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Silencing CCR2 in Macrophages Alleviates Adipose
Tissue Inflammation and the Associated Metabolic
Syndrome in Dietary Obese Mice

Jongkil Kim', Kunho Chung'?, Changseon Choi'?, Jagadish Beloor? Irfan Ullah', Nahyeon Kim', Kuen Yong Lee',
Sang-Kyung Lee' and Priti Kumar?

Adipose tissue macrophage (ATM)-mediated inflammation is a key feature contributing to the adverse metabolic outcomes
of dietary obesity. Recruitment of macrophages to obese adipose tissues (AT) can occur through the engagement of CCR2,
the receptor for MCP-1 (monocyte chemoattractant protein-1), which is expressed on peripheral monocytes/macrophages.
Here, we show that i.p. administration of a rabies virus glycoprotein-derived acetylcholine receptor-binding peptide effectively
delivers complexed siRNA into peritoneal macrophages and ATMs in a mouse model of high-fat diet-induced obesity. Treatment
with siRNA against CCR2 inhibited macrophage infiltration and accumulation in AT and, therefore, proinflammatory cytokines
produced by macrophages. Consequently, the treatment significantly improved glucose tolerance and insulin sensitivity
profiles, and also alleviated the associated symptoms of hepatic steatosis and reduced hepatic triglyceride production. These
results demonstrate that disruption of macrophage chemotaxis to the AT through cell-targeted gene knockdown strategies can
provide a therapeutic intervention for obesity-related metabolic diseases. The study also highlights a siRNA delivery approach
for targeting specific monocyte subsets that contribute to obesity-associated inflammation without affecting the function of

other tissue-resident macrophages that are essential for host homeostasis and survival.
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Introduction

Obesity in humans is accompanied by inflammation and a
major associative risk for the “metabolic syndrome,” which
is a collection of pathological states including resistance to
insulin, hyperglycemia, hypertension, and dyslipidemia lead-
ing to diseases such as type 2 diabetes, cardiovascular dis-
ease, hepatic steatosis, airway disease, neurodegeneration,
biliary disease, and certain cancers."® Recent advances
in obesity research have unearthed that the low-grade but
chronic inflammation developing on account of excess nutri-
ent uptake in metabolic tissues such as the liver, skeletal
muscle, and adipose tissue (AT) is an important connect-
ing link between obesity and insulin resistance.*®’ In both
rodents and humans, it is now well recognized that macro-
phages that infiltrate and accumulate in the visceral AT depot
during obesity are a critical component of the inflammatory
cell milieu.®° Adipose tissue macrophage (ATM) numbers
also correlate with systemic insulin resistance in obese
human subjects.'"'2 ATMs, polarized to the M1 or “classically
activated inflammatory” state, that predominate in obese vis-
ceral AT, produce proinflammatory cytokines such as tumor
necrosis factor-o. (TNF-c), interleukin-6 (IL-6), and induc-
ible nitric oxide synthase.''® This is believed to impair adi-
pocyte ability to secrete beneficial adipokines or store lipid,
leading to ectopic lipid deposition in the liver and muscle,

a causal factor for insulin resistance.’®'® In contrast, M2 or
“alternatively activated noninflammatory” macrophages that
predominate in normal or lean AT may promote a reduced
inflammatory environment by secreting suppressive cyto-
kines like arginase-1 and IL-10."2° Diet-induced obesity
polarizes ATMs from an M2 to M1 proinflammatory state.'s?!
Thus, interventions that disrupt macrophage recruitment into
the AT, block M1-polarization of macrophages, and/or attenu-
ate AT inflammation may alleviate the metabolic syndrome
associated with obesity.?223

In obese mice, increased levels of monocyte chemoattrac-
tant protein-1 (MCP-1) (also called chemokine (C-C motif)
ligand 2 or CCL2) in the AT are strongly associated with
increased infiltration and accumulation of ATMs expressing
CCR2, the MCP-1 receptor.2+2° Increased levels of MCP-1 in
plasma and subcutaneous AT and elevated levels of CCR2-
expressing inflammatory cells in AT of obese human subjects
are strongly associated with insulin resistance.?#26-32 These
observations implicate MCP-1 in the recruitment of macro-
phages to the AT and in the development of insulin resistance
in obese humans and rodents through similar mechanisms.
Mice deficient in CCR2 display lower inflammation in AT and
have a reduced propensity to develop insulin resistance while
mice overexpressing MCP-1 have an exacerbated insulin
resistance phenotype.?4262°32 CCR2 is also a receptor for
other chemokines such as CCL7 (MCP-3), CCL8 (MCP-2),
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CCL12 (MCP-5), and CCL13 (MCP-4) that are all increased
in inflamed obese AT.”?>% Thus, blockade/reduction of CCR2
expression in macrophages may disrupt their chemotaxis to
the AT and reduce the downstream effects of obesity-induced
inflammation.

siRNAs have immeasurable clinical potential, however
their therapeutic value remains untapped mainly due to the
hurdle of effective delivery in vivo.3*3® We reported the use of
cell-binding ligands attached to an arginine-rich cationic cell-
penetrating peptide (9R) for the effective and targeted deliv-
ery of electrostatically complexed siRNA into cells in vivo.36-38
One such ligand, RVG, a 32 amino acid peptide derived
from the rabies virus envelope glycoprotein, binds nicotinic
acetylcholine receptor (nAchR) subunits that are expressed
on human and rodent monocytes/macrophages.®”3°4° Here,
we demonstrate that macrophage-targeted siRNA delivery
using RVG for knockdown of CCR2 expression reduces mac-
rophage infiltration into inflamed AT and consequently, the
inflammatory response. The treatment induced widespread
beneficial effects on the associated metabolic syndrome and
improved systemic glucose tolerance, restored insulin sensi-
tivity, and also ameliorated the accompanying symptoms of
hepatic steatosis.

