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Combination treatment of mannose and GalNAc
conjugated small interfering RNA protects
against lethal Marburg virus infection
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Marburg virus (MARV) infection results in severe viral hemor-
rhagic fever with mortalities up to 90%, and there is a pressing
need for effective therapies. Here, we established a small inter-
fering RNA (siRNA) conjugate platform that enabled success-
ful subcutaneous delivery of siRNAs targeting the MARV
nucleoprotein. We identified a hexavalent mannose ligand
with high affinity to macrophages and dendritic cells, which
are key cellular targets of MARV infection. This ligand enabled
successful siRNA conjugate delivery to macrophages both
in vitro and in vivo. The delivered hexa-mannose-siRNA conju-
gates rendered substantial target gene silencing in macro-
phages when supported by a mannose functionalized endo-
some release polymer. This hexa-mannose-siRNA conjugate
was further evaluated alongside our hepatocyte-targeting
GalNAc-siRNA conjugate, to expand targeting of infected liver
cells. In MARV-Angola-infected guinea pigs, these platforms
offered limited survival benefit when used as individual agents.
However, in combination, they achieved up to 100% protection
when dosed 24 h post infection. This novel approach, using two
different ligands to simultaneously deliver siRNA to multiple
cell types relevant to infection, provides a convenient subcu-
taneous route of administration for treating infection by these
dangerous pathogens. The mannose conjugate platform has
potential application to other diseases involving macrophages
and dendritic cells.
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INTRODUCTION
Viral hemorrhagic fevers are a group of life-threatening infectious
diseases caused by four virus families.1,2 Among them, Marburg virus
disease (MVD) resulted in 24%–88% fatality rates in past outbreaks
according to World Health Organization (WHO). To date, there
are no vaccines or antiviral therapies approved for MVD despite it
still being endemic in central Africa.3 Marburg virus (MARV) is a
negatively stranded RNA virus that can be transmitted to humans
from infected animals such as bats and nonhuman primates.4 The
mononuclear phagocyte system, including macrophages, monocytes,
Kupffer cells, and dendritic cells, are primary target cells of MARV
infection, and other cells, such as hepatocytes and fibroblast-like cells,
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are also target cells5 The liver is the main target organ for MARV
replication as the asialoglycoprotein receptor (ASGPR) expressed
on hepatocytes enhances the infection of MARV.6–8 MARV infection
cause damage in multiple organs besides the liver, such as lymph no-
des, spleen, lungs, gastrointestinal tract, kidneys, heart, and central
nervous system.4 Cell death in both infected cells and non-infected
cells contributes to the MARV-induced tissue damage.9 The MARV
genome is a 19-kb RNA encoding seven viral proteins, including
nucleoprotein (NP), VP35 (polymerase cofactor), VP40 (matrix
protein), glycoprotein (GP), VP30 (transcription activator), VP24
(secondary matrix protein), and an RNA-dependent RNA
polymerase (L polymerase),10 which are potential targets for anti-
MARV therapy development.

Short interfering RNAs (siRNAs) trigger specific and precise target
gene silencing in a sequence-dependent manner through the
naturally occurring RNA interference (RNAi) machinery inside.11

Inhibition of hemorrhagic fever virus (HFV) with siRNA has been
reported both in vitro and in vivo.12–14 One of the key challenges
in developing RNAi-based therapies is the development of efficient
delivery platforms to promote cellular uptake of siRNAs. We
previously developed a liver-targeting lipid nanoparticle formula-
tion that enabled the first approved RNAi therapy.15 This platform
was also shown to be effective for siRNA-based treatment of
MARV-infected rodents and nonhuman primates.12,13 The LNP-
siRNA modality has been widely investigated for various dis-
eases.16,17 Since then, ligand-siRNA conjugates have emerged
as another siRNA-based modality, also resulting in approved
RNAi therapies.18 These conjugates are compatible with subcu-
taneous administration and generally more stable than LNP-
siRNA, which is preferred in less developed countries and tropical
climates. However, the well-adopted N-acetylgalactosamine
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Figure 1. Binding of mono-, di-, and tetravalent

mannose ligands to M1 and M2 macrophages

(A) Biotinylated mono-, di- or tetravalent mannose ligands

were complexed with AF488-labeled streptavidin and

incubated with human CD14+ monocyte-derived M1 and

M2 macrophages. The mean fluorescence index (MFI) of

AF488 was quantified using flow cytometry to determine

the binding affinity of each ligand (n = 2, ***p < 0.001,

****p < 0.0001, two-way ANOVA analysis). The error bars

represent standard deviation.

(B) Expression of CD206 in M1 was quantified by flow

cytometry (n = 3, “****” = p < 0.0001, Welch’s t test). The

error bars represent standard deviation.

(C) Expression of CD206 in M2 was quantified by flow

cytometry (n = 3, ****p < 0.0001, Welch’s t test). The error

bars represent standard deviation.

(D) Expression of CD206 on M1 and M2 detected by

western blot with beta-actin as a loading control. The

blank lanes between the samples were removed to allow

better comparison.
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(GalNAc)-siRNA conjugates deliver payloads predominantly via
the asialoglycoprotein receptor (ASGPR), which is highly ex-
pressed on hepatocytes but minimally on other cell types.19 While
this specificity is helpful for hepatocyte-based indications, it limits
the ability to treat MARV infection, which affects both hepatocytes
and the mononuclear phagocytic system (macrophages, Kupffer
cells, and dendritic cells).5,20,21 A ligand-siRNA conjugate delivery
platform that additionally targets these phagocytic cells could
potentially address this limitation.

Mannose has been identified as a ligand for CD206 (also known as
the mannose receptor) found on the surface of macrophages and
immature dendritic cells.22,23 After binding mannose-rich glyco-
conjugates, receptor internalization mediated by endocytosis and
phagocytosis of the bound ligands occurs in macrophages.24

Inspired by our GalNAc-siRNA conjugate platform, we developed
a multivalent mannose conjugate platform to enable targeted de-
livery of siRNAs to CD206-expressing macrophages and dendritic
cells. In vitro gene silencing mediated by mannose-siRNA was
demonstrated in human CD14+ monocyte-derived macrophages.
Importantly, combination treatment of our GalNAc-siRNA and
mannose-siRNA conjugate targeting MARV NP protein conferred
270 Molecular Therapy Vol. 31 No 1 January 2023
100% protection against lethal MARV infec-
tion in a guinea pig model.

RESULTS
Binding of monovalent and multivalent

mannose ligands by human CD14+

monocyte-derived macrophages in vitro

To identify a potent mannose ligand for siRNA
conjugation, we designed a series of biotinylated
mannose ligands with different valencies
(mono-, di-, tetravalent) (Figure S1). These li-
gands were complexed with Alexa Fluor 488 (AF488)-conjugated
streptavidin and incubated with human CD14+ monocyte-derived
M1 and M2 macrophages. The binding affinity of each ligand com-
plex was determined by quantification of AF488 fluorescence using
flow cytometry. As shown in Figure 1A, dose-dependent increase of
AF488 mean fluorescence intensity (MFI) was observed in both M1
and M2 macrophages, indicating ligand binding and cellular uptake.
No appreciable binding of divalent or tetravalent GalNAc ligands was
observed in either cell type, consistent with the absence of ASGPR
expression. This indicated that the detected fluorescence resulted
from mannose ligand binding and not passive non-specific fluores-
cent complex uptake.

In both M1 and M2 cells, the binding activity of mannose ligands
correlated positively with valency, with tetravalent ligand showing
the highest binding affinity, and monovalent ligand the least (Fig-
ure 1A). Similar advantages for multivalent ligands have been
reported for GalNAc-siRNA platforms.25–28 Interestingly, all three
mannose ligands showed higher binding affinity to M1 than M2,
which is consistent with higher expression of target mannose receptor
(CD206) in M1 than M2 differentiated with the current induction
protocol (Figure 1B–1D).



Figure 2. Binding of tetra-, hexa-, and octa-valent mannose ligands to M1

macrophages

Biotinylated tetra-, hexa-, or octa-valent mannose ligands were complexed with

AF488-labeled streptavidin and incubated with M1 macrophages. The MFI of

AF488 was quantified using flow cytometry to determine the binding affinity of each

ligand (n = 2; *p < 0.05; ***p < 0.01; n.s., p > 0.05, two-way ANOVA analysis). The

error bars represent standard deviation.
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This prompted us to investigate even higher valencies, and we synthe-
sized and tested the binding affinity of hexa- and octa-valent mannose
ligand (Figures S1–S8) against the tetravalent ligand in M1 macro-
phage. As shown in Figure 2, hexavalent mannose ligand exhibited
further increased binding, while increasing to octa-valency appeared
to show a slight decrease.

