
Original Article
Dendritic amphiphilic siRNA: Selective albumin
binding, in vivo efficacy, and low toxicity
Hassan H. Fakih,1,2 Qi Tang,2 Ashley Summers,2 Minwook Shin,2,3 Julianna E. Buchwald,2 Rosemary Gagnon,2

Vignesh N. Hariharan,2 Dimas Echeverria,2 David A. Cooper,2 Jonathan K. Watts,2 Anastasia Khvorova,2

and Hanadi F. Sleiman1

1Department of Chemistry, McGill University, Montreal, QC H3A 0B8, Canada; 2RNA Therapeutics Institute, University of Massachusetts Chan Medical School,

Worcester, MA 01605, USA; 3College of Pharmacy, Sookmyung Women’s University, Yongsan-gu, Seoul, Korea
Although an increasing number of small interfering RNA
(siRNA) therapies are reaching the market, the challenge of
efficient extra-hepatic delivery continues to limit their full
therapeutic potential. Drug delivery vehicles and hydrophobic
conjugates are being used to overcome the delivery bottleneck.
Previously, we reported a novel dendritic conjugate that can be
appended efficiently to oligonucleotides, allowing them to bind
albumin with nanomolar affinity. Here, we explore the ability
of this novel albumin-binding conjugate to improve the deliv-
ery of siRNA in vivo. We demonstrate that the conjugate binds
albumin exclusively in circulation and extravasates to various
organs, enabling effective gene silencing. Notably, we show
that the conjugate achieves a balance between hydrophobicity
and safety, as it significantly reduces the side effects associated
with siRNA interactions with blood components, which are
commonly observed in some hydrophobically conjugated
siRNAs. In addition, it reduces siRNAmonocyte uptake, which
may lead to cytokine/inflammatory responses. This work show-
cases the potential of using this dendritic conjugate as a selec-
tive albumin binding handle for the effective and safe delivery
of nucleic acid therapeutics. We envision that these properties
may pave the way for new opportunities to overcome delivery
hurdles of oligonucleotides in future applications.
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INTRODUCTION
The interaction of therapeutic oligonucleotides with proteins in
bodily fluids has a major influence on their pharmacokinetic and
pharmacodynamic properties.1,2 These interactions result in the
adhesion of the proteins to oligonucleotides, thus altering the physical
properties of the therapeutic modalities including their charge,
size, shape, and surface chemistry. These properties can ultimately
influence their biodistribution and therapeutic action in vivo.3–5

This has been observed for simple chemical modifications to the
sequence of oligonucleotides, such as phosphorothioate (PS)-modi-
fied backbones, as well as conjugates and nanoparticles (e.g.,
GalNAc, lipid nanoparticles) carrying these therapeutics.1,3,6–9 In
most cases, the binding of the oligonucleotides to serum proteins is
not specific, which limits our understanding of each protein’s role
and influence.
This is an open access article under the CC BY-N
The adhesion of biomolecules and proteins to the surface of therapeu-
tics is not always correlated with negative outcomes.8 Albumin, which
accounts for 60% of total protein content in blood and interstitial
tissues, represents an attractive protein target because of its ability
to increase the half-life of therapeutics, improve pharmacokinetics,
and aid their accumulation in solid tumors.10 For example, albumin
has been used in the U.S. Food and Drug Administration (FDA)-
approved drug Abraxane, in which albumin-bound paclitaxel
particles improve tumor delivery and efficacy compared with pacli-
taxel itself.11 This is attributed to the albumin-increased localization
in tumors via transcytosis-based transport, on the basis of albumin’s
receptor (gp60) and increased secretion of SPARC (secreted protein
acidic and rich in cysteine) by tumors, a protein with high affinity
to albumin.12–14 Binding to albumin has been shown to improve
the biodistribution of antisense oligonucleotides (ASOs), as it enables
them to circulate to various organs such as interstitial tissues, liver,
heart, lung, lymph nodes, and tumors.10,11 Additionally, therapeutics
have an increased half-life in circulation when albumin bound. This is
a result of the non-degradative cellular uptake pathway via neonatal
Fc receptor (FcRn) that rescues albumin from degradation in the
lysosome and shuttles it back into circulation.10,11,15 This has led to
increased interest in the use of albumin for various applications,
including nucleic acid therapeutics for tumor delivery, vaccine
adjuvants, and improving extravasation to organs.15–17

However, careful design of albumin-binding ligands should be
considered, as binding affinity and structure plays a pivotal role in
cellular uptake and efficacy.18 As albumin binds fatty acids, hydro-
phobic units need to be conjugated to oligonucleotides for albumin
targeting. However, the precise design of these lipidic/hydrophobic
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conjugates is essential, as they can also result in binding to other pro-
teins in circulation.19,20 Multiple studies have reported that changes
in the design of conjugates intended to bind albumin, drastically
impact their affinity and active delivery in vitro.19,21 Hence, strong,
selective, and carefully designed albumin-binding moieties are attrac-
tive modalities to append to nucleic acid therapeutics.20

We have previously developed a dendritic amphiphilic structure
(Dendritic-1, abbreviated D in this study), that can be efficiently syn-
thesized and appended to oligonucleotides in an automated fashion.22