Results

Characterization of RVG9R3LC:siRNA complexes

The peptide used in this study, RVGOR3LC, was modified from
its original sequence (RVG9R¥) by the addition of three leu-
cine and one cysteine residues at the carboxyl terminus, which
enhanced cytoplasmic delivery (Lee, S-K unpublished data).
To assess peptide interaction with negatively charged siRNA,
RVGOR3LC was incubated with 100 pmol of siRNA at different
molar excesses and the siRNA complexes formed analyzed
by electrophoresis on a 1% agarose gel (Figure 1a). siRNA
retardation commenced at a 5:1 peptide:siRNA ratio and was
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Figure 1 Physical characteristics of RVG9R3LC:siRNA com-
plexes. (a) Electrophoretic gel mobility shift assays with 100 pmol
siRNA complexed to RVG9R3LC at the indicated molar excesses
of the peptide. (b,c) Average particle diametric size distribution in
nanometer (Z, .) and surface charge distribution ({) of peptide-
siRNA complexes (100 pmol siRNA) measured by dynamic light
scattering. Error bars indicate SEM; n= 3.
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complete at 20:1 and higher. The peptide:siRNA complexes
exhibited nanometer scale size distributions, with average par-
ticle diameters ranging from 107.0+1.76 to 172.07+1.60nm
between 10:1 and 80:1 peptide:siRNA molar ratios (Figure 1b).
All complexes also recorded an overall positive charge with
zeta potential ranging from 19.7 to 28.2 mV (Figure 1c). The
smallest particle size (107.0+1.76nm) recorded at a 40:1
peptide:siRNA was also the highest in positive zeta potential
(28.23 mV), suggesting a tight association of the siRNA with
the peptide at this ratio.

RVG9R3LC mediates functional delivery of siRNA into
murine macrophages

We assessed siRNA delivery by incubating Raw 264.7 cells,
a murine monocytic cell line that expresses nAchR,* with
RVG9R3LC complexed to FITC-labeled siRNA (siFITC).
Significant transfection, in terms of numbers of cells as well
as levels transfected per cell, occurred in a peptide:siRNA
ratio-dependent manner (Figure 2a,b). A CCK-8-based
cytotoxicity assay revealed slight toxicity only at the highest
peptide:siRNA ratio (80:1), (Supplementary Figure S1).
We therefore restricted our functional investigations to
RVG9R3LC:siRNA complexes formed at a 40:1 molar ratio.
Treatment of Raw 264.7 cells under these conditions with
100 pmol siRNA targeting CCR2 (siCCR2) induced an ~60%
reduction in target mMRNA levels (Figure 2c). Interestingly,
Lipofectamine 2000 was ineffective in inducing knockdown,
consistent with the known resilience of Raw 264.7 cells to
nucleic acid transfection with this reagent.'

We next assessed whether RVGI9R3LC can deliver
siFITC into primary murine peritoneal macrophages that
also express the nAchR.* Transfection efficiencies with
RVG9R3LC:siFITC complexes were 90%, twice as high as
those with Lipofectamine 2000 (Figure 2d,e). The amount
of siRNA delivered per cell, reflected by mean fluores-
cence intensity, was also on average 30 times higher with
RVG9R3LC (1047.7+56.4) than with Lipofectamine 2000
(36.1+2.8). The siRNA delivered was functional and resulted
in an ~80% reduction in CCR2 mRNA levels with 100 pmol
siRNA in comparison to the ~45% obtained with Lipo-
fectamine (Figure 2f).

