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Interleukin-10 (IL-10) is a widely recognized immunosuppressive factor.
Although the concept that IL-10 executes an anti-inflammatory role is
accepted, the relationship between IL-10 and atherosclerosis is still unclear,
thus limiting the application of IL-10-based therapies for this disease. Emerging
evidence suggests that IL-10 also plays a key role in energy metabolism and
regulation of gut microbiota; however, whether IL-10 can affect
atherosclerotic lesion development by integrating lipid and tissue
homeostasis has not been investigated. In the present study, we developed a
human-like hamster model deficient in IL-10 using CRISPR/Cas9 technology.
Our results showed that loss of IL-10 changed the gut microbiota in hamsters
on chow diet, leading to an increase in lipopolysaccharide (LPS) production and
elevated concentration of LPS in plasma. These changes were associated with
systemic inflammation, lipodystrophy, and dyslipidemia. Upon high
cholesterol/high fat diet feeding, IL-10-deficient hamsters exhibited
abnormal distribution of triglyceride and cholesterol in lipoprotein particles,
impaired lipid transport in macrophages and aggravated atherosclerosis. These
findings show that silencing IL-10 signaling in hamsters promotes
atherosclerosis by affecting lipid and tissue homeostasis through a gut
microbiota/adipose tissue/liver axis.
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GRAPHICAL ABSTRACT

Introduction

Inflammation and excess cholesterol accumulation in the
vascular wall are important contributors to atherosclerosis.
Increased low-density lipoprotein cholesterol (LDL-C) in the
circulation enters the subendothelial space of the blood vessel
wall through receptor-mediated pathways (1). After oxidative
or other modifications, it promotes the infiltration and
activation of inflammatory cells. Activated macrophages
engulf cholesterol-rich lipoprotein particles to form foam
cells, leading to a release of inflammatory cytokines, which in
turn further accelerates intracellular cholesterol accumulation
(2). It has been well documented that lowering blood
cholesterol levels, especially LDL-C, through dietary
intervention or medication such as statins, reduces the
incidence of atherosclerosis (3). The existence of local
inflammation is considered a potential risk factor for
cardiovascular diseases (CVD), but the molecular
mechanisms by which local inflammation promotes
atherogenesis are not yet completely understood.

Interleukin-10, an important immunosuppressive factor,
is mainly secreted by immune cells, including macrophages,
NK-cells, B cells, and T cells. IL-10 inhibits the synthesis and
secretion of proinflammatory cytokines in its target cells (4).
However, the relationship between IL-10 and atherosclerosis
is still under debate due to contradictory results from clinical
and experimental studies. To our knowledge, mutations of IL-
10 or its receptor in humans are primarily associated with
inflammatory bowel disease (IBD) (5). Although it has been
reported that IBD is closely related to the pathogenesis of
atherosclerosis-related CVD (ASCVD) in some cases (6, 7),
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whether the link between IBD and CVD is attributable to the
mutations of IL-10 or its receptor has not been carefully
explored. Thus it has been difficult to define a protective
effect of IL-10 on atherosclerosis and this has limited the
potential application of IL-10 as a therapeutic approach for the
treatment of ASCVD in clinical trials. Additionally, studies in
different atherosclerosis-prone mouse models have also
generated conflicting results (8-13), indicating that the net
effects of IL-10 signaling on atherosclerosis remain to be
fully clarified.

Recently evidence suggested that IL-10 is associated with
the homeostasis of gut microbiota (14, 15). IL-10 synthesized
and secreted by T or B cells upon the stimulation of
microbiota has been reported to maintain the tissue
homeostasis by regulating the steady state of microbiota.
Moreover, a causal link between dysfunctional gut
microbiota and lipid metabolism disorders has been
reported independently (16, 17). These findings imply that
IL-10 on atherosclerosis in both human and experimental
mouse studies may not be solely due to effect of IL10 on
inflammation. The molecular mechanisms by which IL-10
may modulate lipid metabolism to influence the development
of atherosclerosis are largely unknown.

Given that Syrian golden hamsters possess metabolic
features similar to humans (18-20), we generated an IL-10-
deficient hamster model using CRISPR/Cas9 editing to
investigate the role of IL-10 in lipid metabolism and
atherosclerosis. Our results provide insight into the
relationship between IL-10 and atherosclerosis and have
potential therapeutic implications for the treatment
of atherosclerosis.
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Materials and methods
Animals

Wild type (WT) Syrian golden hamsters were purchased
from vital river laboratory (Beijing, China). IL-10 mutant Syrian
golden hamster model was generated by CRISPR/Cas9 gene
editing technology in our laboratory. WT and mutant hamsters
were maintained on a 14h light/10h dark cycle at 24°C. All the
animals were fed a chow diet (CD) (20% protein and 4% fat;
Beijing Ke’ao Company, Beijing, China) or a high-fat diet (HFD)
containing 1% cholesterol and 15% fat with water ad libitum. At
the endpoint of the experiments, animals were anesthetized with
3% pentobarbital sodium (45 mg/kg by intraperitoneal
injection). All experiments were performed under the principle
of experimental animal health (NIH released no.85Y231996
Revision) and approved by the laboratory animal ethics
committee of Peking University (LA2010-059; 15 March 2010).

Generation of IL-10 mutant (IL-10MYT/

MUT) hamster model

The sgRNA was designed to target the exon 2 of IL-10 gene
(NW_004801698) using Optimized CRISPR Design (http://crispr.
mit.edu/). The specificity of the sgRNA target sites
(TGAGTAGTATGTTGTCCAGCTGG) was analyzed according
to the basic local alignment search tool (BLAST) applied to the
Syrian golden hamster genome. The DNA template of sgRNA was
amplified by PCR, and then transcribed to sgRNA by T7
polymerase (Megascript T7 Kit, Ambion, AMB13345) in vitro.
The plasmid PXT7 carrying the humanized cas9 ¢cDNA was
linearized with Xbal digestion, which was used as Cas9 DNA
template. Cas9 mRNA was transcribed with mMESSAGE
mMACHINE T7 kit (Ambion, AM1344) in vitro. Cas9 mRNA
and sgRNA were purified by phenol/chloroform extraction
followed by isopropanol precipitation, which concentrations were
adjusted to 500 ng/ul and 100 ng/ul with RNase-free water,
respectively, and stored at -80°C for further experiments. Both
microinjection and zygote treatment were performed under the
condition of red light. M2 medium (Sigma, M7167) covered by
mineral oil (Sigma, M5904) was used for injection. Cas9 mRNA (50
ng/uL) and sgRNA (20 ng/uL) were co-injected into the cytoplasm
of zygotes. Afterward, zygotes were cultured with HECM-10
medium and 10% CO, at 37.5°C for 30 min. Injected zygotes
with normal morphology were transferred into surrogate hamsters
that were naturally mated with males 1 day before (approximate
15-20 zygotes per oviduct). For genotyping, the genomic DNA
extracted from the toes of the founder and his offspring was
analyzed by PCR (IL-10 F: GCTTTCAGTGAAGTTTCCGTAT,
IL-10 R: AAGTAACCCTAGAGGCAAGAAT).
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Analysis of plasma lipids and (apo)
lipoproteins

Plasma was collected from WT and IL-10 mutant hamsters
after 12h fasting. Total cholesterol (TC) and triglyceride (TG)
levels were determined using the commercially enzymatic kits
(Biosino Bio Technology & Science, Beijing, China). HDL-C
level was measured with TC kit after precipitating ApoB-
containing lipoprotein by 20% polyethylene glycol (PEG).

Plasma ApoAl, ApoB and ApoE were detected by Western
blots. Briefly, 1ul of fresh plasma was mixed with buffer
containing sodium dodecyl sulfate (SDS) and dithiothreitol
(DTT), heated at 95°C for 10 min, and then subjected to 6%
or 12% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE)
gels for ApoB or ApoAl/ApoE, respectively. The following
antibodies were used for immunoblotting: ApoA-I (NBP2-
15429, Novus, USA, rabbit polyclonal IgG, 1:5000), ApoE
(178479, Millipore, goat polyclonal IgG, 1:5000), and ApoB
(178467, Millipore, goat polyclonal IgG, 1:5000).