Despite its amphiphilic nature, the dendritic conjugate is completely
soluble in an aqueous solution and does not aggregate or assemble
into nanoparticles.22 More interestingly, we showed that the conju-
gate by itself mediates exclusive albumin binding in serum with nano-
molar affinity (Kd = 41 nM) in vitro, which was determined via surface
plasmon resonance.18 Such albumin-binding affinity and specificity
reduce the probability of dynamic exchange between bound albumin
and other serum proteins and encourage the exploration of its pri-
mary influence on the pharmacokinetics/dynamics of oligonucleo-
tides.23 We recently also performed a detailed cellular assessment
on the impact of D-oligonucleotides, showing that they increase
oligonucleotide stability, decrease non-specific cellular uptake and
macrophage sequestering, and do not affect the silencing activity
of the conjugated therapeutics in cells (both ASO and small inter-
fering ribonucleic acid [siRNA]).18,24 To explore the potential of
D-oligonucleotides and the effect of binding albumin, in vivo exper-
iments to assess their native interactions with proteins in circulation
and to determine their biodistribution and their gene silencing
activity are essential.

In this work, we investigate the properties and effect of the high-affin-
ity albumin-binding dendritic conjugate D when attached to chemi-
cally stabilized siRNAs in vivo. We first assess the protein-binding
profile in vivo, using size exclusion chromatography (SEC), by
comparing dendritic-siRNA (D-siRNA) to an unconjugated siRNA
(Unc-siRNA) and to a lipid-conjugated, lipoprotein-binding siRNA
(docosanoic acid [DCA]; DCA-siRNA), which has previously shown
potent gene activity in vivo.9,25 We show that the D-siRNA selectively
binds albumin, in comparison with DCA-siRNA, which binds pre-
dominantly to low-density lipoprotein (LDL)/high-density lipopro-
tein (HDL). Then, we study the biodistribution and silencing ability
of D-siRNAs, and the data show promising efficacy in many organs
(liver, heart, fat, injection site/back skin). Notably, the efficacy in
the local injection site (dorsal skin) was particularly enhanced
compared with the control DCA-siRNA conjugate tested. Gene
silencing results for D-siRNA differ from the biodistribution/accu-
mulation profile, measured using peptide nucleic acid (PNA) hybrid-
ization assay, and enhanced delivery is observed compared with DCA
in the liver, kidney, distal skin, and adrenal glands. An initial toxicity
screen via blood chemistry and complete blood count (CBC) at an
increased dose showed no significant alterations compared with
DCA, which shows a platelet decrease, indicating a better safety pro-
file of the dendritic conjugate compared with more hydrophobic en-
tities. Flow cytometry analysis following systemic injection shows that
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the dendritic conjugate reduces siRNA uptake into innate immune
cells compared with the cholesterol conjugate. Hence, the work pre-
sented demonstrates the efficacy and safety of the dendritic moiety
as an attractive conjugate for nucleic acid therapeutics, with selective
albumin binding and a better safety profile.

RESULTS
D-siRNA has a favorable balance between hydrophobicity and

hydrophilicity, with a selective protein-binding profile to albumin

We were interested in investigating the serum protein binding prop-
erties of D-siRNA, by performing a lipoprotein-binding profile study
using SEC, as previously developed by Osborn et al.9 The binding pro-
file of a conjugate partly depends on its hydrophobicity, where more
hydrophobic conjugates (e.g., docosanoic acid [DCA]) bind to LDL
and LDL in plasma and to a lesser extent with albumin.9 The dendritic
moiety is larger and has more aliphatic material (69 carbons)
compared with DCA (28 carbons). However, the multiple phosphates
that punctuate the structure of the conjugate, in addition to the
terminal hydroxyl group, lead to increased aqueous solubility
and prevention of aggregation.18,24 D-siRNA is less hydrophobic
than DCA-siRNA, which is evident from lower retention when
analyzed by reverse-phase high-performance liquid chromatography
(RP-HPLC) (Figure 1A).

Following the hydrophobicity comparison by HPLC, we examined
the serum protein-binding profile of each conjugate post-injection
in mice as previously described.9 Previously, we have demonstrated
the ability of the dendritic moiety to bind albumin tightly and selec-
tively in vitro when conjugated to oligonucleotides (Figure S2).18,24

However, many hydrophobic conjugates will show albumin binding
when measured in a test tube or in vitro that does not necessarily
translate to in vivo binding.9 Hence, we wanted to validate albumin
binding from directly injected mice. Briefly, animals were injected
either subcutaneously (s.c.) or intravenously (i.v.) with Cy3-labeled
D-siRNA or DCA-siRNA at a dose of 10 mg/kg, and plasma was
collected 15 min (for i.v.) and 60 min (for s.c.) post-injection. The
time points were chosen to maximize the compounds circulating
levels in the blood, as previously observed for those routes of admin-
istration.26 Cy3 label for D-siRNA was placed between the 50 end of
the sense strand and the dendritic conjugate, to ensure no degradation
or artifacts in the data.