RVG9R3LC:siRNA complexes silence target
expression in ATMs in vivo

We examined the biodistribution of i.p.-injected RVG9LR3C:
siRNA complexes in obese mice maintained on a high-fat diet
(HFD). For this, we used RVG9R3LC complexed to siFITC
(0.1mg/kg body weight) at a 40:1 ratio. Strong siRNA fluo-
rescence was associated with CD11b* cells isolated from
the peritoneal cavity and epididymal white adipose tissue
(eWAT), and to a smaller with those from peripheral blood,
but not with CD11b* cells in the spleen, lung, and liver
(Figure 3a,b). The cell types targeted were CD11b*CD14*
macrophages and CD11b- or CD11b*CD14- cells were not
positive for siFITC suggesting that the i.p. route primarily
targets peritoneal and eWAT macrophages (see Figure 4b).
This is consistent with previous studies demonstrating local-
ization of glucan shells (glucan-encapsulated siRNA par-
ticles), gold nanoparticles, clodronate liposomes, and basic
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Figure 2 RVG9R3LC transfects siRNA into murine macrophages. Flow cytometric analysis of murine Raw 264.7 cells (a,b) and
peritoneal cavity macrophages (d,e) 18 hours after exposure to RVGOR3LC:siFITC complexes. Representative histograms are shown in (a)
and (d), and cumulative data for siRNA transfection efficiencies depicted as percent cells (upper panel) and mean fluorescence intensity
(lower panel) in (b and e). Filled histograms in (a and d) represent nontreated cells (mock). In the upper panels of (b) and (e), cells were
scored as positive for SiRNA uptake using the marker gate (black line) depicted in (a) and (d), respectively. (c,f) Data presented are CCR2
mRNA levels after normalization to mMGAPDH mRNA relative to that in untreated Raw 264.7 cells (c) and wild-type peritoneal macrophages
(f) 24 hours after exposure to RVGIR3LC/siCCR2 complexes (100 pmol siRNA). Peptide:siRNA ratios are as indicated in (a) and (b) or
40:1 in (c) to (f). In all cases, error bars indicate SEM, n = 3. Significance was computed by analysis of variance and Bonferroni posttest,
*P<0.05,*P<0.01,**P<0.001, ****P < 0.0001. LMN, Lipofectamine 2000; Mock, nontreated cells; None, no transfection reagent; siCon,

siRNA targeting human CDA4.

peptides and lipophilic drugs in AT but not in other organs,
particularly upon i.p. injection.*2=+

To evaluate CCR2 silencing, obese mice were treated with
RVG9R3LC complexed with siCCR2 (0.1 mg/kg bodyweight)
on alternate days for 6 weeks. We observed a reduction in
CCR2-expressing CD11b macrophages from the peritoneum
and eWAT and in addition, also in CD11b* macrophages in
the peripheral blood and liver (Figure 3c). CCR2 expression
was reduced by as much as 60% in the e WAT in mice treated
with RVGOR3LC complexed to siCCR2 when compared with
mice treated with the peptide complexed to a nonspecific con-
trol siRNA. Expression of other macrophage cell markers like
CD45, CD14, and CD11b remained unchanged confirming
the specificity of target gene silencing. These data indicate
that i.p. treatment with RVG9OR3LC:siCCR2 over longer peri-
ods of time reduces the levels of CCR2* macrophages not
just in the peritoneum and eWAT but also in other inflamed
tissues like the liver and peripheral blood. This is likely a
consequence of reduced macrophage migration from the

peritoneum and eWAT due to decreased CCR2 expression.
Thus, reduced numbers of CCR2* macrophages (Figure 3d,
left) as well as lower levels of surface CCR2 expression per
cell (measured as mean fluorescence intensities, Figure 3d,
right) were recorded.

The use of a control nontargeting peptide RVM9R3LC, that
binds siRNA similar to RVGORLC (Figure 4a) but does not
bind the nAchR,*" also resulted in siFITC association with
ATMs (and peritoneal macrophages), but at reduced lev-
els when compared to RVGIR3LC (Figure 4b). However,
minimal or no CCR2 silencing was observed (Figure 4c,d),
suggesting that RVM9R3LC:siRNA uptake was mediated
nonspecifically, through other mechanisms like phagocytic
activity and not through peptide-mediated engagement of
receptors, as in the case of RVG9R3LC, which is critical for
functional delivery of siRNA into the cytoplasm.3® This is in
agreement with our previously published data that receptor
engagement by a targeting peptide is critical for eliciting cyto-
plasmic localization of siRNA and silencing activity.®®
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Figure 3 Intraperitoneal administration of RVG9R3LC targets siRNA into ATMs. (a,b) Flow cytometric analysis for fluorescent siRNA
(siFITC) in CD11b* cells in the indicated tissues of high-fat diet (HFD)-fed mice after a single i.p. injection of RVG9R3LC:siRNA (400 pmol
siRNA, 40:1 peptide:siRNA ratio). Representative histograms are shown in (a), and cumulative data in (b) depicting transfection efficiencies as
percent CD11b* cells positive for FITC fluorescence. In (a), filled histograms represent mock-treated mice and the solid histograms represent
cells isolated at 24 hours from mice treated with RVGOR3LC:siFITC. In (b), cells were scored as positive for uptake using the marker gate
(black line) depicted in (a). (c,d) Flow cytometric analysis for CCR2 expression on CD11b* cells isolated from tissues of HFD-fed mice after
i.p. injection of RVG9IR3LC:siCCR2 (400 pmol siRNA, 40:1 peptide:siRNA ratio) for 3 weeks on alternate days. Representative histograms
are shown in (c) with filled and solid histograms representing mice that were mock-treated or treated with RVG9R3L:siCCr2 complexes.
Cumulative data in (d) depict CCR2 knockdown efficiencies as percent decrease in CCR2* CD11b* cells (left) and fold reduction in mean
fluorescence intensity for CCR2 signal (right) in comparison to mock-treated mice. In (d), cells were scored as positive for CCR2 expression
using the marker gate (black line) depicted in (c). The dashed line in the left panel depicts the value expected when there is no change in
CCR2 expression. In all cases, error bars indicate SEM, n = 3-6. Significance was computed by analysis of variance and Bonferroni posttest in
comparison to the values in mock-treated mice for each data set; *P < 0.05, ****P < 0.0001. Mock, mice treated with naked siFITC or siCCR2;

ATM, adipose tissue macrophages; PBM, peripheral blood macrophages; PM, peritoneal macrophages.