RNA isolation and quantitative real
time PCR

Total RNA was extracted from different tissues by Trizol
reagent (Transgen Biotech, China) and first-strand cDNA was
generated by using a RT kit (Transgen Biotech, China).
Quantitative real time PCR was performed using primers
listed in Table S2. The reactions were performed using the
Mx3000 Multiplex Quantitative PCR System for 40 cycles with
denaturation at 94°C for 30s, annealing at 60°C for 45s, and
extension at 72°C for 45s. Beta actin was used as internal control
and all the data of gene expression were normalized to
WT group.

Fast protein liquid chromatography
(FPLC)

Plasma lipoprotein profiles were analyzed by FPLC. The
pooled plasma of each group (150 UL from 5-6 animals/group)
was subjected to Tricorn high-performance Superose S-6 10/
300GL column (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK), followed by an elution with PBS at a
constant flow rate of 0.8 mL/min. The TC and TG levels in each
fraction (500 uL) were determined using the same commercial kits
for TC and TG.

Three continuous fractions were mixed together with the
buffer containing SDS and DTT, and heated at 95°C for 10 min.
The contents of ApoAl, ApoB and ApoE were detected by
immunoblotting according to the method described above.
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Plasma lipoprotein lipase (LPL) activity

Post-heparin plasma was collected 30 min after
intraperitoneal injection of heparin (2000u/kg BW). A
commercial LPL activity kit (ab204721, Abcam, USA)
containing fluorescence labeled substrates and LPL activator
was used to analyze plasma LPL activity. Briefly, 10 uL of
post-heparin plasma from CD-fed WT or IL-10™Y"/MUT
hamsters was incubated with 40 pL of phosphate buffer and 50
UL of diluted substrate at 37°C for 1h protected from light. The
output at Ex/Em = 482/515 nm was measured every 10 min. LPL
activity was present by FFA release (pmol/ml/min).

Measurement of plasma
lipopolysaccharide (LPS) and
8-isoprostane content

The level of plasma LPS were determined by commercial
ELISA kit (LPS: E065061, 3AChem, China). 10 uL of fresh
plasma was added to the pre-coated plate with primary
antibody against LPS. The mixture was incubated at 37°C for
1h and then HRP-labeled anti-LPS antibody was applied to
detect the level of LPS. The plate was washed extensively using
washing buffer and the absorbance was measured at 450 nm.
For the measurement of plasma 8-isoprostane, the commercial
kit (No. 516351, Cayman Chemical, USA) was used. 50 UL of
fresh plasma and 50 UL of Tracer was added to the pre-coated
plate with primary antibody against 8-isoprostane. The plate
was incubated at 4°C for 18h, and then was washed extensively
using washing buffer and the absorbance was measured at 420
nm. The level of plasma 8-isoprostane could be calculated by
the absorbance at 420 nm.

Determination of plasma
malondialdehyde (MDA) concentration

The plasma MDA concentration was measured with a
commercial test kit (E2009, Applygen, China). Briefly, 100 uL
of fresh plasma sample or serially diluted standard samples were
mixed thoroughly with 300 pL of buffer containing sodium
dodecyl sulfate and thiobarbituric. The mixture was incubated at
95°C for 30 min and then placed on ice for 5 min, followed by a
centrifugation at 10, 000g for 10 min. 200 pL of supernatant was
collected for fluorometric measurement using ex535 nm/em553
nm, which was converted to the concentrations according to the
standard curve.
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Hepatic lipid measurements

100 mg of liver tissue was homogenized in 1ml cold phosphate
buffer solution (PBS), and then 4 ml of chloroform/methanol (v:v
= 2:1) was added. The mixture was vortexed for 2 min, and then
allowed to stand for 20 min. After a centrifugation at 3000 rpm for
30 min, the chloroform layer was transferred to a new glass tube
using a glass syringe and dried under nitrogen stream. Lipids were
dissolved with 500 UL of 3% triton X-100, and the contents of
cholesterol and triglyceride were measured according to the
method described above.

Glucose tolerance test (GTT)

After fasting for 12h, plasma from indicated groups on CD
feeding was collected, which represented a sample at 0 min.
Animals were then intraperitoneally injected with glucose
solution (2g glucose/kg body weight), and blood samples were
collected at 15, 30, 60, and 120 min after injection. Glucose levels
were measured for each indicated time point.

Insulin tolerance test (ITT)

After fasting for 12h, plasma from indicated groups on CD
feeding was collected, which represented a sample at 0 min.
Animals were then intraperitoneally injected with insulin (0.75U
insulin/kg body weight), and blood samples were collected at 15,
30, 60, and 120 min after injection. Glucose levels were measured
for each indicated time point.

Very low density lipoprotein (VLDL)
secretion assay

After fasting for 12h, plasma from indicated groups on CD
feeding was collected, which represented a sample at 0 min.
Animals were then intraperitoneally injected with 407 (CAS
9003-11-6, Sigma, Germany) at 1500mg/kg, and blood samples
were collected at 30, 60, 120, 180 and 240 min after injection. TG
concentration was measured for each time point. The slope
represented VLDL secretion rate after linear regression.

Test of blood biochemical parameters
20 pL of fresh blood samples were used for the measurement

of the following biochemical parameters: the counts of WBC, MO,
GR, LY, RBC, HCT, HGB, RDW, PLT, PCT, MPV and PDW.
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Pathological analysis

Hamsters at the indicated time points under different
conditions were sacrificed and perfused with 20 ml of 0.01M
PBS through the left ventricle. Liver, intestines, spleen, white fat,
brown fat, brain, heart, and aorta were harvested and then fixed
in 4% paraformaldehyde (PFA) overnight, followed by a transfer
to 20% sucrose solution for dehydration. Then liver, intestines,
spleen and heart were embedded in SAKURA Tissue-Tek®
O.C.T. Compound (Sakura Finetek USA, Inc., USA), and
cryo-sectioned after snap frozen with liquid nitrogen. The
sections were stained with hematoxylin/eosin (HE) for
morphological analysis, or oil red O (ORO) to analyze lipid
deposition. White and brown fat were embedded in paraffin and
sliced for HE staining.

To measure the expression of specific proteins in tissues, the
following antibodies were used for immunohistochemical or
immunofluorescence staining: LPS (1:200 rabbit polyclonal
IgG, PAB526Ge01, Clond-Clone, China), CD68 (1:400 rabbit
polyclonal IgG, BM3639, BOSTER, China). Sections were
incubated with the blocking solution (PBS containing 10%
goat serum) for 1 h at 37°C after antigen retrieval, and then
incubated with the primary antibody overnight at 4°C. Then for
immunohistochemical staining, sections were incubated with the
appropriate biotinylated secondary antibodies (1:200, ABC
Vectastain; Vector Laboratories, Burlingame, CA, USA) and
visualized using 3.3’-diaminobenzidine (DAB; Vectastain,
Vector Laboratories). For immunofluorescence staining,
sections were incubated with biotinylated secondary anti-mice
and anti-rabbit IgG (1:1000, E032220-01 and E032410-01,
EarthOx, USA) and fluorescent mounting medium with DAPI
(ZLI-9557, ZSGB-BIO, China) under dark conditions. Then the
sections were observed and imaged by confocal microscopy
(Leica SP8, Germany).

Microbiota analysis

Fresh feces of 3-month old WT and IL-10MYT/MUYT
hamsters on CD were collected and the total genome DNA
was extracted. DNA concentration and purity were monitored
on 1% agarose gels. 16S rRNA was amplified used specific
primer. Sequencing libraries were generated using TruSeq®
DNA PCR-Free Sample Preparation Kit (Illumina, USA) and
index codes were added. The library was sequenced on an
Mlumina NovaSeq platform and 250 bp paired-end reads were
generated. Sequence analysis was performed by Uparse
software (Uparse v7.0.1001, http://drive5.com/uparse/).
Sequences with >297% similarity were assigned to the same
OTUs QIIME software (Version 1.9.1) was used to evaluate the
differences of samples in species complexity, including
MetaStat, LEfSe, analysis of similarities (ANOSIM) and
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principal coordinates analysis (PCoA). The results were
displayed by R software (Version 2.15.3).

Statistical analysis

All data were presented as means + SEM. Statistical analysis
was performed using the Student’s t-test for the comparison
between two groups) or two-way ANOVA for the comparison
among multiple groups. p value <0.05 was considered a
statistical significance.

