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ABSTRACT Obesity promotes insulin resistance asso-
ciated with liver inflammation, elevated glucose pro-
duction, and type 2 diabetes. Although insulin resistance is
attenuated in genetic mouse models that suppress systemic
inflammation, it is not clear whether local resident mac-
rophages in liver, denoted Kupffer cells (KCs), directly
contribute to this syndrome. We addressed this question by
selectively silencing the expression of the master regulator
of inflammation, NF-kB, in KCs in obese mice. We used
glucan-encapsulated small interfering RNA particles
(GeRPs) that selectively silence gene expression in mac-
rophages in vivo. Following intravenous injections, GeRPs
containing siRNA against p65 of the NF-kB complex
caused loss of NF-kB p65 expression in KCs without dis-
rupting NF-«kB in hepatocytes or macrophages in other
tissues. Silencing of NF-kB expression in KCs in obese
mice decreased cytokine secretion and improved insulin
sensitivity and glucose tolerance without affecting hepatic
lipid accumulation. Importantly, GeRPs had no detectable
toxic effect. Thus, KCs are key contributors to hepatic in-
sulin resistance in obesity and a potential therapeutic target
for metabolic disease.—Tencerova, M., Aouadi, M., Vangala,
P., Nicoloro, S. M., Yawe, J. C., Cohen, ]J. L., Shen, Y.,
Garcia-Menendez, L., Pedersen, D. J., Gallagher-Dorval, K.,
Perugini, R. A., Gupta, O. T., Czech, M. P. Activated
Kupffer cells inhibit insulin sensitivity in obese mice.
FASEB J. 29, 000-000 (2015). www.fasebj.org
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OBESITY IMPAIRS INSULIN RESPONSIVENESS IN the liver and is as-
sociated with the development of type 2 diabetes with
severe comorbid conditions. Although hepatic lipid
accumulation (1, 2), endoplasmic reticulum stress (3), and
inflammation (4) have all been suggested as potential
contributors to obesity-induced insulin resistance, the rel-
ative causal roles of these factors are still unclear. For ex-
ample, nonalcoholic fatty liver disease is a strong known

Abbreviations: F.C., fold change; FFA, free fatty acid;
GeRPs, glucan-encapsulated small interfering RNA particles;
GTT, glucose tolerance test; GS, glucan shell; HFD, high-fat
diet; KC, Kupffer cell; PTT, pyruvate tolerance test; SCR,
scrambled; TG, triglyceride; WT, wild-type
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risk factor for insulin resistance and type 2 diabetes (5), but
lipid accumulation in liver can be experimentally dissoci-
ated from insulin resistance under certain conditions (6),
suggesting that other mechanisms are also involved. Liver
macrophages, denoted Kupffer cells (KCs), are thought to
be the major source of hepatic inflammation (7); however,
their contribution to insulin resistance has not been di-
rectly tested because of the lack of technology to manipu-
late gene expression specifically in KCs. Here we used
anew approach to ask whether these immune cells directly
contribute to the development of insulin resistance asso-
ciated with obesity.

To investigate the role of KC activation in obesity-
induced insulin resistance, we developed a method to
specifically silence gene expression in these hepatic mac-
rophages in vivo. This technology is based on small in-
terfering RNA (siRNA) encapsulated within glucan particles
derived from baker’s yeast, denoted glucan-encapsulated
siRNA particles (GeRPs) (8-11). GeRPs loaded with an
siRNA against a major regulator of inflammatory cyto-
kine expression, NF-«B (12, 13), were delivered to KCs of
obese mice by intravenous administration. Using this
method, we demonstrate that silencing NF-«B selectively
in KCs decreases liver inflammation and improves insulin
sensitivity and glucose tolerance in obese mice.

! Current affiliation: Molecular Endocrinology & Stem Cell
Research Unit, University of Southern Denmark, Odense,
Denmark.

2 These authors equally contributed to this work.

? Current affiliation: Integrated Cardio Metabolic Centre,
Department of Medicine, Karolinska Institutet, Huddinge,
Sweden.