RVG9R3LC:siCCR2 treatment prevents macrophage
infiltration into and inflammation in AT in obese mice

Infiltrating macrophages are a major cause for the inflamma-
tory environment within AT in obese mice leading to metabolic
dysfunction.®'* We assessed if CCR2 knockdown could dis-
rupt macrophage chemotaxis into the AT in obese mice. HFD-
fed C57BL/6 mice, with average body weights of 509, were
treated i.p. with RVG9R3LC:siRNA complexes, three times
a week for up to 6 weeks. Histological analysis of the eWAT
showed a significant decrease in the numbers of “crown-
like structures” that are formed by macrophages infiltrating
the AT in RVG9R3LC:siCCR2 treated mice (Figure 5a).
Although the overall mass of the AT was comparable in all
mouse cohorts (not shown), the average numbers of crown-
like structures per field in RVG9R3LC:siCCR2 treated mice
were reduced by ~80% (Figure 5b). Accordingly, mRNA lev-
els for CD11c and F4/80, the markers for M1 polarized mac-
rophages,'>?' were reduced by half as were levels of CD68

Molecular Therapy—Nucleic Acids

mRNA, indicating a lower number of total macrophages in
eWAT in RVG9R3LC:siCCR2 treated mice (Figure 5c).
mRNA levels for CD206, the marker for M2 macrophages, did
not significantly change indicating that RVGOR3LC:siCCR2
treatment primarily contributes to reducing M1 macrophage
infiltration and accumulation in the eWAT.

The outcome of decreased M1 macrophage frequencies on
the inflammatory environment in the eWAT was reflected in
significantly lower mRNA levels of TNF-o and inducible nitric
oxide synthase, key inflammatory mediators in obesity'3'5
(Figure 5d). Consequently, serum concentrations of MCP-1
and IL-6, whose production is triggered by TNF-o,, were ~50%
lower in treated mice than in the control obese mouse groups
(Figure 5e). Our data thus bolsters other studies demonstrat-
ing a reduction in M1-type macrophages correlates with a
decrease in proinflammatory chemoattractant cytokines as
well as circulating inflammatory cytokines.*24%4° Qur data
also demonstrate that downregulating CCR2 expression in
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Figure 4 A nontargeting peptide cannot mediate functional siRNA delivery to macrophages. (a) Electrophoretic gel mobility shift assays
with 100 pmol siRNA complexed to peptides RVGIR3LC and RVM9R3LC at the indicated molar excesses of the peptides. (b) A representation
of the flow cytometric analysis for quantifying fluorescent siRNA (siFITC) in cells isolated from the indicated tissues of high-fat diet (HFD)-fed
mice after a single i.p. injection of peptide:siRNA (400 pmol siRNA, 40:1 peptide:siRNA ratio). The gating strategy used to identify CD11b*/
CD14+ is shown in the upper panel. The filled histograms represent mock-treated mice and the dotted and solid histograms represent cells
isolated at 24 hours from mice treated with RVM9R3LC:siFITC and RVGOR3LC:siFITC. Cells were scored as positive for uptake using the
marker gate (black line) depicted. (c) A representative flow cytometric histogram plot for CCR2 expression in CD11b* ATMs isolated from HFD-
fed mice after i.p. injection of peptide:siCCR2 (400 pmol siRNA, 40:1 peptide:siRNA ratio) for 3 weeks on alternate days. The filled histograms
represent mock-treated mice and the solid and dotted histograms represent mice treated with RVG9R3LC:siRNA and RVM9R3L:siRNA
complexes, respectively. Cumulative data in (d) depict CCR2 knockdown efficiencies as percent decrease in CCR2* CD11b* cells in comparison
to mock-treated mice. Significance was computed by multiple nonparametric +tests, ****P < 0.0001. In all cases, error bars indicate SEM.
Mock, mice treated with siRNA alone; ATM, adipose tissue macrophages; PBM, peripheral blood macrophages; PM, peritoneal macrophages.

macrophages by RVGOR3LC-delivered siRNA contributes to
this effect by reducing M1 macrophage levels in the AT.

RVG9R3LC:siCCR2 treatment improves glucose tolerance
and restores insulin sensitivity

To test the effects of reduced inflammation in the eWAT on
whole-body metabolism, we measured responses to glu-
cose and insulin challenges in HFD-fed mice (Figure 6a—d).
RVG9R3LC:siCCR2 treatment improved glucose tolerance
in obese mice (Figure 6a). Glucose tolerance test area
under the curve calculations revealed that mice treated
with RVGOR3LC:siCCR2 were significantly more tolerant to
a glucose challenge when compared with mock- or control
siRNA-treated mice (Figure 6b). To study the effects on sys-
temic insulin sensitivity, we performed insulin tolerance tests
(Figure 6c¢,d). Mice treated with RVG9R3LC:siCCR2, again,
had a significant improvement in insulin response compared
with mice in the two control groups. While no significant
changes in food intake were recorded during the treatment
period (Supplementary Figure S2), body weight gain was
more gradual in RVG9R3LC:siCCR2-treated mice in contrast
to mice in the control groups, which showed a steady and sig-
nificant increase in body weight (Figure 6e). Taken together,
these results suggest that RVG9R3LC:siCCR2 treatment for
decreasing inflammatory macrophage chemotaxis into the
AT also has a beneficial effect on whole-body metabolism.