The plasma was then fractionated using SEC and, the Cy3-siRNA
elution time was monitored (at 570 nm). The elusion profile on a su-
crose 6 size exclusion column for multiple major plasma proteins
(HDL, very low density lipoprotein [VLDL], LDL, albumin/globulins)
was previously established.9 D-siRNA following injection into mice
shows a sharp peak with a retention time at 67 min, which overlaps
with that of albumin, compared with DCA-siRNA, which has a multi-
protein-binding profile associated mostly with LDL and HDL (Fig-
ure 1B). The protein binding trend was consistent in both routes of
administration. These data confirm the selective and high-affinity
binding to albumin, which is hypothesized to dictate its behavior
in vivo as it did in vitro.18,24
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Figure 1. Physical properties of D-siRNAs

(A) Structure of the dendritic, docosanoic, and unconjugated siRNA tested for its hydrophobicity/retention time on high-performance liquid chromatography (HPLC), showing

different retention times. (B) D-siRNA, DCA-siRNA, and siRNA were Cyanine-3 labeled and injected in vivo via subcutaneous or i.v. injection in mice (n = 2), and plasma was

collected at 1 h or 15 min post-injection, respectively. Plasma was run on size exclusion chromatography (SEC), plasma proteins were monitored at 280 nm, and Cy3 labeled

oligonucleotides were monitored at 570 nm, as previously reported. Elution signals were normalized to the highest peak.9.
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D-siRNA is active across multiple organs

To study the in vivo biodistribution and gene silencing efficacy of
D-siRNA, we conjugated the dendritic moiety to fully chemically
modified siRNAs targeting the ubiquitously expressed target Hun-
tingtin (Htt).27 We s.c. (dorsal skin) injected female mice with a single
dose of 20 mg/kg non-targeting control (NTC)-DCA-siRNA, target-
ing positive control Htt-DCA-siRNA, or albumin-binding Htt-D-
siRNA. Then, mRNA levels of Htt and Hprt (hypoxanthine-guanine
phosphoribosyl transferase; a housekeeping gene) were measured
1 week post-injection in the major organs (Figure 2A). The data
show significant silencing (compared with NTC) of the albumin-
binding siRNA in the liver, dorsal skin (injection site), heart, adrenal
glands, and fat.
Weperformed a previously reported PNA hybridization assay to quan-
tify the Htt-antisense strand from the same experiment, to compare the
silencing to biodistribution, as well as tissue retention (Figure 2B).26We
found that D-siRNA distributes and retains in a range of organs at
1 week post-injection. Particularly, it a similar distribution profile as
DCA-siRNA, showing accumulation in organs such as liver, heart,
and lung. Interestingly, some organs’ distribution did not always corre-
late with silencing efficacy. For example, D-siRNA was more active in
gene silencing in the skin but accumulated to amuch lesser extent, indi-
cating that D-siRNA enters the blood stream faster and does not get
stuck in the injection site. We also compared the distribution of siRNA,
DCA-siRNA, and D-siRNA in major organs at 24 h post-injection and
one week, showing the same distribution profile between time points,
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 2. Measuring in vivo silencing activity of the dendritic conjugate, along with the standard DCA conjugate targeting Htt mRNA in mice

(A) Measurement of mRNA levels of Huntingtin gene in various organs using QuantiGene (Affymetrix), normalized to a housekeeping gene, Hprt (hypoxanthine-guanine

phosphoribosyl transferase) and presented as percentage of NTC control (mean ± SD). (B) Bar graph showing accumulation of conjugate siRNA using PNA hybridization

assay. mRNA levels and siRNA accumulation were from the same experiment, in which female mice (20 mg/kg; n = 5 or 6 mice per group ± SD) were injected a single

subcutaneous injection of each compound and analyzed following 1 week. Data analysis: multiple comparisons, one-way ANOVA, Dunnett test (*p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001). Distribution data analysis (B) is based on a t test.
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with only a decrease in kidney accumulation for both conjugates be-
tween 24 h and one week post-injection (Figure S3).

Localization of D-siRNA in the tissues mentioned could be explained
by the formationof albumin in the liver, and its increased circulation in
interstitial tissues/spaces of the skin, muscle, lung, heart, kidneys, and
spleen.11,28,29 Apart from the liver, these organs have a continuous
endothelium that expresses gp60 abundantly, which is the albumin-
binding glycoprotein that could also explain the localization
observed.13 Albumin is also an ample component of lung lining fluids
(concentration of about 10% of that found in serum)30,31 This opens
up the potential to harness the ability to hijack albumin’s bio-
distribution to target these organs and spaces.15

D-siRNA shows a dose-dependent activity in vivo, validated

against another target, CD47

We further confirmed the in vivo activity of D-siRNAs against a
second target, CD47. CD47 is another ubiquitously expressed protein
which allows the examination of activity in various organs.32,33

As some Htt mRNA can be located in the nucleus as previously re-
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ported,34 measuring CD47 mRNA silencing might tease out subtle
differences in activity between the studied conjugates. In this study,
we also performed the experiment with a decreasing dose of the
D-siRNA, ranging from 20 to 5 mg/kg. We observed a dose-depen-
dent silencing of CD47 mRNA with D-siRNA (Figure 3), to a similar
extent observed in targeting Htt mRNA, confirming the decrease in
mRNA is due to silencing.

D-siRNA has a better safety profile

We evaluated the general safety profile of D-siRNA in vivo. Mice
were injected with an escalating dose of 100 mg/kg, the blood chem-
istry diagnostics and CBC were performed at 24 h. The data showed
no detectable alteration of parameters in D-siRNA-injected mice
compared with PBS-injected mice (Figure 4). However, an obvious
platelet level decrease was observed with DCA-siRNA but not with
D-siRNA, suggesting the dendritic conjugate may be a desirable moi-
ety for improving the safety profile of therapeutic oligonucleotide.