* Correspondence: M.A., Integrated Cardio Metabolic
Centre, Department of Medicine Karolinska Institutet,
NOVUM, Blickagangen 6, 141 57 Huddinge, Sweden. E-mail:
myriam.aouadi@ki.se; or M.P.C., Program in Molecular Med-
icine, Biotech II, Suite 100, University of Massachusetts Med-
ical School, 373 Plantation St., Worcester, MA 01605. E-mail:
mlchael czech@umassmed.edu

5 Current affiliation: Pfizer, Cambridge, MA, USA.

% Current affiliation: Department of Pediatrics, Division of
Pediatric Endocrinology, UT Southwestern Medical Center,
Dallas, Texas, USA.

doi: 10.1096/15.15-270496

This article includes supplemental data. Please visit http://
www.fasebj.org to obtain this information.


http://www.fasebj.org
mailto:myriam.aouadi@ki.se
mailto:michael.czech@umassmed.edu
http://www.fasebj.org
http://www.fasebj.org

MATERIAL AND METHODS
Animals and diet

Six-week-old male wild-type C57BL/6] (WT) and 5- and 7- to &
week-old male B6.V-Lepob/ ] (0b/ ob) mice were (Jackson Labora-
tory, Bar Harbor, ME, USA) maintained on a 12-hour light/dark
cycle. Animals were given free access to food and water. C57BL/ 6]
WT mice were fed a high-fat diet (HFD; 60% calories from lipids;
D12492; Research Diets, New Brunswick, NJ, USA) for 14 or
24 weeks beginning at 6 weeks of age. All other mice were fed
normal chow diet. All procedures were performed in accordance
with protocols approved by the University of Massachusetts
Institutional Animal Care and Use Committee.

Human samples

All protocols were approved by the University of Massachusetts
Medical School Institutional Review Board. Blood and liver
samples were obtained from patients undergoing laparoscopic
Roux-en-Y gastric bypass surgery at University of Massachusetts
Memorial Medical Center.

GeRP administration by intravenous injection in vivo

GeRPs were prepared as previously described (11). Seven- or
8-week-old genetically obese 0b/ob mice were treated with
12.5 mg/kg GeRPs loaded with siRNA (247 ng/kg) and Endo-
porter (2.27 mg/kg). Seven-week-old 0b/ob mice were used for
15-day treatment. Theyreceived 2 or 6 doses of fluorescently labeled
GeRPs by intravenous injections over 5 or 15 days, respectively.
In a model of dietinduced obesity, 6-week-old C57Bl/6] mice
were fed an HFD for 14 or 24 weeks. They received 6 doses of
fluorescently labeled GeRPs for 15 days by intravenous injections.

Isolation of KCs and hepatocytes

The liver of anesthetized mice was first perfused with calcium-free
Hanks balanced salt solution, followed by collagenase digestion.
After digestion, the hepatocytes were released by dissociation
from the lobes and underwent several steps of filtration with cal-
cium plus Hanks balanced salt solution and centrifugation at 50 g
for 3 minutes at room temperature. The supernatant from the
first centrifugation of hepatocytes was loaded on a Percoll gradi-
ent (25% and 50%) and centrifuged for 30 minutes, at 2300 rpm,
at 4°C. The interphase ring with KCs was collected and washed
2 times with PBS. The cells were cultured overnight. The following
day, primary cells were used for subsequent analyses.

Transfection of primary cells in vitro

Peritoneal exudate cells, isolated as described in Tesz e al. (11),
and KCs were transfected with the mix of 120 pM siRNA and 3 nM
Endoporter, which were incubated together for 15 minutes at
room temperature before adding to the cells (see Table 1 for

TABLE 1. List of siRNA sequences used in the study

siRNA Sequence 5'—3'

Scrambled (SCR)
NF-«xB/RelA (2)

CAGUCGCGUUUGCGACUGGUU
GGAUUGAAGAGAAGCGCAAUU
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the sequences of siRNAs used in the study). The media were
changed 24 hours after transfection and 48 hours after trans-
fection media, mRNA, and protein samples were harvested
for subsequent analyses.

Western blot

Cell lysates were separated on an 8% SDS-PAGE polyacrylamide
gel, transferred to a PVDF membrane, and incubated overnightat
4°C with primary antibody against p65 (RelA), pSer473 protein
kinase B (PKB/AKT), AKT, or actin as a loading control (Cell
Signaling, Danvers, MA, USA). Anti-rabbit or anti-mouse IgG
antibody conjugated with horseradish peroxidase was used as
a secondary antibody. The levels of particular proteins were de-
termined by chemiluminescence (Pierce, Rockford, IL, USA).

Biochemical analyses of TNIae, IL-1B, fiee falty acids, triglycerides,
aspartate aminotransferase, and alanine aminotransferase

Mouse TNF-a and IL-1 were measured in serum and condi-
tioned media (after 6-hour stimulation with 1 wg/ml LPS) using
commercially available kits following the manufacturer’s
instructions (Thermo Scientific, Waltham, MA, USA). Serum free
fatty acid (FFA) and triglyceride (TG) levels in the liver were
measured by a commercially available kit (Cayman Chemical,
Ann Arbor, MI, USA, and Sigma-Aldrich, Brooklyn, NY, USA,
respectively) according to the manufacturer’s instructions. As-
partate aminotransferase and alanine aminotransferase levels in
serum were measured using a commercial kit (Fisher Scientific,
Waltham, MA, USA).

