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Development of oligonucleotide-based therapeutics has been
limited by the lack of effective in vivo delivery vehicles. We
previously showed that the presence of an H-type excitonic
dimer formed by the covalent binding of two fluorophores
with significant transition dipoles on opposite ends of peptide
or nucleic acid sequences of interest facilitated their delivery
into live cells in vitro. Here, we evaluated delivery of a fluoro-
genic anti-sense oligonucleotide (ASO) complementary to
B-actin (ACTB) mRNA into human leukocytes in vivo using
a humanized mouse model. We observed delivery of the
ASO into human leukocytes at a median of >94% in blood,
spleen, bone marrow, and liver with half-lives of at least
72 h. Additionally, we detected the ASO in a significant pro-
portion of human leukocytes within difficult-to-penetrate tis-
sues such as brain and gut. The ASO localized to the perinu-
clear space within target cells and mediated reductions in
bone marrow ACTB transcripts after a single intravenous in-
jection. The delivery system described herein is a technology
platform with the capacity for highly efficient systemic deliv-
ery of therapeutic oligonucleotides that will facilitate develop-
ment of a new class of drugs for treatment of HIV and other
pathologic conditions.

INTRODUCTION

Oligonucleotides have become essential tools in basic biomedical
research and are currently used in a multitude of applications;
however, their potential for highly specific oligonucleotide-based
therapeutics has been limited by the lack of effective delivery vehi-
cles. Delivery of polymers such as oligonucleotides into live cells
has proven to be difficult in the absence of carriers such as lipids,
e.g., liposomes and nanoparticles, or receptor-ligand conjugates,
e.g., GalNAc-siRNAs/ASOs, where such polymers must cross the
plasma membrane of individual cells without being trapped in endo-
somes.' > An even more difficult problem is delivery of therapeutic
oligonucleotides in vivo as additional barriers to target sequences
exist.*™ This has been particularly true for infectious diseases such
as HIV due to suboptimal delivery to hematopoietic cells such as
CD4" lymphocytes.>” Although antisense oligonucleotides (ASOs)
and small interfering RN As (siRNAs) have been “delivered” into cells

in vitro and in vivo by various transfection methods, none has been
shown to be without major drawbacks at the whole animal level.*”

We have previously shown that by modifying a molecular design
initially developed for delivering fluorogenic peptides into live cells
to measure intracellular protease activities,'””'* fluorogenic ASOs
could be delivered into live cells in vitro. Specifically, we were able
to inhibit HIV infection with several different ASO sequences target-
ing the non-translated region of the virus.'>'* What has made deliv-
ery of both peptides and oligonucleotides into live cells possible has
been the presence of an H-type excitonic dimer formed by the cova-
lent binding of two fluorophores with significant transition dipoles
on opposite ends of an amino acid or nucleic acid sequence of
interest.">'® The H-type excitonic dimer has been shown to allow
non-specific cellular entry via passive diffusion across plasma cell

membranes.'>"”

Using our previously developed delivery vehicle for the delivery of
peptides and oligonucleotides into live cells in vitro,'>'® we sought
to evaluate the delivery of a fluorogenic, non-gapmer ASO bearing
a complementary sequence to f-actin (ACTB) mRNA into human
leukocytes in multiple tissues in vivo using a humanized immune
system mouse model, specifically, C57BL/6 Rag2™'"yc™'~CD47~'~
triple knockout (TKO) mice that were humanized using the bone
marrow, liver, and thymus (BLT) method.'® The resultant TKO-
BLT mice are highly reconstituted with human leukocyte subsets
in both blood and tissues.'” Our primary objective was to
demonstrate the delivery of the ACTB ASOs to human leukocytes
in the blood, bone marrow, liver, spleen, brain, and gut by quanti-
tating the fluorogenic signal generated upon gene-target-specific
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Figure 1. Assessment of homo-doubly labeled ACTB ASO delivery to cells
and tissues in vivo

(A) llustration of entry of a homo-doubly labeled ASO into a live cell and hybridi-
zation-dependent fluorescence dequenching leading to mRNA inhibition in the cell.
In the upper left two panels, a double fluorophore (blue balls)-labeled ASO (anti-
sense oligonucleotide sequence is in pink) enters a cell in a receptor-independent
manner consistent with passive diffusion. Upon encountering a complementary
sequence (dark blue helix), hybridization occurs resulting in a fluorescent signal as
depicted in the upper right to lower right panels. If the cell contains an RNase in the
cytoplasm, then the target mRNA sequence can be cleaved as shown in the lower
left panel. (B) Homo-doubly labeled ACTB ASO injection into TKO-BLT humanized
mice and tissue collection at 5, 24, 48, or 72 h. Image was produced with
BioRender. (C) Representative flow cytometry plots gating on live human CD45*
leukocytes and assessment of fluorescence within cells from treated (ASO) or
vehicle control (VC) animals.
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hybridization. Additionally, the potential for the functional knock-
down of the ACTB message in human hematopoietic cells after a sin-
gle ASO dose was briefly evaluated.