Results

Generation of IL-10 mutant (IL-10MUT/
MUT) hamster model

In order to construct an IL-10 mutant hamster model, we
designed sgRNA targeting exon 2 of the hamster IL-10 gene
(Figure 1A). Zygotes microinjected with the designed sgRNA
and Cas9 mRNA were transplanted into the fallopian tube of
surrogate hamsters. Genomic DNA from the founders was
extracted and sequenced. The sequencing data showed that
one hamster pup (F1) displayed a 9 nt-deletion of IL-10 gene
(Figure 1B), without any potential off-target sites (Table SI).
Next, we genotyped the animals with F2 generation to determine
whether this mutation of IL-10 gene was inheritable to offspring.
PCR genotyping confirmed the presence of 112bp in wild-type

(WT) and 103bp in homozygous mutant hamsters (IL10™Y"

MUT) respectively, while heterozygous animals (IL10*"™YT)
showed two bands (Figure 1C). Protein analysis by Western
blot revealed that plasma IL-10 levels of IL10MY"™YT hamsters
were lower than in the WT group (Figure 1D). In addition, we
found that the mRNA expression levels of IL-10 and the
downstream targets of the IL-10 signaling pathway in
macrophages (Figure 1E) and spleen (Figure 1F) were also
markedly reduced. These findings validate our generation of
an IL-10-mutant hamster model with impaired IL-10 signaling
by CRISPR/Cas9 editing.

Loss of IL-10 causes severe spontaneous
systemic inflammation in hamsters

Considering that IL-10 is a major anti-inflammatory factor,
we first investigated systemic inflammation IL10™YT/MUYT
hamsters. 3-month-old male TL10MYT/MYT hamsters
maintained on chow diet (CD) showed obvious changes in
external appearance compared to WT hamsters, including oral
ulceration, abdominal hair loss, limb edema and reduced body

weight (Figure 2A). H&E staining confirmed that hamsters with
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FIGURE 1

Generation and characterization of IL-10 mutant hamster model using CRISPR/Cas9 gene editing system. (A) Schematic of targeting the exon 2
of hamster IL-10 gene. The sgRNA and PAM sequences (TGG) are highlighted with orange and blue background, respectively. Mismatched
nucleotide bases and amino acids are marked in red. (B) Sequencing of CRISPR/Cas9-edited IL-10 locus in Founder. Double peaks appeared at
the mutation site. (C) Genotyping of F2 generations from wild type (WT), heterozygous (IL-10"""MYT) and homozygous (IL-10MYTMYT) |L-10
mutant hamsters. (D) Representative Western blot of plasma IL-10 from 3-month-old male WT and IL-10MYTMUT hamsters on chow diet. (E and
F) mRNA expression levels of genes involved in IL-10 signaling pathway in macrophages (E) and spleen (F) were determined by real-time PCR
(n=4~7/group). All data were expressed as means + SEM, *p<0.05; **p<0.01

IL-10 deficiency developed spontaneous inflammatory skin
lesions on the back and abdominal areas with inflammatory
cell infiltration (Figure 2B). Complete blood tests revealed that
compared to control group, the number of white blood cells
(WBC), monocytes (MO) and granulocytes (GR) of IL1oMYY
MUT hamsters was increased; however, the counts of
lymphocytes (LY) were largely decreased in mutant animals.
These findings suggest a severe systemic inflammatory response
in ILIOMYY™MUT hamsters (Figure 2C). In addition, red blood
cell count (RBC), hematocrit (HCT) and hemoglobin levels
(HGB) were reduced in ILLOMYTMYT hamsters, and there was
an increase in red blood cell volume distribution width (RDW),
platelet count (PLT) and plateletocrit (PCT) (Figure 2D), and a
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reduction in mean platelet volume (MPV) and platelet
distribution width (PDW) (Figure 2E).

Previous studies have shown a close relationship between
inflammation and body temperature. Since an abnormal rise in
body temperature can be an indicator of inflammation, we
measured the body temperature of WT and IL10™MV*/MUT
hamsters. As shown in Figure 2F, the body temperature of
IL1IOMYMUT hamsters was higher than WT hamsters. Upon
cold stimulation followed by a switch to room temperature, the
two genotypes showed no difference in body temperature under
cold condition; however, the body temperature of IL1oMUT/MUT
hamsters was still higher than WT hamsters after switching to
room temperature (Figure 2G). These findings indicate that
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FIGURE 2

IL-10MYT/MUT hamsters on a reqular chow diet exhibited severe spontaneous systemic inflammation. (A) Representative images of 3-months old
male WT and IL-10MYTMUT hamsters on chow diet. (B) Skin at the Back and abdominal areas of WT and IL-10MYTMUT hamsters was stained with
HE. Bars: 100 pm; arrows indicate immune cell infiltration. (C, D and E) The blood biochemical characteristics of WT and IL-10MYTMYT hamsters
(n=6/group). (F) Body temperature of WT and IL-10MYTMYT hamsters (n=6/group). (G) Body temperature curve of WT and IL-1
hamsters exposed to different stimuli (n=6/group). (H) Expression levels of proinflammatory markers in spleen were determined by real-time
PCR (n=6/group). (I) Representative images of colon tissue from WT and IL-10MYTMYT hamsters. Bars: 5 cm. (J) Morphological analysis of
colons stained with HE for WT and IL-10MYTMYT hamsters. Bars: 500 pm; arrows indicate immune cell infiltration (K) Immunohistochemistry of
CD68 in the colons from WT and IL-10MYTMYT hamsters. Bars: 50 um; arrows indicate positive staining. All data were expressed as means +

SEM, *p<0.05; **p<0.01.

OMUT/MUT

IL10MYT™UT hamsters had greater heat production than WT
hamsters. To further confirm the inflammatory phenotype
caused by IL-10 deficiency in hamsters, we determined
the mRNA expression of proinflammatory markers in
spleen, including IL-1B, IL-6, NFkB and TNFo. These
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proinflammatory cytokines were upregulated in 1L10MYVTMYT

hamsters compared to WT hamsters (Figure 2H).

Since loss of function of IL-10 or its receptor leads to IBD in
patients and mice, we explored whether IL10MY"MYT hamsters
displayed the traits of IBD. We found that the colon length of
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IL-10 deficiency caused severe white adipose tissue (WAT) dystrophy in chow-fed hamsters. (A) Body weight curve of WT and IL-10MY"
hamsters on chow diet (n=6/group). (B) Representative MRI images and total fat mass analyzed by MRI of 3-month-old male WT and IL-10MYT
MUT hamsters (n=6/group). (C) Representative images of iIWAT, eWAT and rWAT from WT and IL-10MYT"MYT hamsters. Arrows indicate WAT. (D)
Analysis of the ratio of fat weight and body weight for different types of adipose tissues from 3-months old WT and IL-10MYT7MYT hamsters
(n=6~8/group). (E) Representative images of iWAT (left) and quantification of adipocyte area (right) (n=6/group). (F) Expression levels of genes
regulating thermogenesis in BAT (left) and iIWAT (right) were determined by real-time PCR (n=5~7/group). (G) Expression levels of genes
involved in inflammation and apoptosis in iIWAT were determined by real-time PCR (n=5~7/group). (H) Immunohistochemistry of CD68 in the
iWAT from WT and IL-10MYTMYT hamsters. Bars: 50 um; arrows indicate positive staining. (I) TUNEL staining (green) in the iWAT from WT (top)
and IL-10MYTMYT (hottom) hamsters. Nuclei were stained with DAPI (blue). Bars: 100 um; white arrows indicate positive staining.All date were
expressed as means + SEM, *p<0.05; **p<0.01
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ILIOMVTMUT hamsters was shorter than that of WT hamsters,
consistent with the presence of IBD (Figure 2I). Pathological
analysis revealed an increase in the colon glands and the
infiltration of inflammatory cells and macrophages (Figures 2]
and K). Thus, IL1OMYT/MUT Lamsters replicated the
spontaneous IBD was observed in patients with dysfunctional
mutations in IL-10 or its receptor.

