 J mouse
background were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA), and mice of 6-10 weeks of age were used for experiments.
The Ai9-SauSpyCas9 reporter mouse line (MMRRC stock #68227) and
its derivative MEF cell line were obtained from BCM-Rice Small Animal
Testing Center as part of the Somatic Cell Genome Engineering (SCGE)
Consortium [34].

5.4. Virus injection and organ harvest for in vivo biodistribution studies in
C57BL/6 mice

Mice were injected with 6 x 10'° or 1 x 10! virus particles of
SAd36. MBP adenoviral vectors in 160 pl of saline via the tail vein. At
three or seven days post-vector injection, mice are induced into deep
anesthesia with 2.5% 2,2,2-tribromoethanol (Avertin; Sigma-Aldrich,
St. Louis, MO), and the thorax is opened. A 24-gauge round ball-
tipped stainless oral gavage needle is inserted into the left ventricle,
and the mouse was perfused with 30 ml of 10% PBS-buffered formalin or
4% paraformaldehyde (PFA). Organs are removed and undergo post-
perfusion fixation in formalin at room temperature for 1-2 h or in 4% at
4 °C overnight. The fixative is washed out by three times 20 min ice cold
PBS, followed by step wise increase to 30% sucrose in PBS (10%, 20%,
30%) at 4 °C until tissue sinks in each solution. Next, organs are
embedded in NEG-50 mounting medium (Thermo Fisher Scientific,
Waltham, MA), and frozen on dry ice. Once frozen, stored at — 80 °C.

5.5. In vivo neutralization

C57BL/6 mice were pre-immunized with PBS or 10'° VPs of Ad5.
CMV.eGFP or SAd36. MBP.CMV.eGFP per mouse by iv injection. Each
group contained nine mice. One month later, the mice were subjected to
a second iv injection with PBS or 1011 VPs of Ad5 or SAd36. MBP per
mouse (3-3 mice per group). Three days later, the mice were sacrificed,
and their livers and spleens were harvested and frozen in liquid Nitro-
gen. The organs were homogenized on dry ice, lysed in Assay buffer (Cell
Biolabs, AKR-120), and centrifuged at 5000 rpm at 4°C. The
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supernatant was stored at — 80°C until GFP quantification described
below.

5.6. GFP quantification from organ lysates

GFP protein levels in the harvested tissues were quantified according
to the manufacturer’s instructions (Cell Biolabs, AKR-120). Shortly,
supernatants (100 pl) from homogenized tissue lysates were transferred
to a 96-well plate suitable for fluorescence measurement. A dilution
series of recombinant GFP standards (0-10,000 ng/ml) were prepared.
Each sample, blank, and standards were assayed in triplicate, and
fluorescence was measured with Bio-Tek Synergy HT Microplate Reader
at 488 nm/507 nm.

5.7. Immunofluorescence staining

For immunofluorescence, frozen tissues are sectioned at 12 um in
thickness. Frozen-section slides are dried at room temperature for
10 min, washed three times in PBS to remove the NEG-50 mounting
medium, and incubated with a protein block solution (5% donkey serum
and 0.1% Triton X-100 in PBS) at room temperature for 1 h and then at
4°C in protein block containing primary antibodies overnight. The
primary antibodies for endothelial cell detection (CD31/endomucin
cocktail): rat anti-endomucin (1:200, catalog number: 14-5851-81,
eBioscience) and armenian hamster anti-CD31 (1:200, catalog number:
MAB1398Z, MilliporeSigma). For tdTomato detection, we use goat anti-
tdTomato primary antibody (1:100, SICGEN, ab8181-200). The detect
SpyCas9, we used mouse anti-SpyCas9 primary antibody (1:400, 14697,
Cell Signaling Technology). On day 2, the slides are washed three times
in PBS, incubated with corresponding 1:400-diluted Alexa Fluor 488
(anti-rat and anti-armerian hamster)- and Alexa Fluor 594-conjugated
secondary antibodies (anti-goat and anti-mouse) (Jackson ImmunoR-
esearch Laboratories, West Grove, PA), and counterstained with Slow-
Fade Gold antifade mounting reagent with 4',6-diamidino-2-
phenylindole (DAPIL; Thermo Fisher Scientific). Immumofluorescence
micrographs were acquired using an Olympus BX61 microscope equip-
ped with a DP80 dual-sensor monochrome and color camera (Olympus
America, Center Valley, PA).

5.8. Immunofluorescence microscopy-based analysis of viral reporter gene
expression

CellSens Dimension imaging software (Olympus Soft Imaging Solu-
tions) were applied to analyze colocalization of viral reporter GFP
(green) and CD31/endomucin (vascular endothelium, red) gene
expression. The optimized camera acquisition time for green and red
immunofluorescence channel is set a priori for each organ within indi-
vidual experiments and between experiments. The images, taken with
10x objective, are analyzed with Olympus CellSens Dimension Software
using “Colocalization” and “Count and Measure” layout. A threshold
defining the background signal intensity was set using non-virus-
injected control tissues. A region of interest (ROI) was drawn over the
tissue area based on suitable vascular EC staining within each micro-
graph. To identify fluorescence intensities where the individual fluo-
rescences (red and green) overlap, “Colocalization” layout was applied.
To evaluate the fraction of the vascular EC area expressing GFP, the
endothelial marker-positive area and the reporter-positive area within
the tissue ROI were quantified using “Count and Measure” layout. The
GFP-positive area (GFP") was calculated as a percentage of the EC-
positive area in the micrograph. Micrographs were taken in 4 biolog-
ical replicates for each organs (spleen, kidney, brain, liver).