RESULTS

Experimental design

To evaluate the in vivo delivery of a fluorogenic ASO into human leu-
kocytes, we designed a non-gapmer ASO that bore a fluorophore on
each end of a complementary sequence of a known mRNA such that
the fluorescence was largely quenched.'”'*'® In this study, the
homo-doubly labeled ASO sequence was complementary to the
B-actin housekeeping gene (ACTB) such that when the probe enters
a cell and encounters the ACTB mRNA, hybridization leads to de-
quenching of the fluorescence. The phosphorothioate linkages
throughout the backbone provide for nuclease resistance, and there-
fore, the dequenched signal represents the intact ASO binding to a
complementary sequence inside the cell. A diagram illustrating the
mechanism is presented in Figure 1A where in the upper left two
panels the two fluorophores are blue balls attached to an ASO, which
is shown as a pink helix. Upon entry into the cell (gray ball with
cutout) in a receptor-independent manner consistent with passive
diffusion, the homo-doubly labeled ASO encounters a complemen-
tary sequence (dark blue helix), and this interaction leads to hybrid-
ization, resulting in a fluorescent signal as depicted in the lower
panels. RNase activity in the cytoplasm such as host RNAase H1
or reverse transcriptase from HIV can then target the mRNA
sequence, resulting in cleavage as shown in the lower left panel.

We delivered the homo-doubly labeled ACTB ASO intravenously to
humanized TKO-BLT mice that support a highly reconstituted hu-
man immune system comprised of all the major human CD45"
cell lineages dispersed systemically within the blood and tissues of
the animals.'” Doses of 0-2 mg/kg of ASO were used, and ASO
incorporation into human leukocytes within the brain, bone
marrow, blood, gut, liver, and spleen was assessed from 5 to 72 h later
(Figure 1B). Doses and time points in this study were based on small
pilot experiments in Balb/c mice that revealed similar high-fre-
quency uptake into leukocytes (B.Z.P. and A K., unpublished data).
Live human leukocytes isolated from the tissues of mice receiving
the ACTB ASO treatment were identified using a human-specific
anti-human CD45 antibody, followed by assessment for the de-
quenched fluorescent signal above that of the vehicle-control-treated
animals, indicating cellular uptake and hybridization of the ASO to
human ACTB mRNA (Figure 1C).

A 1 mg/kg ACTB ASO dose resulted in maximal cellular and
tissue penetration

In order to determine the lowest dose of the homo-doubly labeled
ACTB ASO that would provide maximal penetration into human
leukocytes within multiple mouse tissues of interest, animals were
injected intravenously with either 0 mg/kg (vehicle control),
0.5 mg/kg, 1.0 mg/kg, or 2.0 mg/kg of the homo-doubly labeled
ACTB ASO. Five hours after administration, animals were eutha-
nized, and blood, bone marrow, liver, and spleen were collected.
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Figure 2. Dose-dependent ASO penetration into human leukocytes within
multiple tissues

Humanized mice were injected intravenously with O mg/kg (vehicle control),
0.5 mg/kg, 1 mg/kg, or 2 mg/kg of ACTB ASO (n = 3 mice per group). Five hours
later, mice were euthanized and human CD45™ leukocytes isolated from blood, liver,
bone marrow (BM), and spleen. (A) Representative histograms showing dose-
dependent changes in ACTB ASO fluorescence. Vehicle control (turquoise),
0.5 mg/kg (purple), 1 mg/kg (red), 2 mg/kg (brown). (B) Graphed frequencies of
ACTB-ASO-positive human leukocytes isolated from tissues at each dose. Mean
with standard deviation. Dotted line is at 94%. Each dot represents data from an
individual mouse. One-way ANOVA with Tukey’s post-test.