IL-10 deficiency causes severe white
adipose tissue (WAT) loss in hamsters

ILIOMYT™UT hamsters showed decreased body weight and
reduced fat mass compared to WT hamsters on CD (Figures 3A,
B). The mass of multiple different subtypes of WAT, including
subcutaneous WAT (sWAT), inguinal WAT (iWAT), epididymal
WAT (eWAT), mesenteric WAT (mWAT) and retroperitoneal
WAT (rWAT) was reduced in ILLOMYMYT hamsters, while the
weight of brown adipose tissue (BAT) did not change (Figures 3C,
D). Further analysis by H&E staining revealed that the size of
adipocytes in WAT of ILI0MY"™YT hamsters was reduced by
~50% (Figure 3E). Given the higher body temperature observed
IL1IOMYTMUT hamsters, we determined the mRNA expression of
genes regulating thermogenesis in adipose tissue, and found that
the expression levels of CIDEA and UCP-1 in BAT were
upregulated in IL10MYTMYT hamsters, but there was no
difference in WAT gene expression between the two groups
(Figure 3F). These observations suggest that activated
thermogenesis in BAT might contribute to increased heat
production in IL1I0MYTMYT hamsters.

It has been reported that inflammation plays an important
role in the determination of fat cell size (21). We therefore
analyzed the status of inflammation in WAT. In IL1o™Y"/MUT
hamsters, the mRNA expression level of proinflammatory
factors was upregulated. Levels of genes involved in apoptosis,
such as BAX, MLKL and MYD88, were also upregulated, but the
level of BCL2, an anti-apoptotic gene, was decreased
(Figure 3G). Immunohistochemical staining demonstrated an
increase in CD68 protein and apoptosis stained by TUNEL in
WAT of ILIOMY™™YT hamsters (Figures 3H, I). These findings
indicate that inflammation and apoptosis likely contribute to the
reduced size of WAT in IL-10 mutant hamsters.

IL-10 deficiency alters microbiome
homeostasis and enhances LPS
production

LPS is a potent pro-inflammatory signal harbored by many
gut microbes. We hypothesized that silencing IL-10 might
disturb the homeostasis of gut microbiota, thus promoting the
synthesis and secretion of LPS, and eventually leading to
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systemic inflammation. To verify this hypothesis, we first
assayed LPS content in the WAT with overt morphological
changes. Immunohistochemical staining confirmed that LPS
levels were higher in TL-10MY"MYT hamsters than WT
hamsters (Figure 4A). Immunofluorescence demonstrated that
LPS in the WAT of IL1I0MY"™UT hamsters co-localized with the
macrophage marker CD68 (Figure 4B), indicating that LPS was
delivered to WAT from gut through macrophage-mediated
transport. Similarly, we found that circulating LPS levels in
IL1OMYMUT hamsters were markedly increased (Figure 4C),
suggesting that gut function might be impaired due to IL-
10 deficiency.

Next, when assessing gut function, we found that there were
191 OTUs shared in the gut microbiota of the two genotypes,
while there were 200 and 118 unique OTUs in WT and IL10™Y"
MUT hamsters, respectively (Figure 4D), with a significant
difference between the two groups when analyzed by Anoism
(R=0.3687 and P=0.037, Figure 4E). Meanwhile, we found a
separation between the genotypes using Weighted Unifrac
distance-based PCoA analysis (Figure 4F) and a reduction in
the species richness in IL10MY"YT hamsters relative to control
animals (Figure 4G). Furthermore, IL10MYYMYT hamsters had a
greatly increased content of proteobacteria in the gut, while the
counts of firmicutes and bacteroidetes, two types of beneficial
bacteria, were reduced (Figure 4H). As expected, LefSe analysis
showed that TL10™MY"™YT hamsters exhibited an increase in
several types of pathogenic bacteria, such as helicobacter and
staphylococcus, but a decrease in the probiotic bacteria that exert
protective effects on the gut barrier, such as lactobacillus,
allobaculum, erypelotrichia (Figures 41, J). These changes likely
contribute to the destruction of the gut barrier and the increased
secretion of gut-derived LPS into plasma. To verify this point, we
determined the signaling pathways related to LPS responses in
various tissues. Immunohistochemical staining of the colon
showed an increase in LPS levels in IL10MY"™YT hamsters
(Figure 4K). Hepatic mRNA expression of LBP and CD14 was
upregulated in IL10MY™™YT hamsters (Figure 4L), indicating
that the pathway regulating LPS transport was activated.
Moreover, we found that the mRNA expression levels of
TLR4, MYD88 and MLKL in WAT were markedly increased,
(Figure 4M), suggesting that LPS signaling was activated in
WAT. These findings support enhanced transport of LPS to
WAT to activate the TLR4-mediated apoptotic pathway, thus
triggering abnormal apoptosis in the WAT.

Loss of IL-10 signaling elicits abnormal
lipid and glucose metabolism in
hamsters on chow diet

Considerable evidence supports a link between
inflammation and the metabolic syndrome; however, the
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Chow-fed IL-10MYTMYT hamsters displayed abnormal lipid metabolism. (A, B and C) Determination of plasma TC (A), TG (B) and HDL-C (C)
from 3-month old WT and IL-10M""MUT hamsters on chow diet after overnight fasting (n=6~7/group). (D) Representative Western blots of
plasma ApoB, ApoE and ApoAl from WT and IL-10MYTMYT hamsters. (E, F) Pooled plasma from the two groups were analyzed by FPLC.
Triglyceride (E) and cholesterol (F) contents in different fractions of pooled plasma from WT and IL-10"YTMYT hamsters were measured (n = 6/
group). (G) Representative Western blots of ApoB, ApoE and ApoALl in different fractions of pooled plasma from WT and IL-10MYTMYT hamsters
as described in Figures 5E, F. (H) Cryo-sectionings of liver tissues were stained with oil red O. Bars: 50 um. (I) Hepatic TC and TG contents
were measured and normalized to liver weight (h=6~7/group). (3, K) VLDL secretion was analyzed in hamsters after intraperitoneal injection P-
407 (1500 mg/kg, n=6/group). (L) HE and Oil red O stainings of intestinal tissues of WT and IL-10MYT"MYT hamsters 4 h after oral gavage of olive
oil (10 ml/kg body weight). (M) Measurement of plasma LPL activities were in WT and IL-10"Y7MYT hamsters. (N) Expression levels of LPL and
GPIHBP1 in BAT were determined by real-time PCR (n=5/group). (O, P) Expression levels of genes involved in lipolysis in WAT (O) and BAT (P)
were determined by real-time PCR (n=5/group). (Q) Immunohistochemistry of LPS in the liver from WT (top) and IL-1
hamsters. Bars: 50 um; arrows indicate positive staining. (R) Expression levels of TLR4, MYD88 and MLKL in liver were determined by real-time
PCR (n=6~7/group). (S) Expression levels of inflammatory factors in liver were determined by real-time PCR (n=6/group). (T)
Immunohistochemistry of CD68 in the liver from WT (top) and IL-10MYTMYT (bottom) hamsters. Bars: 50 pm; arrows indicate positive staining.

All date were expressed as means + SEM, *p<0.05; **p<0.01.

influence of IL-10 deficiency on lipid and glucose homeostasis is
incompletely understood. We analyzed the plasma lipids in CD-
fed animals at 3 months of age. We found that TL10MY™MUT
hamsters displayed reduced TG and HDL-C levels without
changes in TC concentration when compared to control
animals (Figures 5A-C). Western blots showed that plasma
ApoB100, ApoB48 levels were increased, but ApoAl levels
were reduced, in IL1I0MYTMYT hamsters. Levels of ApoE were
not different (Figure 5D). FPLC analysis revealed that the peak of
LDL-C was markedly increased, whereas HDL-C fractions were
decreased in ILIOMYTMUT hamsters (Figure 5E). There was a
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OMUT/MUT (bottom)

reduction in TG carried on VLDL particles (Figure 5F),
consistent with the findings of apolipoprotein distribution
(Figures 5G-I). In addition, although the loss of IL-10
signaling did not influence the expression of cholesterol
synthesis-related genes in the liver, the expression of key genes
involved in reverse cholesterol transport (RCT) such, as LCAT
and ABCAL1 were reduced (Figure S1A). There was also as well as
a reduction in genes regulating TG synthesis in IL10-deficient
animals (Figure S1B).

To explore the potential mechanisms by which lack of IL-10
caused reduced TG levels in IL10MY"MYT hamsters, we injected
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P407, an LPL inhibitor, to examine hepatic VLDL secretion.
IL1IOMYTMUT hamsters exhibited a higher VLDL secretion rate
(Figures 5], K). We observed no difference in lipid content of
intestinal epithelial cells after oral fat load (Figure 5L); however,
plasma LPL activity was greatly increased (Figure 5M),
indicating that the reduction in TG may be attributable to
enhanced LPL-mediated lipolysis of TG-rich lipoproteins in
IL1OMYTMUT hamsters. We measured expression of genes
regulating TG metabolism in both BAT and WAT and found
that the mRNA expression of both LPL and GPIHBPI was
upregulated in BAT (Figure 5N). The expression of genes
required for TG lipolysis in BAT such as ABHD5, ATGL, HSL
and PLIN1 were also upregulated (Figures 50, P).