RVG9R3LC:siCCR2 treatment ameliorates hepatic steatosis
in obese mice

Hepatic steatosis, a consequence of obesity-induced inflam-
mation, is a condition characterized by MCP-1/CCR2-induced
myeloid cell recruitment into the liver.?52 Our observations
indicated that RVG9R3LC:siCCR2 treatment reduced levels
of CCR2* macrophages in the liver of HFD-maintained obese
mice (Figure 3c,d). Therefore, we tested effects on hepatic
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steatosis. First, a comparison of the sizes and weights of liv-
ers indicated that RVG9R3LC:siCCR2 treatment reduced the
mass of the hepatic organ in obese mice by >50%, indicat-
ing a significant decrease in hepatomegaly (Figure 7a,b).
Next, histological analysis of liver tissue sections in obese
mice revealed that the severe steatosis (both microvacuolar
and macrovacuolar) was near completely reversed upon
treatment with RVGIR3LC:siCCR2 (Figure 7c). The num-
ber of large-droplet liver cells in RVGOR3LC:siCCR2-treated
mice were reduced (Figure 7c) and accordingly, an ~40%
decrease in hepatic triglyceride (TG) content was recorded
with respect to the control groups (Figure 7d). Corroborat-
ing this, mRNA levels of the lipogenic gene for TG synthe-
sis, stearoyl-CoA desaturase 1 (SCD1), were also reduced
by ~70%, indicating a likely reduction in circulating free fatty
acid levels as this regulates Scd1 expression.5°%" Finally, we
also detected ~70% reduction in tissue mMRNA levels of TNF-
o whose increased expression in the liver is associated with
hepatic steatosis®**? (Figure 7e). These observations indi-
cate that ATM-directed delivery of RVG9R3LC:siCCR2 pro-
tects against HFD-induced hepatic steatosis.

In conclusion, i.p. administration of the macrophage-bind-
ing RVGIR3LC peptide in obese mice enables targeting of
inflamed peritoneal and ATMs. Exploiting this delivery sys-
tem to disrupt macrophage chemotaxis to the AT and liver,
through siRNA-mediated downregulation of CCR2, holds
immense utility in treating the complications associated with
diet-induced obesity.

Discussion

The highlight of this study is a strategy for treating obe-
sity-induced inflammation through silencing of genes in
macrophages that contribute to this condition. A distinct bio-
distribution profile with selective targeting of peritoneal and
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Figure 5 Treatment of diet-induced obese mice with
RVG9R3LC:siCCR2 reduces macrophage infiltration and
inflammatory chemokine production in adipose tissues.
Mice maintained on high-fat diet (HFD) were treated i.p. with
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Mock, mice treated with naked siCCR2; siCon, siRNA targeting
human CD4; CLS, crown-like structures; IL, interleukin; iNOS,
inducible nitric oxide synthase; MCP-1, monocyte chemoattractant
protein-1; TNF, tumor necrosis factor.

AT macrophages was achieved using a macrophage-binding
peptide and an i.p. route of administration. Delivery of siRNA
for silencing the expression of CCR2, a gene product that
mediates migration of macrophages to the visceral AT in
obese rodents and humans,®'° using this strategy provided
therapeutic benefits in obese mice.