Leukocytes were isolated from tissues and analyzed by flow cytome-
try for the presence of a fluorescent signal indicating ASO hybridiza-
tion to ACTB mRNA in human CD45" cells. Representative flow cy-
tometry histograms show a dose-dependent increase in the median
fluorescence intensity (MFI) of the ASO-Red Rover signal in human
CD45" cells isolated from the blood, bone marrow, liver, and spleen
(Figure 2A) of humanized mice. Comparing the results from multi-

ple animals, it was observed that significant increases in the fre-
quency of human CD45" ACTB ASO™ leukocytes plateaued at me-
dians of >94% using a dose of 1 mg/kg for all the tissues assessed
(Figure 2B). Analysis of human CD45™ leukocytes (of mouse origin)
demonstrated ASO penetration into non-human cells but limited
binding and fluorescence as expected due to the 64% homology of
the ASO sequence to murine ACTB (Figure S1). These results sug-
gested that a 1 mg/kg dose of ACTB ASO resulted in maximal cellular
and tissue penetration in vivo. Additionally, toxicity studies in
normal, non-humanized mice indicated no apparent macroscopic,
clinical, or direct toxicity findings using doses between 0.5 and
10 mg/kg, suggesting good potential for clinical translation of the
1 mg/kg dose (Table S1).

The fluorescent, hybridized ACTB ASO signal localized to the
intracellular perinuclear space of human leukocytes

In order to determine the intracellular localization of the fluorescent
ACTB ASO signal, animals were injected with 1 mg/kg of homo-
doubly labeled ACTB ASO and then euthanized 5 h later. Total leu-
kocytes isolated from the spleen were antibody stained with anti-
human CD45-FITC and the DNA stain DAPIL. The fluorescent
ACTB ASO signal could be detected in association with the majority
of human CD45" cells, in concordance with the flow cytometry data,
and was clearly detectable residing inside the cell in the cytoplasm of
CD45-FITC" cells (Figure 3, top panels). No fluorescent ACTB ASO
signal was detectable in any cells of vehicle-control-treated animals
(Figure 3, bottom panels). Z-stack imaging confirmed that the fluo-
rescent ACTB ASO signal originated in the perinuclear space of the
cytoplasm and was not localized within the nucleus or on the surface
of cells (Video S1).

ACTB ASO tissue dissemination and persistence within target
cells

Antisense nucleotides are known to preferentially accumulate in or-
gans such as the liver and spleen,”” which could result in greater satu-
ration of target cells in these organs compared to cells in other organs
at similar ASO doses. Thus, we assessed if the frequency of human
leukocytes containing fluorescent hybridized ACTB ASO differed
among different tissue reservoirs at the same 1 mg/kg dose. Mice
were once again treated with 1 mg/kg homo-doubly labeled ACTB
ASO and euthanized 5 h later. When comparing the frequency of
CD45" human cells positive for ACTB ASO in blood, liver, bone
marrow, and spleen, no significant differences were observed among
the four tissue types (Figure 4A). We also observed that the human-
specific ACTB ASOs could non-specifically enter human CD45™
cells (of murine origin) isolated from the same four tissues and
interact with murine Actb transcripts, resulting in fluorescence,
albeit in a lower frequency of cells, likely due to reduced homology
(64%) of the ASO with the murine sequence (Figure S1). In addition,
we assessed the quantity of hybridized fluorescent ACTB mRNA
ASOs in leukocytes isolated from each tissue and observed that the
median fluorescent intensity of the fluorescent ASO-Red Rover
signal did not differ in leukocytes regardless of whether they were
isolated from blood, liver, bone marrow, or spleen (Figure 4B).
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Figure 3. ACTB ASO is primarily localized within in the perinuclear space of human CD45" leukocytes
Total splenic leukocytes isolated from humanized mice 5 h after intravenous injection with homo-doubly labeled ACTB ASO (top) or vehicle control (bottom) were stained with
anti-human-specific CD45-FITC antibody and DAPI prior to confocal imaging. Hybridized ACTB ASO (red), human CD45 (green), DAPI (blue), BF (bright field). Scale bars,

20 pm. See also Video S1.

Therefore, results suggested that the ACTB ASO disseminated to and
accumulated similarly within target cells in these four organs.

After determining that the ACTB ASO disseminated similarly in
multiple tissue types, we then wanted to evaluate the persistence of
the fluorescent ACTB ASO signal over a 72 h period. To accomplish
this, we injected animals with 1 mg/kg of homo-doubly labeled
ACTB ASO, then euthanized at 5, 24, 48, or 72 h post-treatment. Hu-
man CD45" cells were isolated from blood, bone marrow, liver, and
spleen and analyzed by flow cytometry. At 48 h post-injection, there
was a significant reduction in the percentage of CD45" cells positive
for the ACTB ASO signal in blood, liver, and spleen (Figure 4C).
However, bone marrow did not have a significant reduction in the
frequency of cells positive for ACTB ASO until 72 h post-injection
(Figure 4C). At 72 h, a median of >50% of cells remained positive
for the ACTB ASO signal in all tissues assessed.