Following this result, we further investigated whether D-siRNA may
offer a better safety profile in reducing potential immune responses



Figure 3. Dose-response activity in vivo of the

dendritic conjugate targeting CD47 mRNA in mice

Measurement of mRNA levels of Huntingtin gene in

various organs using QuantiGene (Affymetrix), normalized

to a housekeeping gene, Hprt (hypoxanthine-guanine

phosphoribosyl transferase) and presented as percentage

of NTC control (mean ± SD). Female mice (20 mg/kg;

n = 5 mice per group ± SD) were injected with a single

subcutaneous injection of each compound/dose and

analyzed following 1 week. Data analysis: multiple

comparisons, one-way ANOVA, Dunnett test (*p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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that are commonly associated with conjugated oligonucleotide thera-
peutics. Hydrophobic conjugates, such as cholesterol and DCA, stim-
ulate the innate immune system as they are taken up by monocytes
and leukocytes.35–38 We previously reported that DCA- and choles-
terol-conjugated siRNA have similar accumulation in bone marrow
anduptake into immune cells, withDCAhaving slightly decreased up-
take compared with cholesterol.38

Here, we performed a similar study, in which we examined the uptake
of Cy3-labeled D-siRNA in the bone marrow and spleen, compared
with cholesterol-siRNA using flow cytometry. Twenty-four hours af-
ter s.c. injection, the bone marrow and spleen of mice were collected
and stained for lymphocytes and subtypes of leukocytes, to assess a
broad profile of immune cell uptake. The gating strategy (Figure 5A)
consists of first selecting singlet cells (forward scatter height [FSC-H]
vs. forward scatter area [FSC-A]), followed by live immune cells
(SYTOX Blue�/CD45+). Then, lymphocytes (CD11b�) and leuko-
cytes (CD11b+) were segregated. Leukocytes were further dissected
into sub-populations of neutrophils (CD11c�, GR-1+), eosinophils
(CD11c�, GR-1�), and CD11c+ monocytes. Dendritic cells (F40/
80�) and macrophages (F40/80+) were gated from CD11c+ cells in
the spleen only (low count in bone marrow). Lymphocytes were
segregated into T cells (CD19�, CD3+) and B cells (CD19+, CD3�).
The fraction and intensity of Cy3-labeled siRNAs in each cell popu-
lation were then analyzed using FlowJo software (Figures 5B and 5C).

D-siRNA shows a significantly decreased uptake into all types of im-
mune cells in comparison with cholesterol-siRNAs, in both the spleen
and bone marrow. Specifically, D-siRNA has a significantly decreased
uptake in leukocytes of the spleen and bone marrow overall, as well as
the macrophage sub-population in the spleen, which are responsible
for cytokine response in the innate immune system. Decreased uptake
of D-siRNA into macrophages was also visualized using microscopy
of macrophages treated with siRNAs in vitro for 24 h (Figure S4). This
supports the notion that the amphiphilic dendritic conjugate is an
effective and safer alternative to other more hydrophobic conjugates
(e.g., DCA and cholesterol).38

DISCUSSION
Harnessing the properties of albumin, such as long circulation half-
life and transcytosis, is a promising strategy for nucleic acid therapeu-
tics.3,11,15 We have previously developed the dendritic conjugate,
which is a unique, amphiphilic chemical moiety that can be grown
on a DNA synthesizer in an efficient, sequence-specific, and auto-
mated fashion. We demonstrated that it binds albumin in nanomolar
affinity in vitro, while retaining full gene silencing activity when con-
jugated to ASOs or siRNAs. The binding affinity (Kd = 41 nM) of this
dendritic conjugate outperforms most albumin-binding ligands re-
ported in the literature (50 mM to 50 nM), including that of semaglu-
tide (a drug developed by Novo Nordisk).18,24,39

In this work, we first confirmed that the dendritic conjugate binds al-
bumin exclusively once injected in vivo, using an SEC-based protein
binding experiment (Figure 1B). The data suggest that D-siRNA
binds tightly to albumin and likely circulates as a protein-RNA com-
plex in the blood until it extravasates into various organs and tissues.
This observation appears to be independent of the routes of adminis-
tration (i.e., s.c. or i.v.). A hydrophobic DCA conjugate, which has
previously demonstrated potent silencing activity was used as a refer-
ence in this work. We demonstrate that the dendritic conjugate is
more hydrophilic than DCA, which might be one of the properties
to limit its interactions with HDL/LDL in plasma and to avoid unde-
sired aggregation, a feature common to hydrophobic conjugates (e.g.,
cholesterol) (Figure 1A).9 This might be attributed to the phosphates
and hydroxyl groups present in the D-conjugate that increase its
hydrophilicity, even if it is larger in size and has more aliphatic
components than DCA (Figure 1A).18 Thus, engineering therapeutic
oligonucleotides with a balance between hydrophobicity and
hydrophilicity might represent an important direction to improve
their efficacy, distribution, and safety properties, as demonstrated
in this work.