Isolation of RNA and real-time PCR

RNA isolation was performed according to the Trizol Reagent
Protocol (Life Technologies, Grand Island, NY, USA). cDNA was
synthesized from 0.5 to 1 ug of total RNA using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. For real-time PCR, synthesized cDNA
forward and reverse primers along with the iQ SYBR Green
Supermix were run on the CFX96 Real-time PCR System (Bio-
Rad). The ribosomal mRNA, 36B4, was used as an internal loading
control (see Table 2 for primer sequences for analyzed genes).

Immunohistochemistry

Cells and tissues were stained using antibodies against F4,/80
(AbD Serotec, Raleigh, NC, USA), glial fibrillary acidic protein
(R&D Biosystems, Minneapolis, MN, USA), and albumin (Milli-
pore, Billerica, MA, USA) and were analyzed as previously de-
scribed (8).

Isolation of CD11b+ cells from adipose tissue, blood, and spleen

Adipose tissue stromal vascular fraction, splenic, and blood cells
were prepared as described previously (14). The cells were
resuspended in 1 ml selection buffer (PBS, 2 mM/L EDTA, and
0.5% bovine serum albumin), and the CD11b-positive cells were
selected using CD11b microbeads (Miltenyi, Bergisch Gladbach,
Germany), according to the manufacturer’s instructions.

Flow cytometry
Cells prepared from liver and spleen were incubated in mouse Fc

Block (clone 2.4G2; eBioscience, San Diego, CA, USA) and then
stained with specific fluorophore-conjugated primary antibodies
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TABLE 2. List of primer sequences used in the study

Genes

Forward sequence 5'—3’

Reverse sequence 5'—3'

Mouse gene

3684 TCCAGGCTTTGGGCATCA CTTTATCAGCTGCACATCACTCAGA
Clectf GAGGCCGAGCTGAACAGAG TGTGAAGCCACCACAAAAAGAG
Albumin TGCTTTTTCCAGGGGTGTGTT TTACTTCCTGCACTAATTTGGCA
NItk B/RelA ACTGCCGGGATGGCTACTAT TCTGGATTCGCTGGCTAATGG
TNF-o CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
11-18 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
1L-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
Srebp-1c¢ GGAGCCATGGATTGCACATT GGCCCGGGAAGTCACTGT
Chrebp total CACTCAGGGAATACACGCCTAC ATCTTGGTCTTAGGGTCTTCAGG
Chrebp o CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC
Chrebp B TCTGCAGAGCGCGTGGAG CTTGTCCCGGCATAGCAAC
Elov6 TCAGCAAAGCAGCCGAAC AGCGACCATGTCTTTGTAGGAG
Dgat2 GCGCTACTTCCGAGACTACTT GGGCCTTATGCCAGGAAACT
ACC TGTACAAGCAGTGTGGGCTGGCT CCACATGGCCTGGCTTGGAGGG
Acly ACCCTTTCACTGGGGATCACA GACAGGGATCAGGATTTCCTTG
PPARa AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA
PPARy GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTCA
Fsp27 ATCAGAACAGCGCAAGAAGA CAGCTTGTACAGGTCGAAGG
Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT
Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
Scdl TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT
PEPCK CTGCATAACGGTCTGGACTTC CAGCAACTGCCCGTACTCC
G6Pase GTTGAACCAGTCTCCGACCA CGACTCGCTATCTCCAAGTGA
Human gene
RPLPO CAGATTGGCTACCCAACTGTT GGGAAGGTGTAATCCGTCTCC
TNF-a ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC
11-18 CTCGCCAGTGAAATGATGGCT GTCGGAGATTCGTAGCTGGAT

or isotype control antibodies [F4/80-APC (clone Cl:A3-1);
CD11b-PerCP-Cy5.5 (clone M1/70); Gr-1-APC-Cy7 (clone RB6-
8Cb); SiglecPE (clone E50-2440); Ly6C-PE-Cy7 (clone AL-21);
CD3e PE-Cy7 (clone 145-2c11); B220-APC (clone RA3-6B2); BD
Biosciences, San Jose, CA, USA]. After staining, the cells were
washed 3 times with FACS buffer (1% bovine serum albumin in
PBS), and then samples were measured using BD LSRII (BD
Biosciences) and analyzed with Flow]Jo software (TreeStar,
Ashland, OR, USA). The gating scheme was designed as previously
described (14).