Uptake of fluorescent-labeled mannose-siRNA conjugate by

macrophage and dendritic cells in vitro

To test the efficacy of mannose-enabled siRNA delivery, a chemically
modified siRNA targeting mouse CD45 was conjugated with the tetra-
valent mannose ligand (Figure 3A). The same CD45 siRNA conjugated
with a tetravalent GalNAc ligand was employed as a negative control.
The conjugates were labeled with cyanine 3 (Cy3) fluorescence to allow
visualization and quantification of siRNA uptake. M1 macrophages
and HepG2 cells were incubated with the conjugates, and siRNA up-
take was analyzed using fluorescent microscopy. Consistent with the
ligand binding results, Cy3-tetra-mannose-siRNA successfully deliv-
ered to M1 macrophages but not HepG2 cells expressing lower levels
of CD206 (Figure 3B). Conversely, Cy3-tetra-GalNAc-siRNA showed
uptake by HepG2 cells (which express the ASGPR receptor) but was
not detectable in M1 macrophages. We further compared the delivery
of Cy3-tetra-mannose-siRNA to Cy3-hexa-mannose-siRNA in M1
cells. Consistent with the ligand binding data, the hexavalent mannose
ligand-conjugated siRNA showed higher delivery activity than the
tetravalent ligand conjugate (Figure S9).

To demonstrate the involvement of the mannose receptor in conju-
gate delivery, we conducted a competition binding experiment using
D-mannose, a natural ligand for CD206. M1 macrophages were first
incubated with D-mannose or D-galactose before treating with Cy3-
tetra-mannose-siRNA. As shown in Figure 3C, competitive binding
of D-mannose substantially inhibited uptake of the mannose-siRNA
conjugate, illustrated by reduced fluorescence. D-galactose, which is
not a ligand for the mannose receptor, showed no competitive bind-
ing effect. These results confirmed the involvement of the mannose
receptor in mannose-siRNA conjugate delivery to human CD14+
monocyte delivery M1 macrophages.

In addition tomacrophages, CD206 is reportedly expressed in dendritic
cells (DCs), although expression is substantially reduced upon matura-
tion of these cells.29–32 We therefore sought to test uptake in both
immature DCs (iDCs) and mature DCs (mDCs), again characterizing
the effect of ligand valency. M1 and M2macrophages were included as
positive controls. Cells were incubated with Cy3-tetra-mannose-
siRNA, Cy3-hexa-mannose-siRNA, or Cy3-tetra-GalNAc-siRNA.
The resulting fluorescence was quantified using flow cytometry and
indicated effective uptake of Cy3-tetra-mannose-siRNA and Cy3-
hexa-mannose-siRNA but not Cy3-tetra-GalNAc-siRNA. Consistent
with the ligand binding data and reported receptor expression, both
hexavalent and tetravalent mannose-siRNA conjugates showed supe-
rior delivery to M1 compared with M2 (Figure 4). Similar delivery
selectivity was observed when comparing iDCs with mDCs. Of
note, hexa-mannose-siCD45 was more efficient than tetra-mannose-
siCD45 in delivering to M1, M2, and iDCs, particularly at the lower
dose. These results further confirmed that multivalent mannose conju-
gates mediate effective uptake in CD206-expressing cells.

In vitro gene silencing by mannose-siRNA conjugates in M1

macrophage

To investigate whether the ligand binding affinity and conjugate deliv-
ery translate to gene silencing activity, we treated M1 macrophages
with hexa-mannose-conjugated CD45 siRNA. As endosome release
has been reported to be a significant bottleneck in siRNA conjugate de-
livery, we also supplemented the siRNA treatment with a mannose-
conjugated, pH-responsive endosome release polymer (ERP)
(Figures S10 and S11) to address this challenge.28 The same CD45
siRNA conjugates with a tetravalent GalNAc ligand and a GalNAc
functionalized ERP were employed as controls. In the absence of
ERP, neither GalNAc conjugates nor mannose conjugates enabled
any appreciable target gene silencing in the treated cells (Figure 5).
Treatment of hexa-mannose-siCD45 in combination with mannose-
ERP but not GalNAc-ERP resulted in target gene inhibition in treated
M1 macrophages. RNAi activity was not appreciable in the tetra-Gal-
NAc-siCD45 treatment groups, regardless of the presence of GalNAc
or mannose-ERP. These results suggest that mannose ligands support,
and are indeed critical to, the delivery of both siRNA conjugates and
ERP to M1 macrophages. The mannose ligand must be present on
both entities to ensure their uptake and concomitant gene silencing.

In vivo delivery and activity of hexa-mannose-siRNA conjugate

To examine in vivo delivery and activity of hexa-mannose-siRNA
conjugates, we elicited macrophages in the mouse peritoneal cavity
by induction with thioglycolate.33,34 Animals were then treated with
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Figure 3. Uptake of fluorescent-labeled mannose-

siRNA conjugate by M1 macrophage

(A) Cy3-labeled tetra-mannose-siCD45 or tetra-GalNAc-

siCD45 were incubated with M1 macrophages or HepG2

cells. The delivery of conjugates was determined by

detection of Cy3 fluorescence under a fluorescence

microscope. Cell nuclei were stained with DAPI. Scale

bar, 100 mm.

(B) Expression of CD206 in M1 and HepG2 cells were

measured by western blot. The blank lanes between the

samples were removed to allow better comparison.

(C) M1 macrophages were treated with D-mannose or

D-galactose before incubating with Cy3-tetra-mannose-

siCD45. The delivery of conjugates was determined by

detection of Cy3 fluorescence under a fluorescence

microscope. Cell nuclei were stained with DAPI. Scale

bar, 100 mm.
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fluorescent-labeled (Alexa Fluor 647 [AF647]) hexa-mannose-
siCD45 conjugate and mannose-ERP. The peritoneal cells of treated
animals were collected at 24 h post treatment and analyzed with
flow cytometry with AF647 for siRNA delivery and CD45 for
gene silencing activity. As shown in Figure 6A, fluorescence was de-
tected in >80% CD206+ peritoneal macrophages in AF647-hexa-
mannose-siCD45-treated animals, regardless of the presence/
absence of mannose-ERP. This compares with �50% delivery to
the CD45+ cells, and the majority (�80%) of CD45+ cells with con-
jugate delivery were also CD206+ (Figure S12). The delivered
siCD45 enabled a trend of target gene silencing in both groups,
with the mannose-ERP showing a slight benefit to RNAi activity
(Figure 6B), but neither treatment achieved statistically significant
gene knockdown. We hypothesized that the expression of CD206
in these thioglycolate-elicited peritoneal macrophages was not
high enough to allow sufficient siRNA conjugate and/or ERP up-
take. Nonetheless, these results demonstrate successful delivery of
272 Molecular Therapy Vol. 31 No 1 January 2023
hexa-mannose-conjugated siRNA to macro-
phages in the thioglycolate mouse model.

We further explored the delivery of hexa-
mannose-siRNA conjugates to livermacrophages
(Kupffer cells) that express CD206.35 Mice were
then treated with a single subcutaneous dose of
AF647-labeled hexa-mannose-siCD45 conjugate
or unconjugated siCD45 at 3 mg/kg. At 1.5 h
post conjugate treatment, liver cells were
collected via perfusion and enzymatic digestions
and stained with anti-ASGPR and anti-F4/80
to identify hepatocytes and Kupffer cell popula-
tions, respectively. The cells were analyzed
using flow cytometry to quantify the siRNA de-
livery. Hexa-mannose-siCD45 and unconjugated
siCD45 showed similarly low delivery to hepato-
cytes and total nonparenchymal cells (NPCs).
In Kupffer cells, though, substantially more
accumulation of hexa-mannose-siCD45 (>70%) than unconjugated
siCD45 (�30%) was observed. These results demonstrated the delivery
of our hexa-mannose-siRNA conjugate to the liver Kupffer cells.