We assessed the silencing activity of D-siRNA by appending it to fully
chemically modified siRNAs that target Htt mRNA, to assess body-
wide activity. We compared the silencing activity of D-siRNAs with
that of DCA-siRNAs, which have been shown to have silencing effi-
cacy in a wide range of organs.9,25,27 D-siRNAs showed efficient activ-
ity across multiple organs, especially in the liver, dorsal skin, adrenal
glands, and fat (Figure 2A). This is the first in vivo silencing efficacy
performed for this dendritic conjugate, demonstrating its efficient
RNA-induced silencing complex (RISC) loading and gene silencing
efficacy.9,27 It is worth noting that the dendritic conjugate is placed
on the 50 end of the sense strand as it is grown via phosphoramidites
in a sequential and automated fashion, and that the DCA conjugate is
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 4. Safety of the dendritic conjugate

(A) Monitoring the body weight of mice injected with various siRNAs, demonstrating consistent body weight with no apparent changes. (B) Blood chemistry and complete

blood count of mice (c56bl/6, male, n = 3) injected with DCA-siRNA or D-siRNA at 100 mg/kg, demonstrating a tolerated increased dose for D-siRNAs compared with DCA-

siRNA that induces a platelet decrease. Bloodwas collected 24 h after subcutaneous injection. (C) Representative histology images of livers and kidneys that are H&E stained,

showing no noticeable change or toxicity compared with control injected mice. Tile scans at 10� have a scale bar of 1 mm, and 40� images have a scale bar of 50 mm.
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placed on the 30 end of the sense strand as it is grown from a solid sup-
port.18,27 We showed that the efficacy of siRNAs is identical whether
the dendritic conjugate is placed on the 50 or 30 end, in vitro (Fig-
ure S1). This was done by synthesizing the D-siRNA using reverse
amidites.

A PNA hybridization assay was performed to showcase the bio-
distribution of the Htt-siRNA. We found that D-siRNA distributed
extra-hepatically to a number of organs, and was more present in
the liver and kidney than DCA-siRNA while exhibiting similar activ-
ities (Figure 2B). Interestingly, it also showed a similar distribution in
the local injection site (dorsal skin), but D-siRNA was significantly
more active. This indicates that tissue accumulation and silencing ef-
ficacy do not always correlate, as has been previously reported.27,40

Increased silencing in the dorsal skin or liver could be explained by
increased cellular uptake into various cell types while having similar
total organ accumulation. In other words, organ accumulation itself
is not enough to produce efficacy, as non-degradative cellular uptake
is still required in such organs. Albumin is known for its transcytosis
uptake via gp60 and FcRn receptor, and endosomal/lysosomal escape
following via the neonatal FcRn receptor that rescues it from that
environment.14,41 These receptors are expressed in many organs
including liver, lung, and skin.20 Hence, increased activity in the dor-
sal skin could be a result of a more effective cellular uptake of the
D-siRNAs and localization into the cytoplasm for RISC loading.

As the dendritic conjugate has a lower hydrophobic profile, we were
interested to assess its impact on the safety profile of interacting with
blood components.9,35 It is known that increased hydrophobicity of
siRNA conjugates can cause side effects at higher doses, and lead to
a cytokine and inflammatory response.9,35,38 We assessed the impact
of D-siRNA on blood chemistry and CBC at 24 h post-injection. At
100 mg/kg escalated dose, the dendritic conjugate showed no detect-
able alteration to themeasured parameters, while DCA-siRNA caused
a significant decrease in platelet count, which might be of a concern
from safety perspective as it might cause thrombocytopenia. This sug-
gests that the safety profile of D-siRNA is superior to certain hydro-
phobic conjugates due to its clean blood diagnostics at an escalated
dose of 100 mg/kg (Figure 4).

Cytokine and inflammatory innate immune response are known to
happen with certain hydrophobic conjugates such as cholesterol.35–38

We previously reported that DCA and cholesterol-conjugated siRNA
have similar accumulation in the bone marrow and uptake into im-
mune cells, which is responsible for these inflammatory responses.38

Even when DCA was modified with a positively charged molecule to
improve its solubility (PC-DCA), it only slightly decreased the uptake
into monocytes compared with cholesterol.38 Here, we conducted a
Figure 5. Investigating immune cell uptake of D-siRNA

Flow cytometry analysis of spleen and bone marrow cells of mice (n = 3) 24 h post-in

scheme in this experiment. (B and C) Frequency distribution histogram of Cy3 fluorescen

graph (right) in the (B) spleen and (C) bone. p values describe statistically significant diff

and ****p < 0.0001). Percentage numbers in flow panels refer to percentage positive c
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similar, but more comprehensive study to check whether the den-
dritic conjugate decreases immune cell uptake in both the bone
marrow and the spleen, in comparison with cholesterol (Figure 5).
Indeed, a large decrease in uptake into leukocytes and lymphocytes
is observed with the D-siRNA in comparison with the immunostimu-
latory cholesterol-siRNA. The decrease is across multiple cell types,
including neutrophils, dendritic cells, and macrophages (in the
spleen). This further supports the safety profile and advantage of
utilizing the dendritic conjugate, which supports desirable safe and
efficient gene silencing properties.