Preparation of glucan shells

Glucan shells (GSs) were prepared as previously described (8).
Briefly, B-1,3-D-glucan particles were prepared by suspending
Saccharomyces cerevisiae (100 g) in 1 L of 0.5 M NaOH and heating
to 80°C for 1 h. The insoluble material containing the yeast cell
walls was collected by centrifugation, suspended in 1 L of 0.5 M
NaOH, and incubated at 80°C for 1 hour. The insoluble residue
was again collected by centrifugation and washed 3 times with 1 LL
of water, 3 times with 200 ml of isopropanol, and 3 times with 200
ml of acetone. The resulting slurry was placed in a glass tray and
dried atroom temperature to produce 16.2 g of a fine, slightly off-
white powder.

Preparation of [ 12y -GS

Synthesis of tyramine-modified GS—Tyramine residues were
conjugated to the GSs using reductive amination chemistry.
Briefly, GSs (100 mg) were resuspended in water (7 ml) by soni-
cation. Sodium periodate (22 mg dissolved in 3 ml of water) was
added, and the mixture was stirred at 37°C for 24 hours. Oxidized
GSs were washed 3 times with water and used immediately for
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reductive amination synthesis. Tyramine (135 mg), water (8 ml),
and borate buffer (2 ml, 0.1 M, pH 9.5) were added to the oxi-
dized GS samples, and the particles were resuspended and mixed
at 37°C overnight. The aminated samples were reduced with so-
dium borohydride (47 mg) and incubated at room temperature
for 48 hours. The reduced samples were washed with water,
resuspended in 70% ethanol, and stored overnight at —20°C for
sterilization. The particles were isolated by centrifugation, and the
particles were resuspended in dd-HsO. Residual water was re-
moved by lyophilization.

Panrticle Radiolabeling—For biodistribution and imaging stud-
ies, particles were labeled with [1251]. All particles were labeled
targeting the tyramine residues attached to the GSs. ['*I] Ra-
dionuclide 10°°> M NaOH (pH 8-11, reductant free; Perkin
Elmer, Waltham, MA, USA) was incorporated onto the particles
using precoated iodination tubes (Pierce, Rockford, IL, USA) and
by following the manufacturer’s instructions for the 2-step Chiz-
zonite indirect method of labeling. Once iodination was com-
plete, the [1251]-GSs were isolated by centrifugation and washed
with PBS (9 times) to remove free radionuclide. The specific
activity of the final reaction mixture was ~07 nCi/1 mg particles.

2 11-GS biodistribution in vivo

Five-week-old male 0b/ob mice were intravenously injected
with ['®°I]-GS at 407 uCi/1 mg in a volume of 200 pl. A
small animal multiple pinhole single-photon emission
computed tomography (SPECT/CT) camera (Bioscan,
Washington, DC, USA) was used to perform the mouse im-
aging under isoflurane. The CT and SPECT acquisitions were
reconstructed using InVivoScope software. The mice were
killed 7 days after injection, and sample tissues were weighed
and counted in a Nal(TI) well counter (Cobra II automatic y



counter; Packard Instrument Company) along with a stan-
dard of the injected material.

Fluorescein labeling of GSs

GSs (1 g) were washed with sodium carbonate buffer (0.1 M, pH
9.2) and resuspended in 0.1 L carbonate buffer. 5-(4,6-Dichlor-
otriazinyl) aminofluorescein (1 mg/ml in ethanol) was added to
the buffered GS suspension [10% (v/v)] and mixed at room
temperature in the dark overnight. Tris buffer (2 mM) was added
and incubated for 15 minutes, and GSs were washed with sterile
pyrogen-free water until the supernatant was clear. The GSs were
then flash-frozen and lyophilized in the dark.

Histologic analyses

The paraffin-embedded liver sections were used for hematoxylin-
eosin staining and frozen sections of the liver for Oil Red O
staining. The pictures were taken by an Axiovert 200 inverted
microscope equipped with an AxioCam HR CCD camera (Zeiss,
Thornwood, NY, USA).

Metabolic analyses

Glucose and pyruvate tolerance tests (GTTs and PTTs) were
performed after GeRP treatment (24 hours after last injection)
and 6-hour food withdrawal. A dose of 1 g/kg glucose or pyruvate
was intraperitoneally injected, and blood glucose levels were
measured by glucometer at defined time points from the tail vein.
The following day, the mice were killed to harvest tissues for
subsequent analyses.