Recently, the gut-liver axis has been shown to play an
important role in the regulation of lipid metabolism. We
investigated whether gut-derived LPS might contribute to
abnormal VLDL secretion by the liver in the absence of IL-10.
Immunohistochemical staining showed that IL10MYT/MUT
hamsters exhibited more LPS in the liver compared to WT
(Figure 5Q), and the expression of TLR4 and its downstream
genes in the liver was increased (Figures 5R, S). We also found
obvious macrophage infiltration (Figure 5T).

A previous study reported a relationship between IL-10 and
insulin sensitivity in mice, indicating that IL-10 might regulate
glucose metabolism. We found that the fasting blood glucose
levels of IL10MY™MUT hamsters on CD were lower than WT
hamsters (Figure S2A), but that glucose tolerance (Figure S2B)
and insulin tolerance (Figure S2C) were reduced. Western blot
analysis showed that the protein levels of both AKT and pAKT
in the liver of IL10MY"™YT hamsters were increased (Figure
S2D), accompanied by upregulated expression of genes involved
in hepatic gluconeogenesis, such as G6PC, GCK, PFKM and
SDHA (Figure S2E). These finding suggest that IL-10 deficiency
resulted in abnormal glucose metabolism in hamsters.

High-fat diet aggravated abnormal
plasma lipid profiles in IL1OMYT/MUT
hamsters

To investigate whether high-fat diet (HFD) further aggravated
abnormal lipid metabolism in the setting of inflammation caused by
IL-10 deficiency, WT and IL1IOMYVTMUT bamsters were fed a HFD
containing 1.5% cholesterol and 15% fat for 16 weeks. Similar to
what we observed in the animals on CD feeding, IL1oMVT/MUT
hamsters on HFD showed less weight gain (Figure 6A) and higher
body temperature (Figure 6B). Compared with WT hamsters,
plasma HDL-C levels were still lower without a change in TC
levels (Figures 6C, D), but the concentration of plasma TG of
IL10MYT™YT hamsters was unexpectedly increased (Figure 6E).
Western blots showed that plasma ApoB48 and ApoE levels were
markedly increased, but APOA1 was reduced in IL10MYTMUT
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hamsters, with no obvious changes in ApoB100 (Figure 6F). Lipid
profiles analyzed by FPLC demonstrated that cholesterol content
was increased in the VLDL fraction and reduced in the HDL
fractions in IL1I0OMY"™MUT hamsters (Figure 6G). Moreover, the TG
concentration in the VLDL fraction was increased in mutant
animals (Figure 6H). Consistent with the observations from
plasma samples, Western blots of FPLC fractions revealed that
the amount of ApoE carried on TG-rich lipoproteins was increased
and the ApoAl in HDL fractions was reduced in IL10™MY"MUT
hamsters (Figure 6I). Additionally, we found that the plasma levels
of MDA (Figure 6]) and 8-isoprostane (Figure 6K) in [L1oMYUTMUT
hamsters were increased, indicating accelerated lipid peroxidation.

Since dyslipidemia is associated with liver disease, we
analyzed the lipid content of the liver in HFD-fed hamsters.
There was increased TG content in liver of IL1QMYT/MUT
hamsters, and there were more areas degeneration (Figure 6L),
showing more, but not cholesterol (Figure 6M).

To study the effects of HFD on LPS production and transport
through gut-liver axis, we investigated the levels of LPS in plasma
and liver tissue and found that LPS levels were increased in both
plasma and liver (Figures 6N-P). Furthermore, TUNEL staining and
PCR analysis showed that apoptotic signals and inflammation were
increased in the liver of ILLO™Y" YT hamsters (Figures 6Q, R).

IL-10 deficiency accelerates the
development of atherosclerosis on HFD

Since dyslipidemia can lead to atherosclerosis, we
performed oil red O (ORO) staining to analyze
atherosclerotic plaques. Atherosclerotic lesion area in both
whole aorta (Figure 7A) and the aortic root (Figure 7B) was
increased in IL10MY"MYT hamsters with accumulated CD68
(Figure 7C) and LPS (Figure 7D) after 16-week HFD feeding.
To better understand the mechanism by which macrophages
contributed to the atherosclerotic plaques in IL10MV*/MUT
hamsters, we incubated peritoneal macrophages isolated from
WT and IL10MY"MYT hamsters with oxLDL. ORO staining
showed that the intracellular lipid accumulation in
macrophages of ILLOMY"MUT hamsters was higher than WT
hamsters (Figure 7E). Since LRP1 has been shown to integrate
macrophage inflammation and cholesterol homeostasis (21),
we investigated whether IL-10 deficiency led to an impairment
of the LRP1 signaling pathway in our model. The mRNA
expression of genes involved in cholesterol efflux regulated
by LRP1 were reduced in macrophages of IL10™Y™/MUT
hamsters, including SHC1, LXRo, ABCA1, and ABCGI. The
expression of CD36, which is involved in lipid uptake, was
increased (Figure 7F). These findings suggest that loss of IL-10
increased lipid uptake and impaired reverse cholesterol
transport (RCT), leading to lipid accumulation and
accelerated atherosclerosis.
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Dyslipidemia was aggravated in IL-10MYT"MYT hamsters on HFD. (A) Body weight curve of WT and IL-10MYTMYT hamsters on HFD for 12 weeks
(n=5/group). (B) Body temperature of WT and IL-10M""MYT hamsters on HFD (n=5/group). (C, D and E) Plasma TC (C), TG (D) and HDL-C (E)
from WT and IL-10MYTMYT hamsters on HFD (n=5/group). (F) Representative Western blots of plasma ApoB, ApoE and ApoAl from WT and IL-
1OMYTMUT hamsters on HFD. (G, H) Pooled plasma from the two groups were analyzed by FPLC. Triglyceride (E) and cholesterol (F) contents in
different fractions of pooled plasma from WT and IL-10MYTMYT hamsters on HFD (n = 6/group). (I) Representative Western blots of ApoB (top),
ApoE (middle) and ApoALl (bottom) in different fractions. (J, K) Plasma MDA (J) and 8-isoprostane (K) concentration from WT and IL-10MYT/MUT
hamsters on HFD (n=5/group). (L) Oil red O stainings of liver tissue of WT and IL-10MYT"MYT hamsters on HFD. Bars: 50 um. Arrows indicate
lipid accumulation. (M) Hepatic TC and TG contents were measured in HFD-fed animals. (n=6~7/group). (N) Plasma LPS levels from WT and IL-
10MYTMUT hamsters on HFD (n=5/group). All values are means + SEM, **, p<0.01. (O) Immunohistochemistry of CD68 in the liver from WT (left)
and IL-10MYTMYT (right) hamsters on HFD. Bars: 50 um; arrows indicate positive stainings. (P) Cryo-sections of liver from WT (top) and IL-
10MYTMUT (hottom) hamsters on HFD were double-stained with CD68 (green) and LPS (red) antibodies. Nuclei were stained with DAPI (blue)
Bars: 100 um; white arrows indicate positive stainings. (Q) TUNEL staining (green) in the iWAT from WT (top) and IL-10MY™MYT (bottom)
hamsters on HFD. Nuclei were stained with DAPI (blue). Bars: 100 um; white arrows indicate positive stainings. (R) Expression levels of

inflammatory factors in liver were determined by real-time PCR (n=5/group). All values are means + SEM, **p<0.01. All date were expressed as
means + SEM, *p<0.05; **p<0.01
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Recombinant IL-10 alleviates the
phenotype of ILLIOMYTMUT hamsters

We postulated that restoring IL-10 levels by replacement
therapy should correct the phenotypes observed in IL10MY/MUT
hamsters. To verify this hypothesis, we administered 8-week-old
IL10MYT™YT hamsters 1 ug/kg human recombinant IL-10 (thIL-
10) daily for 3 weeks. Skin inflammation in IL10™Y" YT hamsters
receiving rhIL-10 was obviously reduced compared with saline
controls (Figure 8A). The body weight of the rhIL-10 group was
also increased (Figure 8B) and the body temperature of rhIL-10
group was normalized (Figure 8C). Complete blood tests confirmed
that IL-10 replacement completely corrected the inflammatory
status and the number of WBC, GR, MO and LY in rhIL-10
hamsters (Figure 8D). Although the platelet-related indexes of rhIL-
10 group were lower than the saline-treated group, (Figure 8E),
there was no effect on RBC or HGB levels (Figure 8F). Finally, we
assessed the effects of rhIL-10 therapy on lipid metabolism and
found increased plasma TG and HDL-C levels (Figures 8G, H).
rhIL-10 also normalized plasma LPS (Figure 8I).