Combination treatment of hexa-mannose-siRNA and GalNAc-

siRNA demonstrated antiviral potency in a guinea pig virus

challenge model

We further evaluated the mannose-siRNA delivery platform in a
guinea pig model of MARV (Angola variant) infection.36 Taking
the siRNA sequence targeting MARV NP previously identified for
use with LNP delivery,12 we applied a heavy modification pattern
comprising 20 O-methyl (OMe) and fluorine (F) to render it suitable
for conjugate delivery.37 To allow for targeting of both hepatocytes
and macrophages/dendritic cells (collectively, the most relevant cell
types in MARV infection), we coupled both tetra-GalNAc and
hexa-mannose ligands to the siRNA. These conjugates were tested
both alone and in combination in the guinea pig MARV infection



Figure 4. Uptake of fluorescent-labeled mannose-siRNA conjugate by

macrophages and dendritic cells

Cy3-labeled hexa-mannose-siCD45, tetra-mannose-siCD45, or tetra-GalNAc-

siCD45 were incubated with M1, M2, iDC, or mDC derived from human CD14+

monocytes. The MFI of Cy3 was quantified using flow cytometry to determine the

uptake of each conjugate. The error bars represent standard deviation.

Figure 5. In vitro gene silencing by mannose-siRNA conjugates in M1

macrophages

M1 macrophages were treated with 20 mg/mL of hexa-mannose-siCD45 or tetra-

GalNAc-siCD45 either alone or in combination with 100 mg/mL of mannose- or

GalNAc- ERP. Cell lysates were collected at 24 h post conjugate treatment and the

target gene silencing activity was assessed by quantification of mRNA with

QuantiGene assay (n = 3, ***p < 0.01, two-way ANOVA analysis). The error bars

represent standard deviation.
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model. Animals were challenged with a lethal dose of MARV and
treated with conjugates at 24 h post infection. As shown in Figure 7A,
unconjugated siMARV, tetra-GalNAc-siMARV, or hexa-mannose-
siMARV treatment alone provided no appreciable protection against
virus-induced mortality when dosed at 10 mg/kg/day for 7 days.
Combination treatment of tetra-GalNAc-siMARV (5 mg/kg, once
per day (QD)) and hexa-mannose-siMARV (5 mg/kg, QD) for
7 days substantially improved the survival rate to 60%, accompanied
with reduced viremia and improved clinical scores (Figure S13). We
also explored the effect of ERPs in this study by supplementing the
treatment with GalNAc-ERP (5 mg/kg) and mannose-ERP (5 mg/
kg) on the first day of conjugate treatment immediately after injection
of siRNA conjugates. Combination of ERP showed no further
improvement on the survival or viremia in the challenged animals,
which could be due to suboptimal dosing levels or regimen. To opti-
mize the dosing regimen, we performed a second study to further
compared a daily dosing schedule with weekly and single dose at
5 mg/kg total siRNA starting from 24 h post infection. Consistent
with the first study, the GalNAc/mannose conjugate combination
treatment again provided superior protection compared with the
GalNAc conjugate alone, in both daily and weekly dosing regimens
(Figures 8A and S14). In particular, the daily dosing group with
5 mg/kg of total GalNAc/mannose conjugate (1:1) achieved 100%
survival with no clinical sign of disease. The viremia and body weight
data agreed well with the animal survival results (Figures 8B and 8C).
We did not test ERP in this study as it would require further optimi-
zation on conjugate dosing regimen. Together, the mannose/GalNAc
combination ligand platform appears to offer superior protection in
the MARV guinea pig model, a fact we currently ascribe to effective
delivery of siRNA to all relevant cell types.

DISCUSSION
RNAi therapeutics have demonstrated potential in addressing a vari-
ety of diseases and viral infections. They act by degrading specific tar-
geted mRNA transcripts and silence the downstream expression of
encoded proteins. Synthetic siRNAs are common RNAi triggers
composed of two RNA oligonucleotides that are complementary in
sequence and form a duplex. They are designed to enable post-tran-
scriptional gene suppression through sequence-specific degradation
of the selected target mRNA. The first approved RNAi product
used an LNP delivery system for delivery of an siRNA targeting the
transthyretin (Ttr) gene.15 This delivery platform has also achieved
high efficacy in MARV infection in preclinical studies.12,13 However,
the requirement of intravenous (i.v.) dosing, and, to a lesser degree,
cold chain storage make the platform’s use more challenging in devel-
oping countries where MARV infection is still endemic. A ligand-
siRNA conjugate format would be preferable for this indication, given
its subcutaneous administration route and higher thermo-stability
than LNP-siRNA. Widely used GalNAc-siRNA platforms are limited
to hepatocyte targeting, while MARV infection affects multiple cell
types in addition to hepatocytes, such as macrophages and dendritic
cells. Development of a ligand-siRNA conjugate platform that would
additionally access these cells is thus desirable.

Mannose receptor (CD206) is a membrane lectin primarily expressed
in macrophages and dendritic cells.22,38–40 It recognizes a range of
carbohydrates presented on the surfaces of pathogens and thus plays
a role in immune recognition. Compared with other ligands, such as
peptides and antibodies for targeting macrophages and dendritic
cells,41,42 mannose is a natural ligand for CD206 and has been utilized
for conjugation with small molecules and functionalizing nanopar-
ticles for macrophage-targeting delivery.43–50 Here, we applied our
experience in developing GalNAc-siRNA conjugates to establish a
mannose-siRNA conjugate delivery platform.28 We synthesized a
range of mannose ligands and demonstrated that binding affinity
generally increased with valency, with a hexavalent ligand having
the highest. This advantage in multivalency agrees with the previous
finding in GalNAc ligands, but the underling mechanism could be
Molecular Therapy Vol. 31 No 1 January 2023 273
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Figure 6. In vivo delivery and activity of hexa-mannose-siRNA conjugate

(A and B) C57BL/6 female mice (n = 4) were induced with 4% thioglycolate to elicit

peritoneal macrophages. Animals were injected subcutaneously with a single dose

of vehicle control (saline), AF647-hexa-mannose-siCD45 (10 mg/kg), AF647-hexa-

mannose-siCD45 (10 mg/kg) + mannose-ERP (50 mg/kg), or mannose-ERP alone

(50mg/kg). The peritoneal cells of treated animals were collected at 24 h post siRNA

and ERP treatment and analyzed with flow cytometry for the delivery of siRNA

conjugate (AF647 fluorescence, A) and target gene silencing (CD45, B). (C) Female

Balb/c mice (n = 4) were injected subcutaneously with a single dose of vehicle
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partially different. The GalNAc-targeted receptor ASGPR is formed
from two carbohydrate recognition domains with a dominant
trimeric configuration.25–27 Thus, ligand multivalency allows
increased interaction with the receptor. CD206, on the other hand,
is a monomeric receptor with one major domain (C-type lectin-like
domain-4, CTLD4) for mannose binding.40 It is possible that the
multivalent mannose ligands would trigger some clustering effect of
the receptor on the cell membrane surface and improve uptake.51 A
detailed account of how multivalency affects the binding of mannose
ligands has yet to be elucidated.

Receptor expression level is one of the key factors affecting delivery
efficiency. We compared CD206 expression in M1 versus M2 macro-
phages differentiated from human CD14+ monocytes using a previ-
ously reported protocol.52 To our surprise, in contrast to results in
other reports,53–55 M1 macrophages differentiated in this study ex-
pressed higher levels of CD206 thanM2. Of note, macrophage activa-
tion resulted in a spectrum of heterogeneous cell populations, and the
gene expression profiles are substantially influenced by the differenti-
ation protocol.56–58 For example, the Roche CellXVivo human M1
macrophage differentiation kit could also induce CD206+M1macro-
phages from human CD14+ monocytes. Importantly, CD206 expres-
sion levels in our M1 and M2 cells were in accordance with the bind-
ing affinity of mannose ligands and uptake of mannose-siRNA
conjugates. Similarly, uptake of mannose-siRNA conjugates was
more effective in iDCs than mDCs, consistent with the reported
CD206 expression level.29–32 These results indicated that delivery
of mannose-siRNA conjugate was mediated by the CD206 recep-
tor, which was further confirmed with our ligand competition
experiment.