Insulin-stimulated phosphorylation of AKT in vivo

Insulin stimulated phosphorylation of AKT was performed after
GeRP treatment (24 hours after last injection) and 4 hours food
withdrawal. A dose of 0.75 U/kg insulin was intraperitoneally
injected, and then adipose tissue and liver samples were harvested
from GeRP-treated mice for subsequent analyses 15 minutes after
injection.

Statistical analyses

The data were analyzed using GraphPad 5a software (GraphPad
Software, La Jolla, CA, USA). The statistical significance of dif-
ferences among groups was analyzed using Student ¢ test or
ANOVA as appropriate. Data were presented as means * SEM.
P < 0.05 was considered statistically significant.

RESULTS

GSs administered by intravenous injection are
specifically delivered to KCs in vivo

To study GS biodistribution én vivo, genetically obese, 5-
week-old 0b/ob mice were intravenously injected with GS
radiolabeled with a ['*I] probe and imaged at different
time points using SPECT/CT (see protocol scheme in
Fig. 14). ['2°1]-GSs were mostly found in the liver 24 hours
and maintained until atleast 7 days after delivery (Fig. 1B).
These results were confirmed by flow cytometry analysis
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showing high FITC signal in monocytes/macrophages re-
covered from the liver compared with blood and spleens of
ob/obmice 24 hours after intravenous injection (Fig. 1C-E;
Supplemental Fig. S1A, B).

Using a protocol developed by our laboratory, we next
isolated both hepatocyte and KC fractions from liver
24 hours after FITC-GS intravenous injection (see protocol
scheme in Fig. 1F). The purity of both fractions was ana-
lyzed by measuring the expression of KC and hepatocyte
markers (Fig. 1G). C-type lectin domain family 4, member
F (Clectf), was used as a KC marker (15), because it was
highly expressed in KCs, whereas it was barely detectable in
macrophages isolated from other tissues (Supplemental
Fig. S1C). Alb was used as a marker for hepatocytes as
previously described (16). Fluorescent microscopy showed
FITC-GS in KCs but notin hepatocytes or in hepatic stellate
cells (stained with an antibody against glial fibrillary acidic
protein) in mice intravenously injected with FITC-GS (Fig.
1H; Supplemental Fig. S1D).

Importantly, GeRPs loaded with scrambled (SCR)
siRNA had no detectable toxic effect in vivo, as serum levels
of markers for liver damage, aspartate aminotransferase/
alanine aminotransferase, and IL-1 remained unchanged
in mice treated with PBS or SCR-GeRPs (Supplemental Fig.
S1E-G).Serum levels of TNF-a were undetectable, and the
composition of immune cells in liver was similar with both
treatments, as well as mRNA levels of KC marker Clec4f
(Supplemental Fig. S1H-}]). The expression of Nfkb, I-13,
Tnfa, and L6 was unchanged in KCs after intravenous
delivery of SCR-GeRPs in obese mice (Supplemental Fig.
S1K). Taken together, these results show that GeRPs de-
livered intravenously are mostly found in KCs and do not
induce any detectable toxic effect.

Gene silencing in KCs in vitro

Consistent with studies showing a correlation between
hepatic inflammation and insulin resistance in humans
(17), the expression of TNF-a and IL-1B was increased
with insulin resistance in obese patients matched for
body mass index (Fig. 24; Supplemental Fig. S2A for
metabolic parameters). TNF-a and IL-1f expression in
the liver was also increased with insulin resistance in 0b/
ob mice (Fig. 2B; see Supplemental Fig. S2B, C for met-
abolic parameters). In addition, the expression of IL-13
was 9 times higher in KCs compared with hepatocytes,
suggesting KCs as a main source of cytokines (Supple-
mental Fig. S2D). These results validated ob/ob mice as
a model to study a causal relationship between in-
flammation and insulin resistance.

NF-kB was selected as a target because it had been shown
to control the expression of multiple inflammatory cyto-
kines (18), including TNF-« and IL-1B. First, primary
peritoneal macrophages were used to screen for potent
siRNAs against the transcriptionally active subunit of NF-
kB, p65 (Fig. 2C). The most potent siRNA, NF-«xB2, signif-
icantly decreased NF-«kB expression at mRNA and protein
levels (Fig. 2C). Therefore, this siRNA sequence was se-
lected for subsequent analyses. Similar results were found
after transfection of KCs with NF-«kB2 siRNA in vitro (Fig.
2D, E). To test the specificity of the siRNA, the protein
levels of the ubiquitously and highly expressed ERK1,/2