In this study of macrophage-targeted RNAi in diet-induced
obesity mice, we corroborate and extend evidence for the role
of the CCR2/MCP-1 signaling pathway in the inflammation
that drives insulin resistance and hyperglycemia in dietary
obese mice. We used a rabies virus-derived peptide that binds
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nAchR subunits, and which in previous studies, was shown
to be to target peripheral blood macrophages and microglia
upon intravenous injection in mice.?:3405% An ip. route of
administration, in contrast, elicited siRNA delivery into mac-
rophages in the peritoneum and the inflamed AT in HFD-fed
mice. Previous studies demonstrate glucan shells (glucan-
encapsulated siRNA particles) and gold nanoparticles selec-
tively localized to the AT (and not other tissues/organs) only
through an i.p. injection route.*>4® Further, basic drugs and
cationic peptides/protein conjugates also have a propensity to
infiltrate the AT.**¢ We hypothesize that the i.p. route of injec-
tion together with the highly basic 9R cell-penetrating peptide
contribute to AT infiltration and macrophage targeting by the
nAchR-binding RVG9R3LC peptide:siRNA nanoparticles. It is
also possible that macrophages in the peritoneum bind the
nanoparticles and then traffic to the AT enhancing AT delivery.
i.p. treatment with the RVG9R3LC peptide complexed to
anti-CCR2 siRNA enabled (i) reduction of CCR2 expression
on macrophages, (ii) reduced macrophage infiltration into and
therefore decreased M1 macrophage levels within the eWAT,
and (jii) reduced tissue and serum levels of inflammatory cyto-
kines secreted monocytes and macrophages that are strongly
associated with metabolic dysregulation during obesity (for a
review, see ref. 54). For instance, TNF-o. can reduce tyrosine
phosphorylation of the insulin receptor substrate-1 (IRS-1) and
downregulate adipogenic genes such as PPAR-y and C/EBP,
leading to impaired insulin action.®*%” Further, via the activa-
tion of MAPK and NF-xB signaling pathways, TNF-o. augments
the release of IL-1B3 and IL-6%5°, that inhibit insulin-stimulated
glucose uptake and serine phosphorylation of IRS-1, respec-
tively.®*-62 Additionally elevated WAT-derived TNF-o. secretion is
one of many factors implicated in hepatic insulin resistance.®?
Hepatic insulin resistance can enhance de novo lipogenesis
leading to chronic hyperglycemia and hypertriglyceridemia,
which are among the collection of pathogenic states that rep-
resent hepatic steatosis.®*% Consequently, reducing inflamma-
tory cytokine production by inhibiting macrophage migration
into the WAT allowed significant improvements in glucose
metabolism, insulin sensitivity, and mitigation of pathogenic
parameters that represent HFD-induced hepatic steatosis.
There is no doubt that weight loss can improve the inflam-
matory phenotype in obese conditions,®® however rapid and
sustained weight loss is rarely possible. There has thus been
a push towards identifying alternative interventions that
may antagonize inflammation independent of weight loss
(reviewed in ref. 54). Mice genetically knocked out for genes
that play a role in obesity-induced inflammation, including
MCP-1, have improved glucose homeostasis and reduced
liver fat content and liver mass compared to wild-type mice
maintained on HFD despite similar body weights.?>¢” Treat-
ment of diabetic db/db mice with a CCR2 antagonist for
12 weeks in addition to reversing insulin resistance also
improved lipid metabolism and reduced liver fat content with-
out influencing body mass.® In our studies, a small but sig-
nificant reduction in body weight occurring towards the end of
the observation period (week 7), which might have translated
to increased weight loss, had the treatment been prolonged.
As CCR2-expressing cells are recruited through interac-
tions with MCP-1 as well as with other cytokines produced
by the inflamed AT,”2%%% interfering with CCR2 expression or
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Figure 6 RVG9R3LC/siCCR2 treatment reverses glucose intolerance and insulin resistance. Serum glucose levels in high-fat diet
(HFD)-fed obese mice upon (a) a GTT and (c) an ITT after a 12 and 4 hours fasting period at the indicated time points. (b,d) AUC of
corresponding GTT (a) and ITT (c) graphs. Data presented relative to AUC values in untreated HFD-fed obese mice. Wherever relevant,
the grey, white, and black bars represent mock-, control RVGOR3LC-siCD4-, and RVGIR3LC-siCCR2-treated mice, respectively. Error bars
indicate SEM, n = 3. Statistical significance was determined by analysis of variance and the Tukey (a and ¢) or Bonferroni (b, d, and e)
posttests in comparison to the values in mock-treated mice for each data set; *P < 0.05, **P < 0.01, ***P < 0.001. Mock, mice treated with
naked siCCR2; siCon, siRNA targeting human CD4; AUC, area under the curve; GTT, glucose tolerance tests; ITT, insulin tolerance tests.

function may be more advantageous than blocking MCP-1.
A number of small-molecule antagonists of CCR2 exist
(reviewed in refs. 69,70) but only few have been tested for
activity against obesity-induced inflammation in vivo.29526871-73
A phase 2 clinical trial has indicated beneficial effects of the
CCR2 antagonist CCX140-B on glycemic parameters in
human subjects.” It is, however, well acknowledged that sub-
optimal pharmacokinetics/pharmacodynamics, low AT pene-
trance, and toxicity are significant problems associated with
the use of pharmacological inhibitors as intervention for AT
inflammation.527072747%  Furthermore, the important immu-
nomodulatory and protective effects of CCR2 activity,’"8
particularly in resolving pathology during viral infections,”®%
advocates restricting CCR2 blockade to tissues/organs of
pharmacological interest.

The relative paucity of in vivo delivery systems for macro-
phages has impeded the use of siRNA-based approaches
as treatment for macrophage-associated inflammation dur-
ing diet-induced obesity. In a proof-of-concept study, JNK1
knockdown in HFD-fed mice as well as genetically obese
mice using shRNA-expressing adenoviral vectors decreased
plasma glucose levels and steatosis, but the site of action
was localized to the hepatic tissue given that route of admin-
istration was intravenous and the liver is the target organ for
systemically administered nanoparticles and viral vectors.®
Another study with a systemically administered lipid nanopar-
ticle formulation resulted in the accumulation of anti-CCR2
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siRNA in multiple lineages of immune cells in the spleen,
blood, and bone marrow and promoted islet graft survival in
type 1 diabetic mice by preventing mobilization of monocytes
to the grafted tissue.® Glucan-based shells, incorporating
Saccharomyces cerevisiae 3-1,3-p-glucan, ligand that binds
the dectin-1 receptor expressed on macrophages, have been
successful in eliciting siRNA delivery to phagocytic macro-
phages in vivo.8# Interestingly, i.p. administration of siRNA
encapsulated within glucan shells selectively targeted vis-
ceral ATMs in obese mice, and not macrophages in other
tissues.*? Silencing TNF-o. or osteopontin gene expression
in visceral ATMs using this strategy improved glucose tol-
erance in obese mice but did not impact circulating TGs or
hepatic steatosis due to the restricted biodistribution of this
formulation.