5.9. External validation of SAd36.MBP vectors by Baylor/Rice Small
Animal Testing Center in Ai9-SauSpyCas9 reporter mouse

6-10 weeks old Ai9-SauSpyCas9 reporter mice were injected with
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either 6 x 10'° (two female and two male) or 1 x 10'! (two female and
two male) virus particles (VPs) of SAd36. MBP.SpyCas9_FWD adenoviral
vectors in 160 pl of saline via the tail vein. As positive control, two mice
(one female and one male) were injected with 6 x 10'° vPs SAd36.
MBP.Cre, and as negative control, four mice (two female and two male)
were injected with 160 pl saline solution. After 7 days post adminis-
tration, all mice were given 100 pl bolus of lectin solution at 1 mg/ml
(Vector Labs, DL-1178-1) via retro-orbital injection to label the vascular
endothelial cells [59]. Following euthanasia via CO9, two additional
doses of lectin solution were given via transcardiac perfusion (100 pl to
the left ventricle followed by 50 pl to the right ventricle) with a waiting
period of one minute after each injection to allow the lectin to circulate.
Following lectin staining, blood were flushed via transcardiac perfusion
with saline solution, followed by perfusion with 4% paraformaldehyde
(PFA) to initiate fixation. Afterwards, organ were harvested. The liver,
lungs, and brain were fixed by immersion in PFA (drop fixation). Fixa-
tion were performed in a ratio of at least 20:1 (volume fixative to volume
tissue) in 4% PFA, at 4 °C overnight, with gentle rotation to ensure
adequate fixation. After overnight fixation, the samples were transferred
to 30% sucrose solution (in saline) at 4 °C and incubated overnight.
After equilibration in 30% sucrose/saline, the tissues were embedded in
a trapezoidal Peel-A-Way embedding mold, and immersed in Optimal
Cutting Temperature (OCT) compound and let to equilibrate for 30 min
at room temperature (RT). Then, the tissues were mount in OCT by
freezing the mold on dry ice. Once frozen, the molds were processed
immediately or stored at — 80 °C for no longer than 1 month. For most
organs 20-micron sections, and for brain 40-micron coronal sections
were collected. For each tissue, sections were collected across multiple
slides serially. Three non-consecutive sections on a single slide were
subjected to imaging tdTomato signal to assess Cre-recombined or edi-
ted cells, DAPI to label nuclei, and lectin to visualize endothelial cells.
For each tissue, one slide was mounted with DAPI stain. The frozen
tissue section were imaged on a Zeiss Axio Scan.Z1 scanner, using the
20X objective and Cy3 (for tdTomato) and DAPI, Far-red Cy5 (for lectin)
fluorescent filters. The co-localization analysis was performed using the
Zen Blue software from Zeiss.

5.10. Quantification of tdTomato signals in the endothelial cells of mouse
tissues by flow cytometry analysis

Mouse tissue dissociation and digestion procedures for endothelial
cell analysis were adapted from Wang et al. [35] Shortly, mouse lungs,
spleen, kidney and adrenal glands were harvested, cut into small pieces
and shredded using scissors about 100 times followed by incubation
with 3 mg/ml collagenase I (Life Technologies) for 45 min with shaking.
After digestion, the tissue suspension was passed through 5 ml syringe
with 20 G cannula attached, and triturated clumps into a single cell
suspension, at least 12 times. The minced tissue was filtered through a
70-pm cell strainer (Miltenyi Biotec) and blocked with FBS containing
media. After centrifugation, cell pellets were re-suspended in 0.5% BSA
(bovine serum albumin), 2 mM EDTA containing PBS solution (PEB
buffer) and applied to 30- pm pre-separation filter. Following centrifu-
gation, cell counting, blocking with mouse FcR Blocking Reagent (Mil-
tenyi Biotec) to avoid Fc receptor-mediated antibody labeling, the cells
were stained for 30 min at 4 °C with PE Cyanine 7 conjugated
CD31/PECAM-1 and Alexa Fluor 488 conjugated CD102/ICAM-2 anti-
bodies (eBioScience) and subjected for flow cytometry analysis by At-
tune NxT flow cytometer (ThermoFisher) to quantify tdTomato™ signal
in CD31% or CD102" endothelial cell populations.

5.11. Statistics

All statistical analysis was performed using GraphPad PRISM soft-
ware. Groups with normal distribution, determined by the Shapiro-Wilk
test, were compared using parametric unpaired t-tests. If the groups had
significantly different variance, determined by F-test, we used an

10

Biomedicine & Pharmacotherapy 158 (2023) 114189

unpaired t-test with Welch’s correction for the groups’ comparison. All t-
tests were two-tailed. For all statistical analyses p-values were denoted
as > 0.05 (no significance [ns]), < 0.05 (¥), < 0.01 (**), or < 0.001
(7‘(*:‘:)).
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