TENCEROVA ET AL.
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Figure 1. GSs injected intravenously in 0b/0b mice are mostly localized in liver. A) Scheme of protocol design for biodistribution
experiment. B) Live imaging of 5-week-old ob/ob mice intravenously injected with ['*’I]-GS 30 minutes, 2 hours, 24 hours, and
7 days after injection (n=2). C) Flow cytometry analysis of blood, liver, and spleen of ob/ob mice intravenously injected with PBS
or FITC-GS and harvested at 30 minutes, 2 hours, and 24 hours after injection (n = 3 per time point). The data are expressed as
the percentage of maximal mean fluorescent intensity. D) Profiling of FITC+ signal in phagocytic cells in liver: neutrophils (Gr-1+),
monocytes (Ly6-C+), macrophages (F4/80/CD11b+), and (E) nonphagocytic cells: T lymphocytes (CD3+) and eosinophils
(Siglec-f+) (n =3 per time point). F) Scheme of protocol design for KC and hepatocyte isolation. G) Expression of Clec4fand Alb
in KC and hepatocyte (H) fractions of 5-week-old 0b/0ob mice (n = 3-6). H) Confocal microscopy of isolated KCs and hepatocytes
(X100 and X40 magnification, respectively) from liver of 0b/ob mice 24 hours after intravenous injection with FITC-labeled GSs.
KCs were stained with an antibody against F4/80 (red, left) and hepatocytes with an antibody against albumin (ALB; red, right).
Nuclei are stained with DAPI (blue). Scale bar, 10 pm. **#*P < 0.001. Results are expressed as mean of fold change (F.C.)
normalized to KCs expression = seM. Statistical significance was analyzed by Student’s ¢ test.

were measured in cells treated with SCR or NF-kB siRNA  of its downstream gene targets (/FIB, Tnfa, and [1-6)
(Fig. 2E). No change in ERK1/2 protein levels following  at both the mRNA and protein levels in peritoneal mac-
treatment with NF-kB compared with SCR was detected,  rophagesand KCs (Fig. 2/~1). These data reveal that NF-kB
confirming the specificity of the siRNA. Furthermore, the  can be silenced in peritoneal macrophages and KCs in vitro
NF-«B silencing led to significant diminution of expression ~ both at the mRNA or protein levels.
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Figure 2. Silencing of Nf«b in primary macrophages in vitro. A) mRNA levels of inflammatory genes in liver of obese insulin
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¥ P < 0.01, ¥***P < 0.001. Statistical significance was analyzed by Student’s ¢ test.

Specific silencing of Nficb in KCs in obese mice

To test the ability of GeRPs to deliver functional siRNA and
silence these genes in vivo, 8week-old 0b/ob mice were
intravenously injected with GeRPs loaded with either SCR
or NF-«kB2 siRNA (see protocol scheme in Fig. 3A4). After
5 days of GeRP treatment, a significant knockdown of Nfkb
in KCs was found at both the mRNA and protein levels (Fig.
3B, C), Moreover, GeRP-mediated silencing of Nfkbin KCs
significantly decreased gene expression of inflammatory
cytokines, (i.e., I-IB and Tnfo) (Fig. 3D). Interestingly,
there was a significant decrease of IL-1(3 secretion induced
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by LPS in media of KCs isolated from mice treated with NF-
kB-GeRPs compared with SCR-GeRPs (Fig. 3F). These
changes occurred without an effect on the composition of
immune cells or the expression of Clec4fin the liver of
treated mice (Supplemental Fig. S3A-C). As expected, no
knockdown of Nfkb expression was observed in hep-
atocytes, which do not contain GeRPs (Fig. 3F).

Because of the important role of adipose tissue in-
flammation in the regulation of metabolism, we analyzed
the GeRP distribution and knockdown in the epididymal
adipose tissue. No GeRPs were found in any immune cells
isolated from epididymal adipose tissue of mice treated
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significance was analyzed by Student’s ¢ test.

with FITC-GeRPs (Fig. 3G). Consistently, NF-«B-GeRPs
administered intravenously did not affect the expression of
Nfxbin epididymal adipose tissue (Fig. 3H). These findings
demonstrate that significant gene silencing specifically in
KCs can be achieved following GeRP intravenous injection
in vivo without affecting macrophages in adipose tissue.