Endosomal escape is a major bottleneck for siRNA conjugate activ-
ity, and previous studies have shown the majority of delivered
GalNAc-siRNA remains trapped in these cellular compartments,
although sufficient material can reach the cytoplasm to mediate
RNAi. The precise mechanics of this process have not been fully
elucidated.59 This results in the requirement for high doses of
GalNAc-siRNA to provide sufficient activity. We previously re-
ported that co-administering a GalNAc functionalized ERP micelle
provides markedly higher gene silencing potency in GalNAc-
siRNA-treated animals28 This polymer is capable of forming small
micelle structures spontaneously in aqueous media when reaching
the critical micelle concentration (CMC). When entering an endo-
some with an acidic pH environment, the polymer micelle will be
protonated and trigger endosomal membrane destabilization to pro-
mote siRNA conjugate escape. This strategy could be essential for
extrahepatic cell targeting where the receptors are expressed at a
control (saline), AF647-hexa-mannose-siCD45 (3 mg/kg), or AF647-unconjugated-

siCD45 (3 mg/kg). The single cells were isolated from the mouse livers at 1.5 h post

siRNA treatment and analyzed with flow cytometry for the delivery of siRNA con-

jugate (AF647 fluorescence). Cells were also stained with ASGPR and F4/80 to

identify the hepatocyte and Kupffer cell populations, respectively. The error bars

stand for standard error of mean (SEM).
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Figure 7. Daily dosing of GalNAc- and mannose-

conjugated anti-MARV siRNA reduced MARV-

induced mortality in guinea pig

Guinea pigs (n = 5 for conjugate treatment group, n = 1 for

untreated group) were challenged with a lethal dose of

MARVAngola strain. Twenty-four hours post viral exposure,

animals were subcutaneously injected with unconjugated

siMARV, tetra-GalNAc-siMARV, hexa-mannose-siMARV

alone, combination of tetra-GalNAc-siMARV + hexa-

mannose-siMARV (1:1) (10mg/kg total siRNA,mixed in one

vial; daily dosing, seven doses). In one group, treatment

of tetra-GalNAc-siMARV + hexa-mannose-siMARV (1:1)

(10 mg/kg total siRNA, mixed in one vial; daily dosing,

seven doses) was immediately followed with GalNAc-

ERP + mannose-ERP (1:1) (10 mg/kg total ERP, mixed in

one vial, single subcutaneous dose on the first day of

conjugate treatment). The antiviral efficacy was evaluated

by survival rates (A), viremia (B), and body weights (C).

The error bars stand for standard error of mean (SEM).
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lower level or ligand binding is less efficient. During the investiga-
tion of RNAi activity of our mannose-siRNA conjugates in vitro,
we observed successful uptake in macrophages without appreciable
gene silencing when treated with conjugate alone. The lack of activ-
ity was successfully addressed by combination treatment of
mannose-ERP. It is notable that both the siRNA and the ERP had
to be derivatized with mannose to observe activity, suggesting that
delivery of both entities is mediated by the mannose receptor.

Encouraged by the in vitro delivery and activity results, we tested the
mannose conjugate platform in vivo. In a murine model where thio-
glycolate is used to elicit peritoneal macrophages, successful delivery
Mole
of mannose conjugates to these cells was
achieved, although gene silencing activity was
not appreciable. Even with the addition of the
mannose-ERP, activity was not significantly
improved. This is not entirely unexpected since
peritoneal macrophages are known to express
low levels of CD206.60 Low expression of target
receptor may not support uptake of both
mannose-siRNA and mannose-ERP. We also
demonstrated delivery of mannose-siRNA con-
jugates to the liver Kupffer cells, which are liver-
resident macrophages.

Results in a guinea pig model of MARV infec-
tion were considerably better. Hepatocytes,
monocytes, and macrophages are all known to
be infected by the virus, the latter cells becoming
activated in the process.61 As expected, targeting
the virus in these cell types individually with
hepatocyte-targeting GalNAc-siRNA, or macro-
phage/DC-targeting mannose-siRNA treat-
ment, does not provide full protection against
the infection. Although some level of viremia reduction was observed
in both single-treatment arms, combination of the two platforms
rendered the most effective protection, consistent with the concept
of targeting the virus in all relevant cell populations.5,20,21 We also
observed better protection from the 5-mg/kg daily dosing regimen
than the 10-mg/kg daily dosing regimen. This could be explained
by the MARV virus compromising liver function during infection,
which in turn is likely to be sensitive to an aggressive dosing regimen
with high siRNA dose burden. This may also explain why no benefit
was appreciated when supplementing the treatment with GalNAc-
ERP and mannose-ERP. Indeed, weekly dosing of mannose-siRNA
and GalNAc-siRNA combination at 5 mg/kg also provides reasonably
cular Therapy Vol. 31 No 1 January 2023 275
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Figure 8. Effect of dosing regimen of anti-MARV

GalNAc and mannose-conjugated siRNA in guinea

pig model

Guinea pigs (n = 5 for conjugate treatment group, n = 1 for

untreated group) were challenged with a lethal dose of

MARV Angola strain. Twenty-four hours post viral expo-

sure, animals were treated with tetra-GalNAc-siMARV

alone or in combination with hexa-mannose-siMARV (1:1)

(5 mg/kg total siRNA; daily subcutaneous dosing, seven

doses, or weekly subcutaneous dose, four doses). One

group with a single 10-mg/kg total siRNA dose of

combination GalNAc and mannose conjugates was also

tested. The antiviral efficacy was evaluated by survival

rates (A), viremia (B), and body weights (C). The error

bars stand for standard error of mean (SEM).
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good therapeutic benefit. Further optimization of dosing regimen and
evaluation of impacts to liver function in the context of treated infec-
tion are the focus of ongoing work. We are also planning to combine
our RNAi approach with other anti-MARV treatments to improve
the therapeutic effect.62

Our mannose-siRNA delivery platform offers therapeutic potential in
other indications involving macrophages and DCs. For example,
276 Molecular Therapy Vol. 31 No 1 January 2023
macrophages play an essential pathological
role in rheumatoid arthritis,63–65 Kupffer cells
(liver macrophages) are actively involved in
multiple liver diseases and liver injury,66 and
macrophages are also an essential factor in
cancer pathogenesis.67 Our subcutaneously
administered macrophage/DC-targeting deliv-
ery platform potentially allows siRNA conju-
gates to be redirected to address these chal-
lenging diseases.

MATERIALS AND METHODS
Synthesis of mannose and GalNAc ligands

The ligands utilized in this manuscript were
prepared using established organic chemistry
techniques, including purification by automated
flash chromatography and product confirma-
tion with a combination of analytical high-
pressure liquid chromatography (HPLC), liquid
chromatography-mass spectrometry (LC-MS),
mass spectrometry (MS), and proton nuclear
magnetic resonance spectrometry (NMR) as
appropriate. Complete synthetic protocols for
all ligands contained in this manuscript can be
found in the supplemental information.

Synthesis of mannose-conjugated and

GalNAc-conjugated siRNAs

For sense strand synthesis, ligand succinates
(Figure S8) were loaded onto 1,000 long-chain
aminoalkyl controlled pore glass (CPG) using standard amide
coupling chemistry. Loading was determined by Dimethoxytrityl
(DMTr) assay at UV-visible (UV-vis) 504 nm. The resulting
GalNAc- or mannose-loaded CPG solid support was employed in
automated oligonucleotide synthesis using standard procedures.
Nucleotide deprotection followed by removal from the solid support
(with concurrent galactosamine acetate deprotection) afforded the
GalNAc- or mannose-oligonucleotide conjugate (Figure S2). In
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some cases, fluorescent (Cy3 or AF647) labeling was conducted at
the 50 end of the sense strand.

For antisense strand synthesis and duplex formation, antisense
strands were prepared by automated oligonucleotide synthesis using
standard procedures. Nucleotide deprotection followed by removal
from the solid support afforded the deprotected antisense strand. An-
nealing of the sense and antisense strands using standard techniques
afforded siRNA conjugates.

The CD45 siRNA sequences are cited from the 50 to 30 end as follows:

Sense strand: mC*mUmGmGfCmUfGfAfAmUmUmUmCmAmGm
AmGmC*mA.

Antisense strand: mU*fG*mCmUmCfUmGfAfAmAmUmUmCfAm
GfCmCmAmG*mU*mU.

20-O-methyl nucleotides are depicted as “m” + UPPER CASE; 20-Flu-
oro nucleotides are depicted as “f” + UPPER CASE. Phosphoro-
thioate linkers are depicted as “*.”