ACTB ASO treatment reduced levels of ACTB mRNA transcripts
in vivo

To determine if a single injection of 1 mg/kg of homo-doubly labeled
ACTB ASO could impact levels of mRNA transcripts from the ACTB
gene that encodes for B-actin, we used RT-qPCR to assess the relative
amounts of ACTB mRNA transcripts at 5, 24, 48, or 72 h post-treat-
ment. Total leukocytes were isolated from bone marrow, liver, and
spleen and depleted of mouse cells using anti-mouse CD45- and
Ter-119-specific beads. The level of ACTB mRNA in the enriched
human cells was then determined relative to housekeeping gene
GAPDH. Interestingly, we found that mean relative ACTB transcript
levels were significantly reduced at 24 h post-treatment in human
cells isolated from bone marrow and remained significantly lower
until at least 72 h (Figure 5A) compared to cells from vehicle-con-
trol-treated animals. In contrast, the average relative levels of
ACTB transcripts remained unchanged in human cells isolated

from liver (Figure 5B) and spleen (Figure 5C) after a single treat-
ment. Thus, a homo-doubly labeled ACTB ASO demonstrated the
potential to reduce the relative abundance of a target transcript.

The ACTB ASO penetrated difficult-to-access brain and gut
tissues

Having determined that the 1 mg/kg dose of ACTB ASO effectively
saturated leukocytes within a wide range of easily penetrated tissues
and had functional capacity to reduce mRNA transcripts in vivo in
the bone marrow, we then assessed penetration of hard-to-reach
but clinically important tissues such as the brain and gut. Animals
were injected intravenously with 1 mg/kg of homo-doubly labeled
ACTB ASO, and 5 h after treatment animals were euthanized and
brain and gut tissues collected. Due to low frequencies of human leu-
kocytes in brain and gut of humanized mice, isolated leukocytes were
combined from two to three individual mice and then analyzed by
flow cytometry for the presence and abundance of hybridized fluo-
rescent ACTB ASO within human CD45" cells. Representative histo-
grams of CD45" ACTB ASO" cells in both brain and gut are shown in
Figure 6A. A largely bimodal fluorescence pattern in brain was
observed in five separate experiments, with a mean of 50.9 (7.9)%
of the human CD45" cells taking up the ACTB ASO. In contrast,
fluorescent ACTB ASO signal found in the leukocytes in the gut
was largely a single population, with a mean of 66.7 (34)% human
CD45" cells containing hybridized ACTB ASO in three separate ex-
periments. Additionally, both brain and gut had a considerable in-
crease in the percentage of CD45" ACTB ASO™ cells when compared
with vehicle controls (Figure 6B). To ensure that the fluorescent
ACTB ASO" leukocytes detected in the brain were not solely residing
in the vasculature as opposed to the brain parenchyma, we perfused
the mice prior to brain tissue collection. An example of brain results
using combined cells from perfused animals is shown by the open
symbols in Figure 6B. Thus, we confirmed that the homo-doubly
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Figure 4. The ACTB ASO disseminated equally to target cells within multiple
tissues and persisted in >50% cells over a period of 72 h

Humanized mice were injected intravenously with 1 mg/kg of the ACTB ASO (n =3
mice per group) and euthanized 5 h later. Human CD45" cells isolated from blood,
spleen, liver, and bone marrow were then assessed for the (A) frequency and (B) MFI
of ACTB ASO fluorescing cells. Each dot represents an individual mouse. Mean with
standard deviation. One-way ANOVA with Tukey’s post-test. (C) Humanized mice
were injected intravenously with 1 mg/kg of the ACTB ASO (n = 3 mice per time
point). The frequencies of human CD45* cells positive for hybridized ACTB ASO in
tissues were assessed at 5, 24, 48, and 72 h post-injection. Each dot represents an
individual mouse. One-way ANOVA with Dunnett’s post-test.

labeled ACTB ASO was also able to successfully penetrate hard-to-
treat brain and gut tissues to hybridize with complementary se-
quences and fluoresce within human leukocytes.