Specific silencing of Nfkb expression in KCs improves
insulin sensitivity but has no effect on hepatic steatosis
in obese mice

Based on the ability of the intravenously delivered GeRPs to
specifically silence genes in KCs but not in other cells or
other organs, we assessed the effect of attenuating in-
flammation in KCs on hepatic lipid accumulation and

SELECTIVE GENE SILENCING IN KUPFFER CELLS

insulin resistance in obese mice. Seven-week-old 0b/obmice
were treated with SCR- or NF-kB-GeRPs for 15 days, and
lipid accumulation was assessed at days 5 and 16 (see pro-
tocol scheme in Fig. 4A). At both time points, Nf«kb
silencing had no effect on lipid accumulation as observed
by histologic analyses (hematoxylin-eosin and Oil Red O),
TG content, and expression of lipogenic genes (Fig. 45,
Supplemental Fig. S4A-D). In addition, silencing of Nfib
had no effect on serum FFA levels and total body weight
(Supplemental Fig. S4F; data not shown). Taken together,
these results show that specific knockdown of Nfib in
KCs over a 15-day period does not affect hepatic steatosis
under our experimental conditions.

To test whether KC activation can affect glucose toler-
ance, ob/ob mice were treated with SCR- or NF-kB-GeRPs
for 5 or 15 days, and GTTs were performed at the end of
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the treatment (see protocol scheme in Fig. 44). Although
Nf«b silencing in KCs showed no effect on glucose toler-
ance atday b, we observed a significantimprovement at day
16 (Fig. 4C). Consistently, biochemical studies showed an
increased insulin-stimulated Akt phosphorylation in liver
of mice treated with NF-kB-GeRPs at day 16 (Fig. 4D,
Supplemental Fig. S4F), which was accompanied by a de-
crease in inflammatory gene expression (Supplemental
Fig. S4G). We also observed a decrease in basal fasting
glycemia in mice after the 15-day treatment compared with
5-day treatment. Although this could be caused by the
length of the treatment itself, it could also be explained by
the variability in basal glycemia often observed following
a short 6-hour fast. Importantly, silencing Nf«bspecifically
in KCs had no effect on insulin-stimulated Akt activation in
adipose tissue (Supplemental Fig. S4H). Consistent with
the hypothesis that silencing Nfxbin KCs improves insulin
sensitivity, we observed a significant decrease in the ex-
pression of enzymes involved in hepatic glucose pro-
duction, including phosphoenolpyruvate carboxykinase
and glucose 6-phosphatase expression in mice treated with
NF-kB-GeRPs compared with SCR-GeRPs (Fig. 4F), which
was not observed after 5 day treatment (Supplemental Fig.
S41). The effect of Nf«bsilencing on insulin sensitivity was
independent of an effect on circulating insulin or pan-
creatic islet mass (Supplemental Fig. S4J; data not shown).

We nextstudied the effect of NF-kB-GeRPs in a model of
diet-induced obesity, which also shows increased liver in-
flammation (Supplemental Fig. S4K). Six-week-old male
C57Bl/6] mice were fed an HFD for 14 or 24 weeks and

A B

Day 1 3 5 6 9 12 1516

Day 5

treated with SCR- or NF-kB-GeRPs for 15 days (see protocol
scheme in Fig. 5A) to study the effect of NF-«B silencing on
liver metabolism at different stages of lipid accumulation in
the liver. In the 24-week HFD-fed mouse model, GeRP
treatment also mediated a significant silencing of Nf
kbin KCs (Fig. 5B). Furthermore, silencing of Nf«bin KCs
improved fasting hyperglycemia, glucose tolerance, and
lowered hepatic glucose production from pyruvate as
measured by PTT (Fig. 5C, D). Importantly, Nf«bsilencing
did not affect body weight or hepatic steatosis (Supple-
mental Fig. S4L, M). Consistent with this concept, mice fed
an HFD for 14 weeks with NF-«kB-depleted KCs also
exhibited improved glucose tolerance measured by GTT
and enhanced insulin-stimulated AKT phosphorylation in
the liver independently of TG content (Fig. 5E-H).

DISCUSSION

In the present study, we demonstrated that silencing Nf«b
specifically in KCs improved insulin sensitivity indepen-
dent of an effect on total lipid accumulation in diet-
or genetically induced obesity. We used the GeRP tech-
nology, developed in our laboratory, to deliver siRNA and
silence genes specifically in KCs without affecting non-
immune cells in the liver and cells in other organs in obese
mice. Although various systems have been developed to
deliver siRNA to the liver, none of these strategies has
demonstrated the ability to specifically target KCs in liver
without affecting hepatocytes. Previous studies showing
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Figure 5. GeRP-mediated silencing of Nf«bin KCs in mice fed a HFD improves glucose tolerance. A) Protocol of GeRP treatment
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siRNA delivery to KCs in vivo used carriers that were also
internalized by nonphagocytic cells or phagocytic cells in
organs other than liver (19-24). In the present study, we
accomplished specific delivery of GSs to KCs in obese mice
by taking advantage of the micrometer-size and Dectin 1
receptor-mediated recognition of GS (11). Importantly,
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because GeRP treatment did not induce liver toxicity, it
represents a major advantage over methods previously
used, such as KC depletion (25, 26), to study the role of
inflammation genes expressed by KCs in liver diseases.