Discussion

Although the anti-inflammatory role of IL-10 is well
documented, the relationship between IL-10, inflammation
and lipid metabolism is still not completely understood. In
particular, conflicting results have been reported on the
influence of IL-10 on atherosclerosis in experimental mouse
models. In the present study we developed a mutant hamster
model lacking IL-10 using CRISPR/Cas9 gene editing. Our
results showed that loss of IL-10 signaling impaired the
homeostasis of gut microbiota, leading to release of LPS into
the circulation. LPS in turn caused dystrophy of WAT by
increasing LPL-mediated lipolysis and apoptosis of adipocytes,
and abnormal lipid metabolism. IL10MYTMYT hamsters showed
increased VLDL secretion by the liver, reduced hepatic
expression of LCAT and ABCAI, and blockade of LRPI-
mediated cholesterol efflux from macrophages. Ultimately, all
of these changes were associated with accelerated atherosclerotic
development on a lipid-rich diet.

Unlike mice with IL-10 deficiency generated by gene target
using homologous recombination (22), we constructed an IL-10
mutant hamster model using CRISPR/Cas9 gene editing due to
an unsolved issue of embryonic cell culture in vitro (23).
Although mRNA expression levels of IL-10 were reduced by
60% in IL10MY"™YT hamsters, IL-10 protein was largely absent
in circulation, indicating that the mutant IL-10 protein produced
was not stable. Previous interspecies studies reported that amino
acids GLN-LEU-ASP-ASN at positions 42 to 45 are conserved
among human, mouse, hamster and other species. These
residues are localized at the junctions of helices A and B and
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required for proper protein folding and maturation (24).
Moreover, GLN42 and ASP44 have been identified as essential
for the binding of IL-10 to IL-10RA (25, 26). Thus, CRISPR/
Cas9-based targeting IL-10 at positions at 42-45 generated a
dysfunctional mutant IL-10 protein, effectively silencing IL-10
signaling and causing systemic inflammation.

Patients carrying loss-of-function IL-10 or IL-10R mutations
are at a high risk of Ulcerative colitis (UC) and Crohn’s disease
(CD), IBD syndromes which involve chronic inflammation of
the gut. IBD is characterized by diarrhea, rectal bleeding,
abdominal pain, fatigue and weight loss, depending on the
severity of inflammation (27). We showed that the lack of IL-
10 in hamsters caused an overt reduction in body weight and
reduction in WAT mass, similar to that reported in mice (28);
however, unlike IL-10 knockout (KO) mice with only mild
inflammation, IL-10 mutant hamsters displayed severe
systemic inflammation and swelling, suggesting that hamsters
were predisposed to active IBD caused by IL-10 deficiency.

Interestingly, Rajbhandari and colleagues reported that loss
of IL-10 in mice increased adipose thermogenesis, browning of
WAT and improved insulin sensitivity (28). However, the IL-10
KO mice used by Rajbhandari et al. did not exhibit IBD or
systemic inflammation. In our hamster model, the expression of
thermogenic genes was increased in BAT but not WAT.
Histological analysis revealed macrophage accumulation and
increased cell death in WAT in IL10MY™™YT hamsters. These
findings suggest that inflammation-mediated induction of
apoptosis plays key role in WAT dystrophy in our model.
Furthermore, in contrast to the improved insulin sensitivity
reported in IL-10 KO mice, we observed impaired glucose and
insulin tolerance consistent with the expected consequences of
increased systemic inflammation in our model. The basis for the
differences in gut and systemic inflammation between IL-10-
deficient mice and hamsters not yet clear.

LPS, derived from Gram-negative bacteria in gut (29), is a
potent inducer of inflammation. Patients with IBD have been
reported to show abnormal gut microbiota profiles (30). We
hypothesized that homeostasis of gut microbiota was impaired
in TL1I0MYTMUT hamsters. Our multi-analysis of microbiota
from feces showed an increase in the contents of
Proteobacteria species and a reduction in Firmicutes species, as
well as reduced concentration of probiotics such as lactobacillus
and allobaculum in IL1I0MYTMYT hamsters. We propose that
this impairment of gut microbial homeostasis leads to
destruction of gut barrier and enhanced delivery of LPS to the
circulation and systemic inflammation (31). Interestingly, our
data revealed that although the concentration of LPS in plasma,
WAT and liver was elevated in IL-10MYTMYT hamsters, the co-
localization of LPS and macrophages was only seen in WAT,
suggesting differential mechanisms regulating the trafficking of
LPS. Previously, Hersoug et al. showed that LPS was
incorporated into lipoproteins after entering circulation and
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then internalized by macrophages in WAT (32), whereas LPS/
lipoprotein complexes were cleared by the liver through a
lipoprotein receptor-mediated pathway (33). Our findings in
the hamster model are consistent with these observations.

Lipoproteins play an important role in LPS metabolism (31).
Syrian golden hamsters exhibit metabolic traits similar to
humans, with cholesterol carried predominant on LDL, ApoB
editing only in the intestine, and CETP expression (18). Thus
hamsters are an ideal model to better understand the influence of
IL-10 on lipoprotein metabolism and atherosclerosis. In
hamsters, lack of IL-10 caused reduced TG levels without
affecting TC concentration; however, lipoprotein fractionation
by FPLC demonstrated that the peak of ApoB-containing LDL
was increased, whereas ApoAl-containing HDL was decreased.
In IL10MYTMUT homsters, we speculate that LPL-mediated
lipolysis was activated to release free fatty acids (FFAs), which
were delivered to liver for TG synthesis. Enhanced VLDL
secretion then led to reduced hepatic TG concentrations.

Given that we observed no changes in plasma or hepatic TC
or in expression of genes involved in cholesterol synthesis in
mutant hamsters, it is possible that more VLDL was converted to
LDL in the setting of inflammation-stimulated lipolysis. Our
finding that levels of hepatic LCAT and ABCA1, two key genes
required for RCT, were reduced may account for the reduction
in HDL levels. Of note, LPS preferably binds to ApoB-containing
lipoproteins such as LDL and VLDL (34). In the setting of
inflammation caused by IL-10 deficiency, LPS and LDL might
form complexes that would be delivered to adipose and liver
through the pathways described above.

Dietary lipids have been shown to interact with
inflammation to worsen dyslidemia. When challenged with
HED, IL10MY"MYT hamsters developed an unexpected
lipoprotein profile with increased TG and reduced HDL-C, but
no changes in TC or LDL-C. In contrast to the reduced TG level
seen in CD-fed ILIOMYTMYT hamsters, TG was increased in
IL10MYT™YT hamsters under the HFD condition. This finding
may result from dystrophic WAT not being able to properly
store dietary lipids. The difterence in plasma LDL-C and ApoB
levels seen on CD may have been masked by diet-induced
cholesterol overload with HFD.

Recently, Johansen and colleagues found in the Copenhagen
General Population Study that TG-rich VLDL is more
atherogenic than LDL per-particle, implying a higher risk of
myocardial infarction (35). These finding suggest that VLDL
with more TG and cholesterol in IL10MY"MYT hamsters was
more atherogenic, even though the levels of TC and LDL-C did
not change. Interestingly, when analyzing the components of
atherosclerotic plaques, we found accumulation of macrophages
with LPS, indicating that LDL also participated in the process of
disease. LDL has been reported to have a prolonged retention
time in the subendothelial space compared to VLDL (35). Our in
vitro studies revealed that CD36, a molecule responsible for lipid
uptake, was increased and LRP1-mediated cholesterol efflux was
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restrained, ultimately leading to LDL accumulation in IL10™Y"

MUT peritoneal macrophages. Therefore, we speculate that VLDL
and LDL coordinated with inflammation to accelerate
atherosclerosis in IL10MY"™MYT hamsters. Future studies will
be needed to clarify the detailed molecular mechanisms by which
IL-10 deficiency impairs the LRP1-mediated RCT pathway to
promote atherosclerosis.