The ACTB ASO is taken up into brain CD4* T cells with similar
efficiency as other leukocytes

We anticipate using the homo-doubly labeled ASO technology to
develop a new class of drugs for treatment of HIV. Since the
ACTB ASO was detected in nearly 100% of leukocytes in most tis-
sues, we could be assured that human CD4" T cells, the primary
target of HIV infection, were taking up the ASOs. However, we
needed to confirm that CD4™ T cells in brain were among the cells
containing hybridized ACTB ASO. An extended flow cytometry
gating strategy was used to identify hybridized ACTB ASO in
CD4" T cells (Figure 7A). We first assessed the frequency of CD4"
T cells in the brain containing fluorescent hybridized ASO 5 h after

Figure 5. Administration of the homo-doubly labeled ACTB ASOs reduced
levels of ACTB mRNA transcripts in human leukocytes isolated from bone
marrow

Humanized mice were injected intravenously with 1 mg/kg of the ACTB ASO. Mice
were euthanized at 5, 24, 48, and 72 h post-treatment and relative ACTB mRNA
levels assessed in human CD45™ leukocytes isolated from (A) bone marrow, (B) liver,
and (C) spleen. Each dot represents data from an individual mouse. Mean with
standard deviation. One-way ANOVA with Dunnett’s post-test.

administration of 1 mg/kg of homo-doubly labeled ACTB ASO
compared to vehicle control. Assessment of multiple animals
(n=5), including a set of perfused animals (open symbols), indicated
that the homo-doubly labeled ACTB ASO was incorporated into 43.1
(11.3)% of CD4" T cells in the brain (Figure 7B). Comparing ACTB
ASO incorporation into CD4" T cells versus total CD45" leukocytes
indicated there was no significant difference in the uptake of the
homo-doubly labeled ACTB ASO by CD4" T cells compared to total
leukocytes (Figure 7C).

DISCUSSION

The therapeutic potential of oligonucleotides has been hampered by
the lack of effective in vivo delivery vehicles. The specific goal of this
project has been to gather sufficient in vivo data to support future
therapeutic applications requiring delivery of oligonucleotides into
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Figure 6. The homo-doubly labeled ACTB ASO penetrates into hard-to-
reach brain and gut tissues

Humanized mice were injected intravenously with 1 mg/kg of the ACTB ASO. Five
hours post-injection, mice were euthanized and human CD45" leukocytes isolated
from brain and gut. (A) Representative histograms showing homo-doubly labeled
ACTB ASO fluorescence in human leukocytes isolated from brain and gut. More
than 50 LIVE/DEADCD45" events were collected for assessment of ASO incor-
poration. No differences in leukocyte yield was observed between vehicle-control-
or ASO-treated animals. (B) Collated frequencies of ACTB ASO* human CD45*
leukocytes isolated from brain (n = 5) and gut (1 = 3) tissue. Each dot represents a
separate experiment using leukocytes combined from two to three individual mice.
Mean with standard deviation. Open symbols indicate perfused animals. Unpaired
t test.

hematopoietic cells within specific tissues. Thus, we now present data
from six tissues from a humanized mouse model system where an
ASO bearing an H-type excitonic dimer complementary to human
B-actin (ACTB) mRNA has been delivered into human leukocytes
without toxicity. We have previously used this molecular design to
successfully demonstrate delivery of fluorogenic protease substrates
and fluorogenic oligonucleotide probes into cells in culture. In these
earlier studies, the entry of these probes into cells has been consistent
with passive diffusion, eliminating the need for carriers such as
lipids, e.g., liposomes and nanoparticles, or receptor-ligand conju-
gates, e.g., GalNAc-siRNAs, and concerns of entrapment within

3
endosomes.' >

As we are particularly interested in development of therapy for HIV
patients, we have focused on CD45" and specifically CD4" cells in
blood and tissues that support HIV infection. Use of customized
oligonucleotide therapy could be beneficial to patients who have
failed the now standard combined antiretroviral therapy (cART).
Additionally, the functional knockdown of residual mRNA tran-
scription from HIV provirus is a promising new approach to alleviate

Molecular Therapy: Methods & Clinical Development

the persistent inflammation that drives morbidity in patients despite
effective cCART.>'** Other applications include treatment of other
infectious diseases in which lymphocytes are infected or tumori-
genic, metastatic tumor cells dispersed in tissues, and neurodegener-
ative disorders in which the target gene expression has been known
for some time such as Alzheimer disease but no effective genetic-
based therapy has been successful.*”