In our study, we demonstrated that GeRP-mediated si-
lencing of Nfkbin KCs decreased the expression of Nf«b



and its downstream targets: /13 and Tnfa. Interestingly,
silencing Nf«b had no effect on the expression of another
inflammatory cytokine, /-6, known to be also regulated by
other pathways, such as JNK (27, 28). Consistent with the
lack of effect of Nf«b silencing on I1-6 expression, JNK pro-
tein levels and activation induced by LPS were not affected
by Nficbsilencing in primary macrophages (data notshown).

Several studies have investigated the role of KCs in in-
sulin resistance and hepatic steatosis in obese mice. These
studies used systemic delivery of anti-inflammatory drugs,
bone marrow transplantation, or transgenic mice deficient
in inflammatory genes, which had inhibitory effects on
both hepatic steatosis and insulin resistance (12, 26, 27,
29), making it difficult to dissect the specific role of lipid
accumulation vs. inflammation in the development of in-
sulin resistance. Based on the finding that Nf«bsilencingin
KCs had no effect on total hepatic lipid accumulation
in obese mice, we were able to study the direct role of KCs
in the development of insulin resistance independently of
hepatic steatosis. Our data demonstrate that silencing Nf
kbin KCs improves insulin sensitivity in obese mice.

Multiple studies have reported a beneficial effect of
systemic inhibition of NF-«B on the development of he-
patic steatosis (13, 29-31). Similarly, whole body knockout
of an upstream activator of NF-kB, IKKe, reduced liver in-
flammation and steatosis (30). One possible reason for the
lack of effect on hepatic steatosis in our model could be the
incomplete depletion of NF-kB attained under our con-
ditions. However, other points could explain the discrep-
ancy between these studies and our report. First, in our
model, Nf«b is not silenced in cells other than KCs.
According to several studies, NF-kB expressed by hep-
atocytes plays an important role in hepatic steatosis (13).
Second, the observed effects in previous reports may also
be the result of inhibiting NF-«B in tissues other than liver,
such as adipose tissue, which indirectly affects hepatic
steatosis. Indeed, because hepatic steatosis is in part caused
by the inability of adipose tissue to store lipids (5), systemic
inhibition of NF-«B could lower lipid accumulation in liver
by decreasing lipolysis and circulating FFAs. In our model,
NF-«B-GeRPs administered intravenously did not affect
the levels of serum FFAs or the expression of Nf«bin adi-
pose tissue. Third, in our model, a sustained inhibition of
NF-«B may be needed to achieve a reduction in liver stea-
tosis. We silenced Nf«b for 5-15 d, whereas small mole-
cules, including inhibitor of IKK2 and salicylates, were
administered for =4 weeks (29, 31, 32). Fourth, in all
previous studies, systemic inhibition of NF-«B is accompa-
nied by weight loss, which has been shown to reduce liver
lipid content. However, no effect on body weight was ob-
served in our model following Nf«b silencing with GeRPs.
Finally, we silenced the expression of Nf«b in mice that
were already obese with severe liver damage, whereas the
inhibition of NF«B in the studies mentioned above was
concomitant to the development of obesity and hepatic
steatosis.

Importantly, silencing Nfib for 15 days resulted in a sig-
nificant improvement of insulin sensitivity, measured by
GTT, and increased AKT phosphorylation in the liver
in 0b/ob and HFD mice. Our findings are consistent with
data from the literature showing dissociation of hepatic
steatosis from insulin resistance (33, 34). Furthermore,
Nf«bhas been shown to be significantly decreased in mice
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overexpressing carbohydrate response element binding
protein (Chrebp) in hepatocytes, which also exhibit an in-
creased hepatic steatosis butimproved glucose metabolism
in the liver (33). Although additional work would be
needed to unravel the cross-talk between KCs and paren-
chymal cells and its impact on liver diseases, the GeRP
technology provides a unique tool for such studies.
Together, these data demonstrate that partial silencing
of Nf«b specifically in KCs improves insulin sensitivity in-
dependent of an effect on total lipid accumulation in diet-
or genetically induced obesity under our experimental
conditions. Thus, KC activation and consequent liver in-
flammation play causal roles in the development of insulin
resistance in mouse models of obesity.
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