Direct supplementation of rhIL-10 protein has been shown to
alleviate the symptoms of IBD in both IL-10 KO mice and patients
with Crohn’s disease (36, 37). In line with these results, we
found that administration of rhIL10 for 3 weeks ameliorated
inflammation and improved body weight and dyslipidemia in
IL1IOMYTMUT Lamsters. However, because half-life of IL-10 in
circulation is only 4.5 hours, daily repeated injections were
required to maintain IL-10 at a physiological level in these
experiments. Patients with IBD receiving purified IL-10
have adverse effects such as hemoglobin reduction or
thrombocytopenia, limiting its therapeutic utility. Emerging data
have demonstrated that the adeno-associated virus (AAV) is a
promising approach to deliver gene therapy for human disease (38).
It will be of interest to use AAV-mediated gene transfer to treat
ILIOMY"™YT hamsters as a prelude to considering IL-10 gene
therapy for IBD.

In conclusion, we report an IL-10 mutant hamster model
and characterize the phenotypes caused by IL-10 deficiency. Our
findings clearly demonstrate a role for IL-10 in maintaining lipid
and tissue homeostasis, and in preventing atherosclerotic lesion
development. These results confirm the causal relationship
between IL-10 and atherosclerosis and providing new insight
into IL-10 as a potential therapeutic for the prevention or
treatment of atherosclerosis.

Data availability statement

The datasets presented in this study can be found in the
repository PRIDE with the accession number PXD036331.

Ethics statement

The animal study was reviewed and approved by
Peking University.

Author contributions

XX conceived and designed the study. HS, JG, QY, MG, LW,
and LZ performed the experiments. HS and JG wrote the
original manuscript. HS, JG, XH, LL, YW, WH, and XX
interpreted the data. YW, GL and XX acquired the funding.
GL and XX supervised the study. PT and XX reviewed and edited
the manuscript. All authors contributed to the article and
approved the submitted version.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.999470
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

Acknowledgments

This work was supported by National Natural Science
Foundation of China (NSFC) 31520103909 and 91739105 to
GL, 81770449 to YW, 81860224 to LW and 82070460 to XX. GL
is a fellow at the Collaborative Innovation Center for
Cardiovascular Disease Translational Medicine, Nanjing
Medical University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res
(2019) 124(2):315-27. doi: 10.1161/CIRCRESAHA.118.313591

2. Libby P. Inflammation in atherosclerosis. Nature (2002) 420(6917):868-74.
doi: 10.1038/nature01323

3. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn
EJ, et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular
disease: A report of the American college of Cardiology/American heart association
task force on clinical practice guidelines. Circulation (2019) 140(11):e596-646. doi:
10.1161/CIR.0000000000000725

4. Ouyang W, O'Garra A. IL-10 family cytokines IL-10 and IL-22: from basic
science to clinical translation. Immunity (2019) 50(4):871-91. doi: 10.1016/
j-immuni.2019.03.020

5. Zhu L, Shi T, Zhong C, Wang Y, Chang M, Liu X, et al. IL-10 and IL-10
receptor mutations in very early onset inflammatory bowel disease. Gastroenterol
Res (2017) 10(2):65-9. doi: 10.14740/gr740w

6. Bernstein CN, Wajda A, Blanchard JF. The incidence of arterial
thromboembolic diseases in inflammatory bowel disease: a population-based
study. Clin Gastroenterol Hepatol (2008) 6(1):41-5. doi: 10.1016/j.cgh.2007.09.016

7. Yarur AJ, Deshpande AR, Pechman DM, Tamariz L, Abreu MT, Sussman DA,
et al. Inflammatory bowel disease is associated with an increased incidence of
cardiovascular events. Am J Gastroenterol (2011) 106(4):741-7. doi: 10.1038/ajg.2011.63

8. Mallat Z, Besnard S, Duriez M, Deleuze V, Emmanuel F, Bureau MF, et al.
Protective role of interleukin-10 in atherosclerosis. Circ Res (1999) 85(8):e17-24.
doi: 10.1161/01.RES.85.8.e17

9. Stoger JL, Boshuizen MC, Brufau G, Gijbels MJ, Wolfs IM, van der Velden S,
et al. Deleting myeloid IL-10 receptor signalling attenuates atherosclerosis in
LDLR-/- mice by altering intestinal cholesterol fluxes. Thromb Haemost (2016)
116(3):565-77. doi: 10.1160/TH16-01-0043

10. Namiki M, Kawashima S, Yamashita T, Ozaki M, Sakoda T, Inoue N, et al.
Intramuscular gene transfer of interleukin-10 cDNA reduces atherosclerosis in
apolipoprotein e-knockout mice. Atherosclerosis (2004) 172(1):21-9. doi: 10.1016/
j.atherosclerosis.2003.08.032

11. Liu Y, Li D, Chen J, Xie ], Bandyopadhyay S, Zhang D, et al. Inhibition of
atherogenesis in LDLR knockout mice by systemic delivery of adeno-associated
virus type 2-hIL-10. Atherosclerosis (2006) 188(1):19-27. doi: 10.1016/
j.atherosclerosis.2005.10.029

12. Han X, Kitamoto S, Wang H, Boisvert WA. Interleukin-10 overexpression
in macrophages suppresses atherosclerosis in hyperlipidemic mice. FASEB ] (2010)
24(8):2869-80. doi: 10.1096/1].09-148155

13. Halvorsen B, Waehre T, Scholz H, Clausen OP, von der Thiisen JH, Miiller
F, et al. Interleukin-10 enhances the oxidized LDL-induced foam cell formation of
macrophages by antiapoptotic mechanisms. J Lipid Res (2005) 46(2):211-9. doi:
10.1194/jlr.M400324-JLR200

14. Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish E,
et al. Resident enteric bacteria are necessary for development of spontaneous colitis

Frontiers in Immunology

18

10.3389/fimmu.2022.999470

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.999470/full#supplementary-material

and immune system activation in interleukin-10-deficient mice. Infect Immun
(1998) 66(11):5224-31. doi: 10.1128/TAL.66.11.5224-5231.1998

15. Bloom SM, Bijanki VN, Nava GM, Sun L, Malvin NP, Donermeyer DL, et al.
Commensal bacteroides species induce colitis in host-genotype-specific fashion in a
mouse model of inflammatory bowel disease. Cell Host Microbe (2011) 9(5):390-
403. doi: 10.1016/j.chom.2011.04.009

16. Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid
metabolism. Rev Endocr Metab Disord (2019) 20(4):461-72. doi: 10.1007/
s11154-019-09512-0

17. YuY, Raka F, Adeli K. The role of the gut microbiota in lipid and lipoprotein
metabolism. J Clin Med (2019) 8(12):2227. doi: 10.3390/jcm8122227

18. Guo X, Gao M, Wang Y, Lin X, Yang L, Cong N, et al. LDL receptor gene-
ablated hamsters: A rodent model of familial hypercholesterolemia with dominant
inheritance and diet-induced coronary atherosclerosis. EBioMedicine (2018)
27:214-24. doi: 10.1016/j.ebiom.2017.12.013

19. Dong Z, Shi H, Zhao M, Zhang X, Huang W, Wang Y, et al. Loss of LCAT
activity in the golden Syrian hamster elicits pro-atherogenic dyslipidemia and
enhanced atherosclerosis. Metabolism (2018) 83:245-55. doi: 10.1016/
j.metabol.2018.03.003

20. Guo M, Xu'Y, Dong Z, Zhou Z, Cong N, Gao M, et al. Inactivation of ApoC3
by CRISPR/Cas9 protects against atherosclerosis in hamsters. Circ Res (2020) 127
(11):1456-8. doi: 10.1161/CIRCRESAHA.120.317686

21. Xian X, Ding Y, Dieckmann M, Zhou L, Plattner F, Liu M, et al. LRP1
integrates murine macrophage cholesterol homeostasis and inflammatory
responses in atherosclerosis. Elife (2017) 6:€29292. doi: 10.7554/eLife.29292

22. Kithn R, Lohler J, Rennick D, Rajewsky K, Miller W. Interleukin-10-
deficient mice develop chronic enterocolitis. Cell (1993) 75(2):263-74. doi:
10.1016/0092-8674(93)80068-P