It is our view that disrupting macrophage chemotaxis to
inflamed tissues during diet-induced obesity is more effec-
tive as treatment than blockade of proinflammatory effector
cytokines as this can also minimize the profound paracrine
and endocrine effects exerted by the recruited cells. Indeed,
although RVG9R3L-mediated siRNA delivery occurred pri-
marily to peritoneal macrophages and ATMs, an additional
consequence of treating with siRNA targeting CCR2 was a
pronounced reduction in CCR2-expressing hepatic CD11b*
macrophages, signifying inhibition of macrophage traffick-
ing to the liver. A second reason contributing to this out-
come could be an altered peptide-siRNA distribution profile
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Figure 7 RVG9R3LC/siCCR2 treatment ameliorates hepatic steatosis and inflammation in dietary obese mice. Representative images
of liver (a) and average organ weight (b) from obese mice treated as indicated; scale bar = 100 pm. (¢) Representative H&E stained sections of
liver tissue. Scale bar = 100 um. (d) hepatic TG content, (e), and (f) quantitative PCR quantitation of SCD1 and TNF-o. mRNA with mGAPDH
mRNA levels used for normalization. Data are presented relative mRNA levels in untreated high-fat diet-fed obese mice. In all cases, the grey,
white, and black bars represent mock-, control RVG9R3LC-siCD4- and RVG9R3LC-siCCR2-treated mice, respectively. Error bars indicate
SEM, n= 3 or 4. Significance was computed by analysis of variance and Bonferroni posttest in comparison to the values in mock-treated mice
for each data set; *P < 0.05, **P < 0.01. Mock, mice treated with naked siCCR2; siCon, siRNA targeting human CD4; SCD1, stearoyl-CoA

desaturase 1; TG, triglyceride; TNF, tumor necrosis factor.

that includes the hepatic tissue upon prolonged administra-
tion. The mechanism of siRNA delivery, which is transport
across the plasma membrane and into the cytoplasm after
RVGILR3C binds receptors on macrophages® and not
phagocytosis like in the case of glucan shells, would then
contribute towards a functional outcome in tissue-resident
macrophages.

The targeted delivery approach also conferred the huge
advantage of reduced dosing an improved outcome attained
after 6 weeks of treatment with as little as 0.1 mg/kg body
weight of siRNA administered three times a week. Our pre-
vious studies have indicated minimal immunogenicity of
nonadjuvanted RVG peptides after repeated systemic admin-
istration in mice.®” The very easy formulation protocol, which
involves simple mixing of the peptide with siRNAs to form
complexes within a matter of minutes, makes RVG9LR3C
a versatile siRNA delivery platform that may be used for
the combinatorial targeting of more than one gene product
that regulate the inflammatory pathway in macrophages to
achieve higher therapeutic potency.

In conclusion, in animal models of diet-induced obesity,
silencing of CCR2 in macrophages can reduce inflammation

in AT, ameliorate multiple diabetic parameters, and restore
hepatic metabolism. Thus, CCR2 siRNA might provide a
treatment strategy for human obesity-associated inflamma-
tion, and RVG9R3LC, a tool to deliver siRNA to macrophages
for suppressing a variety of therapeutic targets in human
inflammatory diseases.

Materials and methods

Peptide and siRNAs. RVG9R3LC and RVM9R3LC were
synthesized by Peptron (Daejeon, Korea). siRNAs siCCR2
(5"-GCUAAACGUCUCUGCAAAdTAT-3)8 and siCD4% were
synthesized by ST Pharm (Seoul, Korea). FITC-labeled
siRNA referred to as siFITC targets the firefly luciferase
mRNA.%

Electrophoretic mobility shift assay. ~ About 100 pmol
siRNA was preincubated with RVG9RS3LC at the indicated
peptide:siRNA molar ratios for 30 minutes at room tempera-
ture. The samples were loaded onto a 1% agarose gel and
electrophoresed. Ethidium bromide was used for visualiza-
tion of the siRNA bands.

www.moleculartherapy.org/mtna
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Physical characterization of RVGIR3LC:siRNA complexes.
About 100 pmol siRNA was suspended in 100 pl of distilled
water with RVG9R3LC at the indicated peptide:siRNA molar
ratios. After incubation for 30 minutes, the average particle
size and zeta potential were measured by using dynamic light
scattering (Zetasizer-nano analyzer Zs; Malvern Instruments,
Worcestershire, UK). Mean values were obtained from three
runs at 25 °C.

Cell culture. The murine monocyte cell line Raw 264.7 was
obtained from ATCC and cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and pen-
icillin—streptomycin (100 1U/ml). Peritoneal macrophages were
harvested from C57BL/6 mice as previously reported® and
seeded at 1x 10° cells/mlin RPMI 1640 supplemented with 10%
fetal bovine serum and 1% antibiotics for further experiments.

Cytotoxicity assay. Cytotoxicity was assessed using the
CCK-8 assay (Dojindo Laboratories, Kumamoto, Japan) at 24
hours posttransfection followed by manufacturer’s instruction.