In this study, we synthesized a homo-doubly labeled probe specific
for the mRNA coding for the ubiquitously expressed human p-actin
(ACTB) gene and assessed its delivery into hematopoietic cells,
which are notoriously resistant to ASO delivery.® Using a human-
ized mouse model, we observed the induction of a fluorogenic
signal upon ASO hybridization with its complementary genetic
sequence in leukocytes from six different tissues in vivo using
both flow cytometry and confocal microscopy. Confocal examina-
tion of human leukocytes isolated from mouse spleens indicated the
fluorogenic signals from hybridized ASOs originated in the perinu-
clear space. This intracellular signal, combined with a lack of
surface staining, is consistent with passive diffusion of the ASOs
without endosomal involvement, supports the potential for
mRNA degradation or translation blockade, and is consistent
with our previous findings in vitro.'” While delivery of ASO to cells
is commonly highly cytotoxic,” confocal imaging (Figure 3) and
viability staining followed by flow cytometric analysis (Figure 1C)
suggested little to no toxicity to cells containing the ASO in the hu-
manized mouse.

We assessed the dose-dependent delivery of the homo-doubly
labeled ACTB ASO into CD45" cells in the blood, bone marrow,
liver, and spleen at doses ranging between 0.5 and 2 mg/kg. In
each case there was a four to five log increase in intensity over
vehicle control for the ACTB ASO signal. Saturation of signal
occurred at a dose of 1 mg/kg, which is equivalent to a
12.3 mg/kg dose in humans® and is well within the dose range of
other approved oligonucleotide-based therapeutics.” Indeed, no
morbidity or other adverse effects were observed in the mice
over the duration of the study, which was consistent with the
toxicity assessments we performed in normal non-humanized
mice (Table S1). Significantly, the homo-doubly labeled ACTB
ASOs disseminated equally as indicated by the percentage of
ASO™CD45" cells and the MFIs in the target cells within the blood,
spleen, liver, and bone marrow. Non-specific cellular entry but
sequence-specific hybridization and subsequent fluorescence was
demonstrated by a reduced frequency of murine cells fluorescing
from these same four tissues. Interestingly, although the ACTB
ASO signal in human cells decayed differently in each of the tissues,
the probe remained bound to its target sequence in >50% of cells for
at least 72 h post-treatment, indicating significant resistance to
cellular degradation likely due to the phosphorothioate backbone.
The data showing ASO entry into hard-to-reach tissues such as
brain and gut were highly promising. Unfortunately, since whole
brains were required to harvest sufficient cells for flow cytometric
analysis, confocal analysis of brain sections was not possible to
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confirm the perfusion results that supported the conclusion that the
ASOs were accessing leukocytes within the brain parenchyma and
not solely within the vasculature. Additionally, although the low
cell numbers inherent to the tissue compartments and humanized
model prevented assessment of the individual variability of ASO
incorporation into leukocytes within the brain and gut, we were
able to identify a range of ASO infiltration over at least nine
different animals per tissue.

Intriguingly, we found the major difference among the four tissues
was at the ACTB transcript level. A significant reduction in ACTB
transcripts was detected by 24 h post-treatment in human cells iso-
lated from the bone marrow, and this decrease remained signifi-
cantly lower for at least 72 h compared to cells from untreated ani-
mals. In contrast, relative levels of ACTB transcripts remained
statistically unchanged in human cells isolated from the liver and
spleen after a single treatment. Notably, the suppression of ACTB
transcripts in bone marrow was associated with a greater frequency
of cells retaining hybridized ACTB ASO over time in this tissue,
which may have related to the greater effect on ACTB transcripts
in bone marrow. Leukocytes in the bone marrow are more transcrip-
tionally active due to their rapid division and differentiation®” than
leukocytes found in spleen and liver under healthy conditions. The

Figure 7. CD4" T cells in brain uptake ACTB ASO as
efficiently as other leukocyte subsets

Humanized mice were injected intravenously with
1 mg/kg of homo-doubly labeled ACTB ASO. Five hours
post-injection, mice were euthanized and human
leukocytes assessed by flow cytometry for the presence
of hybridized ASO. (A) Representative flow cytometry
plots gating on live human CD4* T cels and
assessment of fluorescence within cells from treated
(ASO) or vehicle control (VC) animals. More than 50
LIVE/DEAD~CD45*CD3*CD4* events were collected
for assessment of ASO incorporation. No differences in
leukocyte vield was observed between vehicle-control-
or ASO-treated animals. Collated frequencies of ACTB
ASO* human CD4* T cells in comparison with
(B) vehicle controls (VC) or (C) CD45" leukocytes
isolated from brain (n = 5) tissue. Each dot represents a
separate experiment using leukocytes combined from
two to three mouse brains. Mean with standard
deviation. Open symbols indicate data from perfused
animals. Unpaired t test.