The MARV siRNA sequences are cited from the 50 to 30 end as
follows:

Sense strand: mG*mA*mUmUmCmUfCmAfGfGfAmCmUmUm
CmUmUmAmUmUmA

Antisense strand: mU*fA*mAmUmAfAmGfAfAmGmUmCmCfUm
GfAmGmAmAmUmC*mU*mA.

Mannose and GalNAc biotin ligand preparation

Biotinylated ligands were prepared according to procedures outlined
in the supplemental data (Figures S1 and S7).

Mannose- and GalNAc-targeted ERP synthesis and micelle

preparation

Polymers were synthesized by Syngene International using synthetic
methodology analogous to that previously described (Figure S10).68

The polymer was dissolved in 10 mM phosphate/200 mM sucrose
PBS (pH 7), up to 40 mg/mL followed by successive filtration (three
or four times) through a 0.2-mm sterile filter. This produced stable
polymer micelles with an approximate particle diameter of 15 nm
and polydispersity of <0.16.

HepG2 cell culture

HepG2 cells (ATCC, Manassas, VA) were propagated as monolayers
in 175-cm2 culture flasks at 37�C in a humidified atmosphere con-
taining 5% CO2, using Minimum Essential Medium (MEM) (Thermo
Fisher Scientific, Waltham, MA) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin,
2 mM L-glutamine, 1 mM sodium pyruvate, 1� non-essential amino
acids, and 0.15% sodium bicarbonate. All components were from
Thermo Fisher Scientific (Waltham, MA).
Differentiation of M1, M2, iDC, and mDC from human CD14+

monocytes

Human Buffy coat was purchased from BioIVT. CD14+ monocytes
were isolated from buffy coat using the StraightFrom Buffy Coat
CD14 MicroBead Kit (Miltenyi Biotech, Auburn, CA) following the
manufacturer’s protocol. The isolated CD14 monocytes were differ-
entiated toM1 andM2macrophages following a previously published
protocol.52 In brief, monocytes were cultured in RPMI medium con-
taining 10 mM HEPES, 2 mM L-glutamine, and 10% FBS. To trigger
M1 macrophage differentiation, cells were stimulated with 50 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF) on
days 0 and 3 and further induced with 50 ng/mL interferon
(IFN)-g on day 6. For M2 macrophage differentiation, cells were
treated with 50 ng/mL macrophage colony-stimulating factor
(M-CSF) on day 0 and 3 and further induced with 20 ng/mL inter-
leukin (IL)-4 in combination with 20 ng/mL IL-10 on day 6. Differ-
entiated M1 and M2 were tested for ligand binding on day 7. iDC dif-
ferentiation was stimulated with treatment of 500 U/mL GM-CSF +
1,000 U/mL IFNa2b on day 0 and day 3. mDC differentiation was
triggered with treatment of 500 U/mL GM-CSF + 1,000 U/mL
IFNa2b on day 0 and 500 U/mL GM-CSF + 1,000 U/mL IFNa2b +
1 mg/mL LPS in combination with 1 mg/mL LPS on day 3. iDCs
and mDCs were collected on day 5 for conjugate delivery test. All
components were from Thermo Fisher Scientific (Waltham, MA).

Receptor binding assay

Biotinylated mannose ligands were reconstituted in dimethyl sulf-
oxide (DMSO) (Sigma, St. Louis, MO) and functionalized by incu-
bating with Alex Fluor 488-labeled streptavidin (Thermo Fisher Sci-
entific, Waltham, MA) in Tyrode buffer (containing 10 mM HEPES,
5.6 mM glucose, 10 mM KCl, 35 mM NaCl, 0.4 mM MgCl, 1.0 mM
CaCl2, and 0.1% BSA, pH 7.3) at 4�C overnight at a molar ratio of
4.5:1 of biotinylated ligands to biotin binding sites.

M1 and M2 macrophages were washed with Dulbecco’s PBS (DPBS)
(Thermo Fisher Scientific, Waltham, MA) containing 2 mM EDTA
(Thermo Fisher Scientific, Waltham, MA), resuspended in ice-cold
Tyrode buffer, and seeded into sterile V-bottom 96-well plates
(40,000/well). The previously prepared biotin-mannose/AF488-
streptavidin complex was diluted in Tyrode buffer and mixed with
the seeded macrophages to reach final concentrations of 0.5, 0.1,
and 0.02 mM (based on streptavidin molar concentration). Biotin-
GalNAc/AF488-streptavidin complex was included as control treat-
ment. The cells were incubated with the mannose ligand complexes
at 4�C for 1.5 h. After incubation, the cells were washed three times
with ice-cold DPBS to remove any unbound ligand complex. After
centrifuging at 1,200 rpm for 5 min, the cell pellet was resuspended
in stain buffer prior to flow cytometry analysis.

Treatment of Cy3-labeled tetravalent mannose or GalNAc-

siRNA conjugates for microscopy analysis

M1 macrophages or HepG2 cells were seeded into sterile four-well
chamber slides at 80,000 cells/well and 40,000 cells/well in
OptiMEM medium (Thermo Fisher Scientific, Waltham, MA),
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respectively. Cells were cultured at 37�C after seeding. siRNA conju-
gate treatment was conduct at 10 min post M1 macrophage seeding
and 48 h post HepG2 cell seeding. HepG2 cells were washed with
1 mL of OptiMEM before treatment. Each was supplemented with
Cy3-tetra-mannose-siCD45 or Cy3-tetra-GalNAc-siCD45 to reach
the final concentration of 5 mg/mL in OptiMEM medium. The cells
were incubated with the siRNA conjugate for 1, 2, or 4 h. The cells
were then washed with PBS three times and fixed with 4% parafor-
maldehyde (PFA) (Sigma, St. Louis, MO) for 10 min at room temper-
ature. The chambers were removed from the slides and cells mounted
with one drop of mounting medium containing DAPI (40,6-diami-
dino-2-phenylindole) staining (Thermo Fisher Scientific, Waltham,
MA) for the nuclei. The slides were analyzed under a fluorescence
microscope.

Competitive binding assay

Human M1 macrophages were seeded into sterile four-well chamber
slides at 75,000 cells/well in OptiMEMmedium. OptiMEM containing
D-mannose or D-galactose was added onto testing cells to reach the
final concentration of 139 mM and incubated at 37�C for 5 min. Cells
were then treated with Cy3-tetra-mannose-siCD45 inOptiMEMwith a
final concentration of 5 mg/mL and incubated for 1 h. The cells were
then washed with DPBS three times and fixed with 4% PFA for
10 min at room temperature. The chambers were removed from the
slides and the cells were mounted with one drop of mounting medium
containing DAPI staining for the nuclei. The slides were covered,
sealed, and analyzed under fluorescence microscope.

Treatment of Cy3-labeled tetravalent mannose or GalNAc-

siRNA conjugates for flow cytometry analysis

M1macrophages, M2 macrophages, iDCs, or mDCs were seeded into
sterile U-bottom 96-well plates at 22,500 cells/well in OptiMEM
medium. Cell were treated with Cy3-hexa-mannose-siCD45, Cy3-
tetra-mannose-siCD45, or Cy3-tetra-GalNAc-siCD45 at final con-
centrations of 5, 1.25, or 0.312 mg/mL in OptiMEM medium. At
1 h post treatment, cells were washed with DPBS three times and re-
suspended in stain buffer for flow cytometry analysis.

Flow cytometry analysis

Analyses were performed on a FACSCanto II using the software
FACS Diva (Becton Dickinson, San Jose, CA, United States). As a
marker for viability, cells were stained with Live/Dead red or green
(Thermo Fisher Scientific, Waltham, MA). The forward scatter and
side scatter gate were set to include all viable cells.

When quantification of CD206 and CD45 expression was required,
cells were stained with phycoerythrin (PE)-conjugated rat anti-mouse
CD45 antibody (BD Biosciences, Franklin Lakes, NJ), BV510-conju-
gated mouse anti-human CD206 antibody (BD Biosciences, Franklin
Lakes, NJ), or APC-efluor780-conjugated rat anti-mouse CD206 anti-
body (Thermo Fisher Scientific, Waltham, MA) before flow cytome-
try analysis. In brief, collected cells (from cell culture or animals) were
washed and stained with Live/Dead red or green for 30 min, washed
with PBS, blocked with Fc Block (CD16/21) (BD Biosciences,
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Franklin Lakes, NJ), and then stained with desired antibodies for
20 min before flow cytometry analysis.