In conclusion, we have tested, for the first time, the impact of albu-
min-binding dendritic moiety on the biodistribution and safety prop-
erties of therapeutic siRNAs in vivo. The data demonstrated that this
dendritic conjugate supports selective binding to albumin following
i.v. or s.c. injections. The biodistribution profile and activity of
D-siRNA were assessed, showing a relatively broad distribution pro-
file when injected systemically with significant gene silencing activity
compared with the NTC. The broad distribution is a result of albumin
binding, which improves circulation and reduces kidney clearance. Its
activity was comparable with that of the previously studied DCA-
siRNA compound, with better performance in some organs (adrenal,
local injection site) at the time point studied (1 week). Additionally, it
has an improved safety profile, with no detectable side effects from
blood diagnostics, histology, or animal body weight. Moreover, the
dendritic conjugate reduces siRNA accumulation in immune cells,
which may lead to cytokine and inflammatory responses. This excel-
lent safety profile of D-siRNAs comes from the albumin-binding abil-
ity, which enhances stability and decreases immune cell uptake,
possibly by masking the negative charge of the oligonucleotide that
can lead to uptake into immune cells via scavenger receptors.42,43

The ease of manufacturing of these sequence-controlled conjugates
with exclusive binding to albumin and effective silencing are attrac-
tive avenues for the field of therapeutic oligonucleotides, where appli-
cations for these properties are currently being pursued. Careful
design and engineering of hydrophobic conjugates is an avenue worth
exploring to control protein binding and further improve on effica-
cious delivery and safety.

MATERIALS AND METHODS
Oligonucleotide synthesis

Oligonucleotides were synthesized on a MerMade 6/12 synthesizer
(BioAutomation) and AKTA Oligopilot 100 (GE Healthcare Life
Sciences) following standard protocols. In brief, conjugated sense
strands were synthesized at 5–20 mmol scales on custom-synthesized
lipid-functionalized controlledpore glass (CPG) supports forDCAcon-
jugate.9,25,27 For the dendritic sense strand, synthesis was on CPG func-
tionalized with UnyLinker (ChemGenes) and commercially available
jection subcutaneously with Cy3-labeled Htt-D-siRNA or Chol-D-siRNA. (A) Gating

ce intensity in different cells (left) and normalized geometric fluorescence intensity bar

erences relative to PBS control (2-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001,

ells followed by the number of cells in the positive population.



Table 1. Oligonucleotide sequences synthesized and used in the project

Strands Sequence (50 to 30)

D-sense (HTT targeting) (C12)(SB)(C6)(SB)(dT)(dT)(mC)#(mA)#(mG)(mU)(fA)(fA)(fA)(mG)(fA)(mG)(mA)(mU)(mU)#(mA)#(mA)

DCA-sense (HTT targeting) (mC)#(mA)#(mG)(mU)(fA)(fA)(fA)(mG)(fA)(mG)(mA)(mU)(mU)#(mA)#(mA)(dT)(dT)-DCA

Antisense (HTT targeting) V(mU)#(fU)#(mA)(mA)(mU)(fC)(mU)(mC)(mU)(mU)(mU)(mA)(mC)#(fU)#(mG)#(fA)#(mU)#(mA)#(mU)#(fA)

DCA-NTC-sense (HTT experiment) (mU)#(mG)#(mA)(mC)(fA)(fA)(fA)(mU)(fA)(mC)(mG)(mA)(mU)#(mU)#(mA)(dT)(dT)-DCA

NTC-antisense (HTT experiment) V(mU)#(fA)#(mA)(mU)(mC)(fG)(mU)(mA)(mU)(mU)(mU)(mG)(mU)#(fC)#(mA)#(fA)#(mU)#(mC)#(mA)#(fU)

D-sense (CD47 targeting) (C12)(SB)(C6)(S)(dT)(dT)(mU)#(mC)#(mA)(fC)(mA)(fU)(mA)(fA)(mA)(fU)(mG)(mA)(mU)(fU)#(mA)#(mA)

DCA-sense (CD47 targeting) (mU)#(mC)#(mA)(fC)(mA)(fU)(mA)(fA)(mA)(fU)(mG)(mA)(mU)(fU)#(mA)#(mA) (dT)(dT)-DCA

Antisense (CD47 targeting) V(mU)#(fU)#(mA)(fA)(fU)(fC)(mA)(fU)(mU)(fU)(mA)(fU)(mG)(fU)#(mG)#(fA)#(mC)#(mU)#(mU)#(fU)#(mU)

D-NTC-sense (CD47 experiment) (C12)(SB)(C6)(S)(dT)(dT)(mA)#(mU)#(mU)(fG)(mA)(fC)(mA)(fA)(mA)(fU)(mA)(mC)(mG)(fA)#(mU)#(mA)

NTC-antisense (CD47 experiment) V(mU)#(fA)#(mU)(fC)(fG)(fU)(mA)(fU)(mU)(fU)(mG)(fU)(mC)(fA)#(mA)#(fU)#(mC)#(mU)#(mU)#(fU)#(mU)

D-sense (protein binding experiment)
(C12)(SB)(C6)(S)(dT)(dT)(Cy3)#(mG)#(mU)#(mA)(fC)(mA)(fA)(mA)(fG)(mG)(fA)(mA)(mU)(mC)(fU)#(mG)
#(mA)

DCA-sense (protein binding experiment) (Cy3)#(mG)#(mU)#(mA)(fC)(mA)(fA)(mA)(fG)(mG)(fA)(mA)(mU)(mC)(fU)#(mG)#(mA)(dT)(dT)-DCA