B-actin protein is crucial for these processes,”
and thus, more active ACTB transcription in
bone marrow leukocytes may have facilitated
detection of its knockdown compared to other
tissues. Future studies are planned to address
tissue-specific differences in gene suppression
and devise optimal ASO regimens to suppress
target transcripts across relevant tissues. Over-
all, the ACTB ASO formulation demonstrated
the capacity to functionally suppress cellular mRNA transcripts
in vivo particularly in bone marrow leukocytes where the rate of
cell division is quite high.

We were particularly interested in the delivery of the ACTB ASO into
the CD4" T cells that are the cellular targets of HIV infection. In the
majority of tissues assessed, the ACTB ASO could be detected in over
90% of leukocytes, suggesting ample penetration into CD4" T cells.
However, incorporation into CD45" cells within the brain was signif-
icantly lower, requiring us to specifically assess incorporation into
CD4" T cells. We found the same low 1 mg/kg dose resulted in a sig-
nificant frequency of CD4" T cells containing hybridized ACTB ASO
that did not differ significantly from total CD45" brain leukocytes,
suggesting high applicability of the technology for delivery of
ASOs that target HIV sequences to multiple clinically relevant tis-
sues, including hard-to-treat brain tissues, in vivo. In none of the ex-
periments did we see a differential effect of mouse or human donor
sex on results, suggesting the delivery system would be broadly effec-
tive in both sexes.

In summary, this study portends well for the use of our new molec-
ular design for the in vivo delivery of fluorogenic oligonucleotide
probes for therapeutic applications.
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MATERIALS AND METHODS

Antisense oligonucleotide

The non-gapmer ASO sequence for the housekeeping gene ACTB
(B-actin) was comprised of the following 24-nucleotide sequence
5'-CGCGGCGATATCATCATCCATAAC-3', with phosphorothioate
internucleotide linkages throughout terminating with deoxythymi-
dine and a six-carbon spacer and an amino group in the 5’ position
on both ends. The amino groups on the ends of the ASO were reacted
with the same succinimidyl fluorophore, Red Rover (Oncolmmunin,
Inc., Gaithersburg, MD) (to be read in the APC channel) as used pre-
viously, resulting in homo-doubly labeling, then purified by reverse
phase HPLC, lyophilized, and resuspended in phosphate-buffered sa-
line (PBS) as previously described.'” The presence of an H-type exci-
tonic dimer in each ASO was confirmed by spectrophotometry.'®

Toxicity assessment

Male 6- to 8-week-old B6C3F1 mice were dosed with vehicle, 0.5, 2.0,
or 10 mg/kg of homo-doubly labeled phosphorothioate ASO (five
mice per group) via the tail vein. Gross necropsy to collect spleens
and livers and blood collection were performed after 24 h of the
10 mg/kg dose and 7 days after injection for all doses (five groups to-
tal). The ratio of AST/ALT and total white and red cell counts were
assessed in blood. Spleens and livers were scored for histopathology
using the grading scale 0 = no notable findings; 1 = focal, minimal
degree; 2 = diffuse, minimal degree; 3 = diffuse, mild degree for three
separate parameters per sample.

Humanization and ASO treatment of mice

Triple knockout mice were humanized using the BLT method as pre-
viously described.'®' Briefly, 6- to 10-week-old mice were irradiated
with 4.5 Gy before transplantation of 17- to 22-week-gestation hu-
man liver and thymus under the kidney capsule followed by injection
of autologous CD34" progenitor cells. Mice were housed under spe-
cific pathogen-free conditions. To control for sex and donor differ-
ences, male and female humanized mice generated from four human
donors of both sexes were used in experiments. Mice were matured
for >12 weeks and were reconstituted with >2 x 10°> human CD45"
cells/mL of blood. B-actin-specific ASOs were diluted in 0.9% sodium
chloride (Baxter, Mississauga, Canada) prior to intravenous injec-
tion. Animal studies were performed under University of Saskatch-
ewan’s Animal Research Ethics Board protocols 20180079 and
20220025 and adhered to Canadian Council on Animal Care guide-
lines. Human tissues were obtained through anonymous donations
with informed consent via a US-based tissue procurement partner
under the University of Saskatchewan Research Ethics Board Bio
ID-371.