In vitro siRNA transfection experiments. About 100 pmol
FITC-labeled siRNA (siFITC), siCD4, or siCCR2 were com-
plexed with RVGOR3LC (1:10-80 siRNA:peptide molar ratios)
and added to 2x 10° cells (Raw 264.7 cells or peritoneal mac-
rophages) cultured per well of a 12-well plate. Transfections
with Lipofectamine 2000 (Invitrogen, Seoul Korea) were per-
formed according to the manufacturer’s instructions. Twenty-
four hours later, cellular uptake of siFITC was quantified using
flow cytometry and siRNA functionality analyzed by quantita-
tive PCR for CCR2 mRNA. mRNA levels were normalized to
that of murine GAPDH mRNA levels. The primers used in the
experiments are presented in Supplementary Table 1.

In vivo siRNA transfer experiments. Male C57BL/6 mice
(6 weeks old, 20—22g of body weight) were purchased
from Orient Bio (Seoul, Korea). Mice were fed normal chow
(13.5% fat; LabDiet) or a HFD (60% fat; Research Diets) for
12 weeks to establish obese conditions wherein the average
body weight exceeded 50g. Animals were housed in a patho-
gen-free facility and given free access to food and water. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee of Hanyang University.
Each experiment was conducted with mouse cohorts of at
least four mice per experimental group.

To evaluate RVG9R3LC-mediated siRNA delivery, 400
pmol of siFITC was complexed with RVG9R3LC and RVM-
9R3LC (40:1 peptide:siRNA molar ratio) in 200 pl of Dulbec-
co’s phosphate-buffered saline (pH 7.4). After a 30-minute
incubation, the peptide:siRNA complex was i.p. injected into
HFD-fed obese mice that were at least 50¢ in body weight.
Twenty-four hours later, eWAT, spleen, lung, and liver tissues
were isolated, washed in cold phosphate-buffered saline, and
minced before enzymatic digestion with collagenase (2mg/
ml) for 1 hour at 37 °C. Single-cell suspensions obtained by
passing through 100-pym cell strainers were treated with red
blood cell lysis buffer (Life Technologies) to remove red blood
cells. These cells were stained alongside mononuclear cells
isolated from the peritoneal cavity by washing with phos-
phate-buffered saline and Ficoll purification of peripheral
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blood. Antibodies to murine CD11b and CD14 (PE- or APC-
labeled) were used for staining prior to flow cytometric analy-
sis. To assess functionality of siRNA delivered, siCCR2 was
complexed with RVG9R3LC or RVM9R3LC (40:1 molar ratio,
0.1 mg siRNA/kg body weight) using the same conditions as
above, and the complexes were injected every alternate day
for a period of 3 weeks. Subsequently, cells were isolated and
costained with CD11b-PE and CCR2-APC antibodies (R&D
Systems) and analyzed by flow cytometry.

To evaluate the effects of CCR2 knockdown in vivo, mice
maintained on HFD were injected i.p. with RVG9R3LC:siRNA
complexes generated as above (400 pmol siRNA, 40:1
peptide:siRNA ratio) in 200 pl of Dulbecco’s phosphate-
buffered saline (pH 7.4) on alternate days for a period of
6 weeks. Caloric intake was not measured; however, food
intake was comparable in all groups. Body weights of mice
were measured every week after the first treatment. After
siRNA treatment, metabolic tests performed as described
below. AT and liver were harvested from euthanized mice,
weighed, and snap-frozen in liquid nitrogen for further analy-
sis. Blood was also collected to obtain serum for ELISA tests.

Cytokine ELISA and measurements of hepatic TG content.
Serum cytokine levels were measured using ELISA kits for the
detection of MCP-1 and IL-6 (eBioscience San Diego, CA),
and hepatic TG content was determined using the Triglyceride
Colorimetric Assay Kit (Cayman, Ann Arbor, MI). All analyses
were conducted in triplicate.

Metabolic studies. Glucose tolerance tests and insulin toler-
ance tests were performed a week before sacrifice as pre-
viously described.®” Briefly, for glucose tolerance test, mice
were fasted overnight, followed by i.p. injection with glucose
(1g/kg body weight). For insulin tolerance test, mice were
fasted for 4 hours before i.p. injecting human insulin (0.75
units/kg). Blood samples were collected from the tail vein at
0, 15, 30, 60, and 120 minutes after administration of glucose
or insulin and blood sugar levels measured by ACCU-CHECK
(Roche, Carlsbad, CA) as per the manufacturers’ protocols.

Gene expression analysis. Total mMRNA was extracted from
the eWAT or livers of mice using the RNAiso kit (Takara).
cDNA was prepared by the use of iScript TM cDNA synthesis
kit (Bio-Rad Laboratories) with 1 pg of mMRNA. The quantita-
tive evaluation of mMRNA was carried out with a 7500 Real-
Time PCR system (Applied Biosystems) using SYBR premix
ExTaq perfect real time (Takara, Shiga, Japan). Values were
normalized to mMGAPDH mRNA levels. The primers used in
the experiments are described in Supplementary Table 1.

Histology. Tissue samples from eWAT or livers were fixed in 4%
paraformaldehyde in Dulbecco’s phosphate-buffered saline,
followed by embedding in paraffin blocks prior to sectioning.
The sections were stained with hematoxylin and eosin (H&E).

Statistical analysis. Data are presented as mean + SEM or
mean = SD as indicated. Statistical significance was ana-
lyzed using analysis of variance (one-way or two-way, mul-
tiple comparison) with Bonferroni post test. P <0.05 was
considered significant.
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