Approximately 10,000–15,000 cells were counted for each sample. The
expression of target receptor or genes and the binding/uptake of fluo-
rescent-labeled ligands/conjugates were determined as increased inten-
sity in the corresponding fluorescent channel. For biotin ligand com-
plex binding analysis, the MFI of cells incubated with functionalized
streptavidin minus the MFI of cells incubated without functionalized
streptavidin (free fluorophore only) was used to determine binding/
uptake.

Treatment of siRNA conjugate and ERP in M1 macrophages

M1macrophages were seeded into sterile 96-well plates (15,000/well)
and incubated with 20 mg/mL of hexa-mannose-siCD45 or tetra-
GalNAc-siCD45 for 4 h at 37�C. Mannose-ERP and GalNAc-ERP
were then added to the culture at the concentration of 100 ug/mL.
At 24 h post siRNA treatment, cells were lysed with QuantiGene Lysis
Mixture (Thermo Fisher Scientific, Waltham, MA) for gene expres-
sion quantification.

QuantiGene branched DNA assay

To evaluate gene silencing activity, cell lysates collected after the
siRNA treatment were subject to QuantiGene branched DNA assay
(Thermo Fisher Scientific, Waltham, MA) according to the manufac-
turer’s protocol. In brief, cell lysates were incubated with capture
probes targeting mouse Cd45 (target gene) and Gapdh (endogenous
control) mRNAs at 55�C for 18–20 h. After washing, the plates
were incubated with pre-amplification probes and amplification
probes to amplify the signal. The excessive probes were then washed
off and assay substrates were added to allow quantifying lumines-
cence using a plate reader. The signal from Cd45 was normalized to
the signal from Gapdh.

Preparation of mannose conjugates and endosomal release

polymer for subcutaneous injection in mice and nonhuman

primates

Mannose-siRNA conjugates were dissolved in sterile saline to a con-
centration of 10 mg/mL for subcutaneous injection. Polymer micelles
were prepared as described above. Test articles were diluted to desired
concentration and supplied in a single vial for combination treatment.

Assessment of mannose-siRNA and polymer micelle in mouse

via subcutaneous administration

All animal-related procedures were conducted at Genevant Sciences
Corporation, an accredited facility, according to written operating
procedures, in accordance with Canadian Council on Animal Care
(CCAC) Guidelines on Good Animal Practices and approved by
the local Institutional Animal Care and Use Committee (IACUC).
Rodent studies were performed under AUP #0618002.

C57BL/6 female mice aged 6–8 weeks (n = 4 per group) were injected
intraperitoneally with 1 mL/animal of 4% thioglycolate (Sigma, St.
Louis, MO) in distilled water to elicit macrophages in the peritoneum.
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Three days post thioglycolate stimulation, animals were injected
subcutaneously in the scapular region with a single dose of vehicle
control (saline), AF647-hexa-mannose-siCD45 (10 mg/kg), AF647-
hexa-mannose-siCD45 (10 mg/kg) + mannose-ERP (50 mg/kg), or
mannose-ERP alone (50 mg/kg), using a volume of 5 mL/kg
body weight. The peritoneal cells of treated animals were collected
at 24 h post siRNA and ERP treatment and analyzed with flow
cytometry for siRNA delivery (AF647) and expression of CD206
and CD45.

For testing delivery of siRNAs to liver Kupffer cells. Balb/c female
mice aged 6–8 weeks (n = 4 per group) were injected subcutaneously
in the scapular region with a single dose of vehicle control (saline),
AF647-hexa-mannose-siCD45 (3 mg/kg), or AF647-unconjugated
siCD45. Single liver cells were collected using a protocol adapted
from a previous publication.69 In brief, we used two-step in situ pro-
nase/collagenase perfusion to dissociate the liver cells followed by
in vitro digestion with pronase/collagenase solution. The collected
single liver cells were centrifuged at 50 � g for 3 min to separate
the hepatocytes and nonparenchymal NPCs. Hepatocytes were
stained with anti-ASGPR antibodies (Thermo Fisher) followed by
staining of PE -labeled secondary antibody (Thermo Fisher). NPCs
were stained with PE-vio770-labeled anti-F4/80 antibody (Miltenyi).
The siRNA delivery (AF647) and ASGPR and F4/80 expression were
analyzed by flow cytometry.

Assessment of GalNAc-siRNA and mannose-siRNA in guinea

pig MARV infection model

Guinea pigs (n = 5 per group) were injected intraperitoneally with
5,000 pfu/animal of guinea pig-adapted MARV (Angola variant).36

Twenty-four hours post viral exposure, animals were injected subcuta-
neously in the scapular region with tetra-GalNAc-siMARV or hexa-
mannose-siMARV alone or in 1:1 combination (with the same total
siRNA dose, mixed in the same vial for injection). Different dosing reg-
imens, such as 10 mg/kg total siRNA daily subcutaneous dosing � 7
doses, 5 mg/kg total siRNA daily subcutaneous dosing � 7 doses,
5 mg/kg total siRNA weekly subcutaneous dose � 4 doses, or a single
10-mg/kg total siRNA dose were also tested (Figures S13 and S14). In
one study (Figure S13), animals were also treated subcutaneously with
GalNAc-ERP (5mg/kg) together withmannose-ERP (5mg/kg) (mixed
in the same vial for injection) on the first day of conjugate dosing
(dosing immediately after conjugate injection). The antiviral efficacy
was evaluated by bodyweights, survival rates, and viremia. Guinea
pigs were monitored daily and scored for disease progression with an
internal MARV humane endpoint scoring sheet approved by the Uni-
versity of Texas Medical Branch (UTMB) IACUC. UTMB facilities
used in this work are accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International and adhere
to principles specified in the eighth edition of the Guide for the Care
and Use of Laboratory Animals (National Research Council).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.09.009.
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Figure S1: Biotinylated Mannose and GalNAc ligands  
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Figure S2: Tetra- and Hexa-valent Mannose and GalNAc siRNA Conjugates  
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Figure S3: Preparation of mono-valent mannose ligand  
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Figure S4: Preparation of di-valent mannose ligand  
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Figure S5: Preparation of tetra-valent mannose ligand  
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Figure S6: Preparation of hexa-valent mannose ligand 
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Figure S7: Preparation of biotinylated mannose ligand (S2) 
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Figure S8: Preparation of mannose and GalNAc controlled pore glass (CPG) solid support for siRNA synthesis 

O
O

Et3N
1,2-dichloroethane

NH

O
HN

O

NH
O

O

AcO
OAc

O
O

AcO
O

NH

O

ONH
O

O
O

O
AcO

AcO

AcO

OAc

HN

O

OAc
O

OAc
AcO

O
O

OAc
O

NH

O
O

NH
O

O
O

O

AcO OAc

AcO
OAc

HN
OAcO

O

AcO
OAc

O
O

AcO
O

HN

O

O HN
O

O
O O

OAc
OAc

OAc

AcO

NH

O

OAc

O

OAc
OAc

OAc

O
O

OAc
O

N
H

O

O

HN

O

O

OO

AcO
OAc

AcO

OAc

HN O

N
H

O

ON
H

O

OAc
AcO

OAc

O
O

AcO
O

N
H

O

ON
HO

O
O

O

AcO OAcAcO

H
N

O

O

O

AcO
OAc

NH

OAc

O

O

O

O

N
H

N
H

OO

O

OAc
OAc

N
H

AcO O

O
O O

O

N
H

N
H

H
N

O

O

O

AcO OAc

NH
AcO

O
O

O

NH

NH
O

O

O

AcO

NH

OAc

O
O

O

HN
OO

R =
R =

R =

HO
O

O

HO

O

O

O
N

HATU

DIPEA
CH2Cl2

OAc
AcO

R-NH2

or

Tetra-Mannose Solid Support CPG (S29)

Hexa-Mannose Solid Support CPG (S31)

Tetra-GalNAc Solid Support CPG (S30)

+ H
N

O

O

HO

O

O

O
NR

O
H
N

O

O

O

O

O

O

O

O
N

n
N
H

R

H
N

O

O

O

O

O

O

O

O
N

HO

R

S26 S27

S28

1000Å lcaa CPG

DIC, NHS, Pyridine
ACN/CH2Cl2

NH2
n

  
 