Human leukocyte isolation

Blood was collected into 0.5 M EDTA, diluted in saline (Baxter), and
leukocytes isolated following density centrifugation using Histopa-
que 1077 (Sigma-Aldrich, St. Louis, MO). Thymic organoid, lymph
node, spleen, liver, and brain were all directly passed through
70-pm filters and bone marrow flushed from the long bones of the
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leg using R-10 medium (RPMI-1640 (Cytiva, Marlborough, MA),
10% fetal bovine serum (FBS; Thermo Fisher Scientific, San Diego,
CA), 100 pg/mL Penicillin/Streptomycin (Gibco, Amarillo, TX),
and 1 mM L-Glutamine (Cytiva). Red blood cell (RBC) lysis buffer
(BioLegend, San Diego, CA) was used to lyse residual red cells
from spleen and bone marrow. Liver and brain leukocytes were
further purified by density purification using Percoll (Sigma-
Aldrich, St. Louis, MO). Gut leukocytes were harvested by similarly
digesting PBS (Gibco)-flushed and sectioned intestines before pass-
ing supernatant through a 70-pm cell strainer and purification by
Percoll gradient.

Flow cytometry staining

Isolated leukocytes were stained with LIVE/DEAD Fixable Red
Dead Cell Stain Kit (Thermo Fisher) and anti-human CD45-
eFluor506 (Clone HI30; Thermo Fisher), CD3-eFluor450 (Clone
UCHT]1; Thermo Fisher), CD4-PE-Cy7 (Clone RPA-T4; Thermo
Fisher), and CD8-BV605 (Clone SK1; BD Biosciences, San Jose,
CA) for 15 min at 4°C in the dark before washing with cold PBS
(Cytiva) containing 2% FBS (Thermo Fisher). Samples were fixed
with 2% paraformaldehyde (Sigma-Aldrich) before analysis on a
CytoFLEX (V5-B5-R3) flow cytometer (Beckman Coulter, Brea,
CA). Data analysis was performed using FlowJo 10.10.0 software
(BD Biosciences).

Quantitative RT-PCR

Isolated leukocytes were depleted of mouse cells by negative selection
using anti-mouse CD45 and Ter-119 microbeads (Miltenyi, Gai-
thersburg, MA). Then, RNA was isolated from a maximum of
500K human leukocytes using a RNease mini-isolation kit (Qiagen,
Hilden, Germany). Relative levels of ACTB mRNA were determined
using iTaq Universal SYBR Green One Step Kit (BioRad) with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a house-
keeping control. In brief, 40 ng of RNA was added to 20 pL of
iTaq master mix containing 250 nM primers for either ACTB (FP:
5" AGAGCTACGAGCTGCCTGAC 3’; RP 5 AGTACTTGCGCTC
AGGAGGA 3’; annealing temperature 63°C) or GAPDH (FP 5
CCACAGTCCATGCCATCACT 3; RP 5 ATGCCAGTGAGCTT
CCCG 3’; annealing temperature 55°C). Sample runs followed man-
ufacturer’s recommended program for a Step One Plus thermal
cycler (Applied Biosystems, Waltham, MA). Relative gene expres-
sion was calculated using 2~ 24¢T.

Confocal imaging

Leukocytes isolated from mice were stained with anti-human
CD45-A488 antibody (Clone HI30; BioLegend) as described in
the flow cytometry staining section. Cells were fixed in 2% parafor-
maldehyde (PFA) (Sigma-Aldrich) for a minimum of 2 h, then re-
suspended in 200 pL of PBS (Cytiva), and stored in the dark at 4°C.
Samples were mounted on Superfrost Plus microscope slides using
a Cytospin 4 (Thermo Fisher). In brief, prepared samples were
centrifuged at 70 x g for 3 min, then sealed with DAPI-containing
ProLong Diamond Antifade self-sealing mountant (Thermo
Fisher) and a coverslip (Thermo Fisher). Imaging was performed
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on a Zeiss LSM 700 microscope utilizing ZEN Black software (Zeiss,
Oberkochen, Germany). Microscope settings were identical for all
image collection.

Graphing and statistical analysis

Shapiro-Wilk test of normality and parametric one-way ANOVA
with Tukey’s or Dunnett’s multiple comparisons test were per-
formed. p < 0.05 was considered statistically significant. Statistics
were performed using Prism 10.2.2 (GraphPad, San Diego, CA).
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