Sense (protein binding experiment) (Cy3)#(mG)#(mU)#(mA)(fC)(mA)(fA)(mA)(fG)(mG)(fA)(mA)(mU)(mC)(fU)#(mG)#(mA)(dT)(dT)

Antisense (protein binding experiment) V(mU)#(fC)#(mA)(fG)(fA)(fU)(mU)(fC)(mC)(fU)(mU)(fU)(mG)(fU)#(mA)#(fC)#(mU)#(mU)#(mC)#(fA)#(mU)

Chol-sense (HTT targeting) (mC)#(mA)#(mG)(mU)(fA)(fA)(fA)(mG)(fA)(mG)(mA)(mU)(mU)#(mA)#(mA)(dT)(dT)-Chol

#, PS backbone; m, 20-o-methyl; f, 20-fluoro; C12, hexaethylene spacer; C6, triethylene spacer; SB, symmetrical branching, I(E)-vinylphosphonate)
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amidites (Cy3, C6, C12, and symmetrical branching from ChemGenes
and Glen Research) were used to build the dendritic moiety on the 50

end as previously described.18,24 All sense strands had a 2dT spacer in
between the strand and the conjugate. Antisense strands were synthe-
sized on CPG functionalized with UnyLinker. They were first depro-
tected with a solution of bromotrimethylsilane/pyridine (3:2 v/v) in
dichloromethane for the I-vinylphosphonate deprotection, then cleaved
and deprotected with 28% aqueous ammonium hydroxide solution for
20 h at 60�C. All strands were cleaved and deprotected using 28%
aqueous ammonium hydroxide solution for 20 h at 60�C, followed by
drying under vacuum at 60�C, and resuspended in Millipore H2O. Ol-
igonucleotides were purified using an Agilent Prostar System (Agilent
Technologies, Santa Clara, CA) over a C18 column for lipid-conjugated
sense strands and over an ion-exchange column for antisense strands.
Purified oligonucleotides were desalted by SEC and characterized by
liquid chromatography-mass spectrometry (LC/MS) analysis on an
Agilent 6530 accurate-mass quadrupole time-of-flight (Q-TOF) LC/
MS (Agilent Technologies).

Sequences of the compounds and their modifications are in Table 1

Injection of lipid-conjugated siRNAs into mice

Animal experiments of siRNA conjugates were performed in accor-
dance with animal care ethics approval and guidelines of University
of Massachusetts Medical School Institutional Animal Care and
Use Committee (IACUC; protocol #202000010) at the RNA Thera-
peutics Institute. In all experiments, 7- to 8-week-old female FVB/
NJ mice (The Jackson Laboratory) were used and were injected s.c.
or i.v. with either NTC siRNA or lipid-conjugated siRNA (n = 5 or
6 per group) at a concentration of 20 mg/kg unless specified.
For distribution studies, 3 mice per sample were injected. For the ef-
ficacy studies, 5–8 mice per sample per gene were studied. For the
toxicity studies, 3 mice per sample were injected.

In vivo mRNA silencing experiments

At 1 week post-injection, mice were euthanized and perfused with
PBS. Tissues were collected and stored in RNAlater (Sigma-
Aldrich) at 4�C overnight. mRNA was quantified using the
QuantiGene (QG) 2.0 Assay (Affymetrix). The 1.5 mm punches
(three punches per tissue) were placed in QIAGEN Collection Micro-
tubes holding 3 mm tungsten beads and lysed in 300 mL Homogenizi-
ng Buffer (Affymetrix) containing 0.2 mg/mL Proteinase K (Invitro-
gen) using a QIAGEN TissueLyser II. Samples were then centrifuged
at 1,000� g for 10 min and incubated for 1 h at 55�C to 60�C. Lysates
and diluted probe sets (mouse Htt, mouse Ppib, or mouse Hprt) were
added to the branched DNA (bDNA) capture plate, and signal was
amplified and detected as described previously.44 Luminescence was
detected on a Tecan M1000 (Tecan, Morrisville, NC).

PNA hybridization assay

Tissue concentrations of antisense strands were determined using a
PNA hybridization assay.25,26 Tissues punches were placed in
QIAGEN Collection Microtubes holding 3 mm tungsten beads and
lysed in 300 mL MasterPure tissue lysis solution (EpiCentre) contain-
ing 0.2 mg/mL Proteinase K using a QIAGEN TissueLyser II. Lysates
were then centrifuged at 1,000 � g for 10 min and incubated for 1 h
at 55�C to 60�C. Sodium dodecyl sulfate (SDS) was precipitated
from lysates by adding 20 mL 3 M potassium chloride and pelleted
centrifugation at 5,000� g for 15 min. Conjugated siRNAs in cleared
supernatant were hybridized to a Cy3-labeled PNA probe fully
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complementary to the antisense strand (PNABio, Thousand Oaks,
CA). Samples were analyzed using HPLC (Agilent) over a
DNAPac PA100 anion-exchange column (Thermo Fisher Scientific)
in a gradient of sodium perchlorate, as follows: buffer A: 50% water,
50% acetonitrile, 25 mM Tris-HCl (pH 8.5), 1 mM ethylenediamine-
tetraacetate; buffer B: 800 mM sodium perchlorate in buffer A.
Gradient conditions were as follows: 10% buffer B within 4 min,
50% buffer B for 1 min, and 50%–100% buffer B within 5 min. Cy3
fluorescence was monitored and peaks integrated. Final concentra-
tions were ascertained using calibration curves generated by spiking
known quantities of lipid-conjugated siRNA into tissue lysates from
an untreated animal. Spiked samples for calibration and experimental
samples were processed and analyzed under the same laboratory
conditions.