 
 
 
 
 
 
 



Figure S9 
Cy3 labelled hexa-mannose-siCD45, tetra-mannose-siCD45 or tetra-GalNAc-siCD45 were incubated with M1 
macrophages cells. The delivery of conjugates was determined by detection of Cy3 fluorescence under a fluorescent 
microscope. Cell nuclei were stained with DAPI. Scale bar = 100 µm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S10: Endosome Release Polymers (ERP) 
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Figure S11  
Hemolysis assay for the mannose-ERP. The polymer micelle was incubated with isolated RBCs at pH 7.4, 6.6 or 5.8 
to mimic the extracellular, early endosome and late endosome pH environment respectively. The released hemoglobin 
was measured by absorbance at 400 nm and normalized to the positive control (RBC incubated with 20% Triton X-
100). The data presented here represents the average signal from 3 replicates with standard deviations.  
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Figure S12 
C57BL/6 female mice (n=4) were induced with 4% thioglycolate to elicit peritoneal macrophages. Animals were 
injected subcutaneously with a single dose of vehicle control (saline), AF647-hexa-mannose-siCD45 (10 mg/kg), 
AF647-hexa-mannose-siCD45 (10 mg/kg) + mannose-ERP (50 mg/kg) or mannose-ERP alone (50 mg/kg). The 
peritoneal cells of treated animals were collected at 24 h post siRNA and ERP treatment and analyzed with flow 
cytometry for the delivery of siRNA conjugate (AF647 fluorescence), CD206 receptor and CD45. 
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Figure S13 
A    Dosing schedule for guinea pig MARV challenge study in Figure 7 
 

 
 
 
B    Clinical score of animals in the guinea pig MARV challenge study in Figure 7. Animals were monitored daily to 
determine the clinical signs. Clinical score was assigned as follows: 0=normal; 1 = R (roughed); 2 = S (sick); 3 = 
death (euthanize, found dead, etc); Data were presented as the average score of the animals in each group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S14 
A    Dosing schedule for guinea pig MARV challenge in Figure 8 
 

 
 
 
B    Clinical score of animals in the guinea pig MARV challenge study in Figure 8. Animals were monitored daily to 
determine the clinical signs. Clinical score was assigned as follows: 0=normal; 1 = R (roughed); 2 = S (sick); 3 = 
death (euthanize, found dead, etc); Data were presented as the average score of the animals in each group 
 
 
 

 
 
 
 
 
 
 
 
 



Supplemental Methods 
 
 
Preparation of mono-, di-, tetra- and hexa-valent mannose ligands (Figures S3, S4, S5 and S6): 
 
Synthesis of Compound S11: A solution of 2-[2-(2-aminoethoxy)ethoxy]ethanol S10 (20.0 g, 134.1 mmol) and 
benzyl 2,5-dioxopyrrolidin-1-yl carbonate (33.4 g, 134.1 mmol) in THF (400 mL) was stirred for 16 hrs at RT. Upon 
completion, the solution was concentrated to dryness, redissolved in EtOAc (400 mL), washed with 0.25M NaOH 
(250mL) and brine (1 x 200 mL), dried (MgSO4), filtered, and concentrated in-vacuo.  Purification by automated 
column chromatography (0-7% MeOH in DCM) gave benzyl N-{2-[2-(2-hydroxyethoxy)ethoxy]ethyl}carbamate S11 
(28.5 g, 80%).  
Synthesis of Compound S12: To a cooled (0°C) solution of 1,2,3,4,6-Penta-O-acetyl-alpha-D-mannopyranose (64.3 
g, 164.9 mmol) and benzyl N-{2-[2-(2-hydroxyethoxy)ethoxy]ethyl}carbamate S11 (46.7 g, 164.8 mmol) in 
anhydrous DCM (400 mL) was added dropwise boron trifluoride diethyl etherate (163 mL, 1.32 mol) over 1h. The 
reaction was warmed to RT and stirred for 72 hr. Upon completion, the reaction was carefully poured into ice water 
(1 L). The organic layer was separated, washed with saturated NaHCO3 (200 mL) and brine (200 mL), dried (MgSO4), 
filtered, and concentrated in vacuo. Purification by automated column chromatography (5% MeOH/DCM) gave S12 
(46.6 g, 46%).  
Synthesis of Compound S13: To a solution of [(2R,3R,4S,5S)-3,4,5-tris(acetyloxy)-6-{2-[2-(2-
{[(benzyloxy)carbonyl]amino}ethoxy)ethoxy]ethoxy}oxan-2-yl]methyl acetate S12 (50 g, 81.5 mmol) in MeOH (200 
mL, 0.41 M, 4 Vols) was added TFA  
(6.24 mL, 81.5 mmol) and 10% palladium on carbon (2.5g, 5% wt/wt). The solution was gently sparged with hydrogen 
for 1 hr then vigorously stirred for 16 hr under a hydrogen atmosphere. Upon completion, the solution was sparged 
with nitrogen then filtered through celite and concentrated in-vacuo to give S14 (44.6 g, 92.2%).  
Synthesis of Compound S14: A solution of 5-nitrobenzene-1,3-dicarboxylic acid (6.35 g, 30.0 mmol), S13 (44.6 g, 
75.2 mmol), DIPEA (26.3 mL, 150.3 mmol) and HATU (25.2 g, 66.1 mmol) in DCM (500 mL) was stirred at RT for 
16 hr. Upon completion, the reaction mixture was diluted with DCM (100 mL), washed with saturated NaHCO3 (150 
mL), dried (MgSO4), filtered and concentrated in-vacuo. Purification by automated column chromatography (0-15% 
MeOH/DCM) gave S14 (46.5 g, quant.) 
Synthesis of Compound S15: To a solution of S14 (40.0 g, 35.3 mmol) in MeOH (250 mL) was added 10% palladium 
on carbon (2.0 g, 5% wt/wt). The solution was gently sparged with hydrogen for 1 hr then vigorously stirred at RT for 
16 hr under a hydrogen atmosphere. Upon completion, the solution was sparged with nitrogen, filtered through celite 
and concentrated in-vacuo. The crude product was purified by automated column chromatography (0-10% 
MeOH/DCM) to give S15 (32 g, 82%). 
Synthesis of Compound S16: A solution of S15 (32.0 g, 29.0 mmol), Z-Gly-OH (7.28 g, 34.8 mmol), HATU (14.3 
g, 37.7 mmol) and DIPEA (20.3 mL, 116.0 mmol) in DCM (300 mL) was stirred for at RT for 2 hr. The reaction 
mixture was washed with saturated NaHCO3 solution (200 mL), dried (MgSO4), filtered and concentrated in-vacuo. 
The residue was purified by automated column chromatography (0-5% MeOH/DCM) to give S16 (31.0 g, 83%). 
Synthesis of Compound S17: To a solution of S16 (31.0 g, 23.9 mmol) and TFA (1.83 mL, 23.9 mmol) in MeOH 
(250 mL) was added 10% palladium on Carbon (2.0 g). The solution was gently sparged with hydrogen for 1 hr then 
vigorously stirred at RT under a hydrogen atmosphere for 16 hr. The solution was sparged with nitrogen,  filtered 
through celite and concentrated in-vacuo. The crude product was purified by automated column chromatography (5-
15% MeOH/DCM) to give S17 (16.5 g, 54%). 
Synthesis of Compound S18: A solution of S17 (1.1 g, 0.9 mmol), (2S)-2-
{[(benzyloxy)carbonyl]amino}pentanedioic acid (111 mg, 0.4 mmol), HATU (360 mg, 1.0 mmol) and DIPEA (0.35 
mL, 2.0 mmol) in DCM (25 mL) was stirred at RT for 16 hr. Upon completion, the reaction was diluted with DCM 
(50 mL), washed with saturated NaHCO3 (50 mL), dried (MgSO4), filtered, and concentrated in vacuo. Purification 
by automated column chromatography (0-15% MeOH/DCM) gave S18 (920 mg, 91%). 
Synthesis of Compound S19: A solution of S18 (920 mg, 0.36 mmol), 10% palladium on carbon wet (100 mg) and 
TFA (28 µL, 0.36 mmol) in MeOH (75 mL) was stirred vigorously at RT for 16 hr under an atmosphere of hydrogen 
gas. The solution was filtered through celite and concentrated to give S19 as a colorless solid (720 mg, 83%).   
Synthesis of Compound S20: To a solution of Z-Gly-OH (5.5 g, 26.5 mmol), DIPEA (9.3 mL, 53.0 mmol) and 
HATU (10.5 g, 27.7 mmol) in DCM (100 mL) was added 1,7-di-tert-butyl 4-amino-4-[3-(tert-butoxy)-3-
oxopropyl]heptanedioate S20 (10.0 g, 24.1 mmol). The reaction was stirred at RT for 16 hr, washed (NaHCO3 (100 
mL)), dried (MgSO4) filtered and concentrated in vacuo. Purification by automated column chromatography gel (0-



50% EtOAc/ hexane) gave 1,7-di-tert-butyl 4-(2-{[(benzyloxy)carbonyl]amino}acetamido)-4-[3-(tert-butoxy)-3-
oxopropyl]heptanedioate S21 as a colorless solid (8.0 g, 55%). 
Synthesis of Compound S22: A solution of S21 (8.0 g, 13.2 mmol) in formic acid (50 mL) was stirred at RT for 16 
hr. Upon completion, the solution was concentrated in vacuo, precipitated from methyl tert-butyl ether (50 mL), 
filtered, and dried under vacuum to give S22 (5.4 g, 93%).  
Synthesis of Compound S23: To a solution of S17 (15.0 g, 11.76 mmol, 3.3 equiv.), 4-(2-
{[(benzyloxy)carbonyl]amino}acetamido)-4-(2-carboxyethyl)heptanedioic acid S22 (1.56 g, 3.6 mmol) and DIPEA 
(6.2 mL, 35.6 mmol) in DCM (100 mL) was added HATU (5.4 g, 14.3 mmol). The solution was stirred at RT for 16 
hr. Upon completion, the solution was diluted (DCM 100mL), washed (saturated NaHCO3 (2 x 100mL)), dried 
(MgSO4, filtered, and concentrated in-vacuo. Purification by automated column chromatography (0-10% 
MeOH/DCM) gave S23 (12.3 g, 89%). 
Synthesis of Compound S24: A solution of S23 (13.0 g, 3.4 mmol), 10% palladium on carbon (1 g) and TFA (257 
µL, 3.4 mmol) in MeOH (150 mL) was vigorously stirred at RT under an atmosphere of hydrogen gas for 16 hr. The 
solution was filtered through celite and concentrated to give S24 (720 mg, 83%). The product was used without further 
purification.  
 
Preparation of biotinylated mannose and GalNAc ligands (Figure S1): 
 
Synthesis of Compound S25: A solution of S17 (500 mg, 0.43 mmol), Biotin NHS (176 mg, 0.52 mmol) and DIPEA 
(188 µL, 1.1 mmol) in DCM (10 mL) was stirred at RT for 16 hr. The reaction was diluted with DCM (25 mL) washed 
with saturated NaHCO3 solution (25 mL), dried (MgSO4), filtered, and concentrated in-vacuo. Purification by column 
chromatography (0-15% MeOH/DCM) gave S25 (405 mg, 67.8%). 
Synthesis of Compound S2: Sodium (5 mg, 0.22 mmol) was added to a solution of S25 (400 mg, 0.29 mmol) in 
anhydrous MeOH (20 mL) and stirred at RT for 16 hr. Upon completion, the solution was concentrated in-vacuo and 
the residue purified by preparative HPLC (Agilent Zorbax SB-C18, PN 870150-902, 21.2mm x 150mm, 5um; 0 – 
30% acetonitrile/ water; 20 mL/min). The product was lyophilized to give S2. MS (ESI) m/z: [M + Na]+ Calcd for 
C44H70N6NaO21S, 1073.42; Found 1073.42 
Synthesis of Compounds S1, S3, S4, S5 and S6: Prepared using identical procedures to those describes for S25 and 
S2. Purification was completed using preparative HPLC (as described for S2) or recrystallization from methanol.  
 
Preparation of multi-valent mannose and GalNAc solid CPG supports for siRNA synthesis (Figures S2, S8): 
 
Synthesis of Compound S27: A solution of S19 (700 mg, 0.29 mmol), S26 (187 mg, 0.29 mmol), HATU (164 mg, 
0.43 mmol) and DIPEA (151 µL, 0.86 mmol) in DCM (50 mL) was stirred at RT for 16 hr. Upon completion, the 
reaction was diluted with DCM (50 mL), washed (saturated NaHCO3 (50 mL)), dried (MgSO4), filtered, and 
concentrated in-vacuo. Purification by automated column chromatography gel (0-15% MeOH/DCM) gave S27 (770 
mg, 87%).   
Synthesis of Compound S28: To a solution of S27 (770 mg, 0.25 mmol) and TEA (354 µL, 2.5 mmol) in anhydrous 
DCE (20 mL) was added succinic anhydride (227 mg, 2.3 mmol). The solution was stirred at 75oC for 3 hr then 
quenched with MeOH (1 mL) with stirring for 15 mins. The reaction mixture was diluted with DCM (50 mL), washed 
with saturated NaHCO3 (2 x 50mL), dried (MgSO4), filtered, and concentrated in-vacuo to give S28 (740 mg, 93%). 
The product was used without further purification. 1H NMR (400 MHz, MeOD) δ 8.22 (s, 2H), 8.17 (s, 2H), 7.95 (s, 
2H), 7.44 – 7.37 (m, 2H), 7.33 – 7.15 (m, 8H), 6.85 (dt, J = 9.1, 2.4 Hz, 4H), 5.29 – 5.18 (m, 12H), 4.86 (s, 4H), 4.38 
(t, J = 7.0 Hz, 1H), 4.22 (dd, J = 12.3, 5.0 Hz, 4H), 4.13 – 4.00 (m, 12H), 3.86 – 3.74 (m, 14H), 3.73 – 3.61 (m, 39H), 
3.61 – 3.55 (m, 9H), 3.43 – 3.19 (m, 4H), 3.16 (q, J = 7.3 Hz, 2H), 3.12 – 2.97 (m, 1H), 2.53 – 2.41 (m, 6H), 2.33 – 
2.18 (m, 4H), 2.12 (s, 12H), 2.04 (s, 12H), 2.03 (s, 12H), 1.94 (s, 12H), 1.65 – 1.50 (m, 4H), 1.39 – 1.33 (m, 2H), 1.32 
– 1.21 (m, 8H), 1.21 – 1.12 (m, 3H), 1.12 – 1.03 (m, 3H). 
Synthesis of tetra-mannose siRNA Conjugate S7: To a solution of S28 (740 mg, 0.24 mmol), N-
hydroxysuccinimide (5.5 mg, 0.05 mmol) and pyridine (58 µL, 0.71 mmol) in 1:1 MeCN/DCM (20 mL) was added 
1000Å lcaa CPG (long chain alkylamine controlled pore glass, 4.5 g). The suspension was gently agitated at RT for 
16 hr. Upon completion, the CPG was filtered, rinsed with DCM, air dried and suspended in a solution of 10% acetic 
anhydride, 5% N-methylimidazole and 5% pyridine in THF (30 mL). After 2 hr, the suspension was filtered and the 
remaining CPG rinsed with THF (50 mL), MeCN (50 mL), DCM (50 mL) and dried under high vacuum to afford 4.8 
g. The succinate loading efficiency was 23 µmol/g (determined by standard UV/Vis DMT assay @ 504 nm). The 
resulting tetra-valent mannose CPG solid support S29 was employed in automated oligonucleotide synthesis using 
standard procedures. Nucleotide cleavage and deprotection, with concurrent mannose acetate deprotection, afforded 



the 3’ conjugated tetra-valent mannose sense strand. After purification by dual HPLC, the corresponding antisense 
strand was annealed to form siRNA duplex S7. 
Synthesis of tetra-GalNAc Conjugate S8: Conjugate S8 was prepared using an analogous method to Compound S7 
from tetra-valent GalNAc solid support CPG S30 (see WO 2017/117326 for the preparation of tetra-valent GalNAc 
ligand and corresponding CPG solid support) 
Synthesis of hexa-mannose Conjugate S9: Conjugate S9 was prepared using an analogous method to Compound S7 
from hexa-mannose solid support CPG S31. 
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