Microscopy

For histology, organs were collected from euthanized mice, washed
with PBS, and fixed with formalin overnight. Then, organs were
washed with PBS and provided to histology core for slicing and
mounting using ProLong Gold Antifade Mountant with DAPI stain-
ing for nuclei. For in vitro fluorescent imaging, RAW 264.7 murine
macrophages were grown in DMEM +10% FBS overnight in a
6-well coverslip dish., Cy3-labeled siRNA in 1xPBS were added to
the cells for 24 h at 37�C, washed twice with PBS, DAPI stained,
and imaged live. Data are available in the supplemental information.

Lipoprotein SEC

For lipoprotein profiling, we followed the same protocol previously
described by Osborn et al.9 Briefly, mice were injected i.v. with
10 mg/kg Cy3-labeled oligonucleotides. After 15 min, whole mouse
blood (�500 mL) was collected in a sterile ethylenediaminetetraacetic
acid (EDTA)-coated tube following cheek incision with a lancet. Sam-
ples were spun at 10,000 rpm for 10 min at 4�C. Fifty microliters of
plasma was directly injected on a Superose 6 Increase 10/300 size
exclusion column (GE Healthcare). Oligonucleotide migration was
monitored at 570 nm, and lipoprotein protein content was monitored
by absorbance at 280 nm. For s.c. injections, we collected at 1 h post-
injection.

Reverse-phase HPLC analysis of D-siRNA vs. DCA-siRNA

The LC data of oligonucleotides was performed on an Agilent 6530
accurate-mass Q-TOF using the following conditions: buffer A,
100 mM 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and 9 mM trie-
thylamine (TEA) in LC/MS-grade water; buffer B, 100 mM HFIP
and 9 mM TEA in LC/MS-grade methanol; column, Agilent
AdvanceBio oligonucleotides C18; 5%–100% B 11 min; temperature,
60�C; flow rate, 0.5 mL/min. LC peaks were monitored at 260 nm.

Cell culture and in vitro dose response

HeLa cells were maintained in DMEM (10-013-CV; CellGro) supple-
mented with 10% fetal bovine serum (FBS) (26140; Gibco) and 100 U/
mL penicillin/streptomycin (15140; Invitrogen) and expanded at
37�C and 5% CO2. Seven-point dose-response curves were generated
by treating HeLa cells with various concentrations of siRNA formu-
10 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
lated with RNAiMax (13778-150; Invitrogen) for 72 h at 37�C and
5% CO2. Transfection was carried out in 50:50 DMEM/OptiMEM
(31985-070; Gibco) and 3% FBS with no antibiotics. Cells were lysed
by 30min incubation at 55�Cwith diluted QG lysis mixture (QP0524;
Invitrogen) containing Proteinase K. Gene silencing was assessed
using QG bDNA assay per the manufacturer’s instructions (see
brief description below) using the following probe sets: mouse Htt
(SB-14150) and mouse Hprt (SB-15463). Htt data were normalized
to housekeeping Hprt and represented as the percentage of untreated
control (n = 3).

Flow cytometry for immune cell uptake

Eight-week-old female mice were injected s.c. with a panel of Cy3-
labeled siRNA variants. After 24 h, mouse femur bone was dissected,
and femur bone marrow cells were isolated by flushing dissected fe-
mur bones with PBS using a 23G needle onto a 70 mm cell strainer
placed in a 50 mL conical tube. The bone marrow and spleen were
then smashed using a 5 mL plunger, followed by rinsing of the
strainer with DMEM. The cell solution collected in the 50 mL tube
was centrifuged at 350� g for 5 min at room temperature and washed
once with PBS. Blood cells were lysed using ACK lysis buffer (155mM
NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA in distilled water), followed
by washing with DMEM (500 � g, 10 min, 4�C). Next, the cell pellet
was suspended with a flow cytometry buffer (0.5% BSA, 2 mM EDTA
in DMEM) for flow cytometry analysis.

Leukocyte staining of the cell was with VioGreen-conjugated CD45
antibody (clone REA737; Miltenyi Biotec), allophycocyanin (APC)-
conjugated GR-1 antibody (clone REA810; Miltenyi Biotec), fluores-
cein isothiocyanate (FITC)-conjugated CD11b antibody (clone
REA592; Miltenyi Biotec), PE-Vio770-conjugated CD11c antibody
(clone REA754; Miltenyi Biotec), and PE_Vio615 F40/80 (clone
REA126; Miltenyi Biotec); for lymphocyte staining, PE-vio770 conju-
gated CD19 (clone REA749) and APC-conjugated CD3 antibody
(clone REA641) were used. Cells were stained for 30 min at 4�C.
Then, cells were washed twice with 700 mL flow cytometry buffer
and resuspended in flow cytometry buffer containing 1 mM SYTOX
Blue (Thermo Fisher Scientific). Stained cells were analyzed using
a MACSQuant VYB Flow Cytometer (Miltenyi Biotec), and data
were analyzed using FlowJo version 10.6 (BD Biosciences,
Ashland, OR).
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