23. Gao M, Zhang B, Liu J, Guo X, Li H, Wang T, et al. Generation of transgenic
golden Syrian hamsters. Cell Res (2014) 24(3):380-2. doi: 10.1038/cr.2014.2

24. Zdanov A, Schalk-Hihi C, Wlodawer A. Crystal structure of human
interleukin-10 at 1.6 a resolution and a model of a complex with its soluble
receptor. Protein Sci (1996) 5(10):1955-62. doi: 10.1002/pro.5560051001

25. Jones BC, Logsdon NJ, Josephson K, Cook J, Barry PA, Walter MR, et al.
Crystal structure of human cytomegalovirus IL-10 bound to soluble human IL-
10R1. Proc Natl Acad Sci U.S.A. (2002) 99(14):9404-9. doi: 10.1073/
pnas.152147499

26. Josephson K, Logsdon NJ, Walter MR. Crystal structure of the IL-10/IL-
10R1 complex reveals a shared receptor binding site. Immunity (2001) 15(1):35-46.
doi: 10.1016/51074-7613(01)00169-8

27. Borren NZ, van der Woude CJ, Ananthakrishnan AN. Fatigue in IBD:
epidemiology, pathophysiology and management. Nat Rev Gastroenterol Hepatol
(2019) 16(4):247-59. doi: 10.1038/s41575-018-0091-9

28. Rajbhandari P, Thomas BJ, Feng AC, Hong C, Wang ], Vergnes L, et al. IL-
10 signaling remodels adipose chromatin architecture to limit thermogenesis and

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.999470/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.999470/full#supplementary-material
https://doi.org/10.1161/CIRCRESAHA.118.313591
https://doi.org/10.1038/nature01323
https://doi.org/10.1161/CIR.0000000000000725
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.1016/j.immuni.2019.03.020
https://doi.org/10.14740/gr740w
https://doi.org/10.1016/j.cgh.2007.09.016
https://doi.org/10.1038/ajg.2011.63
https://doi.org/10.1161/01.RES.85.8.e17
https://doi.org/10.1160/TH16-01-0043
https://doi.org/10.1016/j.atherosclerosis.2003.08.032
https://doi.org/10.1016/j.atherosclerosis.2003.08.032
https://doi.org/10.1016/j.atherosclerosis.2005.10.029
https://doi.org/10.1016/j.atherosclerosis.2005.10.029
https://doi.org/10.1096/fj.09-148155
https://doi.org/10.1194/jlr.M400324-JLR200
https://doi.org/10.1128/IAI.66.11.5224-5231.1998
https://doi.org/10.1016/j.chom.2011.04.009
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.3390/jcm8122227
https://doi.org/10.1016/j.ebiom.2017.12.013
https://doi.org/10.1016/j.metabol.2018.03.003
https://doi.org/10.1016/j.metabol.2018.03.003
https://doi.org/10.1161/CIRCRESAHA.120.317686
https://doi.org/10.7554/eLife.29292
https://doi.org/10.1016/0092-8674(93)80068-P
https://doi.org/10.1038/cr.2014.2
https://doi.org/10.1002/pro.5560051001
https://doi.org/10.1073/pnas.152147499
https://doi.org/10.1073/pnas.152147499
https://doi.org/10.1016/S1074-7613(01)00169-8
https://doi.org/10.1038/s41575-018-0091-9
https://doi.org/10.3389/fimmu.2022.999470
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shi et al.

energy expenditure. Cell (2018) 172(1-2):218-233.e17. doi: 10.1016/
j.cell.2017.11.019

29. Gnauck A, Lentle RG, Kruger MC. The characteristics and function of
bacterial lipopolysaccharides and their endotoxic potential in humans. Int Rev
Immunol (2016) 35(3):189-218. doi: 10.3109/08830185.2015.1087518

30. Sartor RB. Microbial influences in inflammatory bowel diseases.
Gastroenterology (2008) 134(2):577-94. doi: 10.1053/j.gastro.2007.11.059

31. Violi F, Cammisotto V, Bartimoccia S, Pignatelli P, Carnevale R, Nocella
C, et al. Gut-derived low-grade endotoxaemia, atherothrombosis and
cardiovascular disease. Nat Rev Cardiol (2022) 15:1-14. doi: 10.1038/s41569-
022-00737-2

32. Hersoug LG, Moller P, Loft S. Gut microbiota-derived lipopolysaccharide
uptake and trafficking to adipose tissue: implications for inflammation and obesity.
Obes Rev (2016) 17(4):297-312. doi: 10.1111/0br.12370

33. Topchiy E, Cirstea M, Kong HJ, Boyd JH, Wang Y, Russell JA, et al.
Lipopolysaccharide is cleared from the circulation by hepatocytes via the low
density lipoprotein receptor. PloS One (2016) 11(5):¢0155030. doi: 10.1371/
journal.pone.0155030

Frontiers in Immunology

19

10.3389/fimmu.2022.999470

34. Vreugdenhil AC, Snoek AM, van 't Veer C, Greve JW, Buurman WA. LPS-
binding protein circulates in association with apoB-containing lipoproteins and
enhances endotoxin-LDL/VLDL interaction. J Clin Invest (2001) 107(2):225-34.
doi: 10.1172/JCI10832

35. Johansen M, Vedel-Krogh S, Nielsen SF, Afzal S, Davey Smith G,
Nordestgaard BG, et al. Per-particle triglyceride-rich lipoproteins imply higher
myocardial infarction risk than low-density lipoproteins: Copenhagen general
population study. Arterioscler Thromb Vasc Biol (2021) 41(6):2063-75. doi:
10.1016/j.atherosclerosis.2021.06.113

36. Yuan C, Chen WX, Zhu JS, Chen NW, Lu YM, Ou YX, et al. [L-10 treatment is
associated with prohibitin expression in the crohn's disease intestinal fibrosis mouse
model. Mediators Inflammation (2013) 2013:617145. doi: 10.1155/2013/617145

37. van Deventer SJ, Elson CO, Fedorak RN. Multiple doses of intravenous
interleukin 10 in steroid-refractory crohn's disease. crohn's disease study
group. Gastroenterology (1997) 113(2):383-9. doi: 10.1053/gast.1997.v113.pm9247454

38. Naso MF, Tomkowicz B, Perry WL 3rd, Strohl WR. Adeno-associated virus
(AAV) as a vector for gene therapy. BioDrugs (2017) 31(4):317-34. doi: 10.1007/
540259-017-0234-5

frontiersin.org


https://doi.org/10.1016/j.cell.2017.11.019
https://doi.org/10.1016/j.cell.2017.11.019
https://doi.org/10.3109/08830185.2015.1087518
https://doi.org/10.1053/j.gastro.2007.11.059
https://doi.org/10.1038/s41569-022-00737-2
https://doi.org/10.1038/s41569-022-00737-2
https://doi.org/10.1111/obr.12370
https://doi.org/10.1371/journal.pone.0155030
https://doi.org/10.1371/journal.pone.0155030
https://doi.org/10.1172/JCI10832
https://doi.org/10.1016/j.atherosclerosis.2021.06.113
https://doi.org/10.1155/2013/617145
https://doi.org/10.1053/gast.1997.v113.pm9247454
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.3389/fimmu.2022.999470
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	CRISPR/Cas9 based blockade of IL-10 signaling impairs lipid and tissue homeostasis to accelerate atherosclerosis
	Introduction
	Materials and methods
	Animals
	Generation of IL-10 mutant (IL-10MUT/MUT) hamster model
	Analysis of plasma lipids and (apo)lipoproteins
	RNA isolation and quantitative real time PCR
	Fast protein liquid chromatography (FPLC)
	Plasma lipoprotein lipase (LPL) activity
	Measurement of plasma lipopolysaccharide (LPS) and 8-isoprostane content
	Determination of plasma malondialdehyde (MDA) concentration
	Hepatic lipid measurements
	Glucose tolerance test (GTT)
	Insulin tolerance test (ITT)
	Very low density lipoprotein (VLDL) secretion assay
	Test of blood biochemical parameters
	Pathological analysis
	Microbiota analysis
	Statistical analysis

	Results
	Generation of IL-10 mutant (IL-10MUT/MUT) hamster model
	Loss of IL-10 causes severe spontaneous systemic inflammation in hamsters
	IL-10 deficiency causes severe white adipose tissue (WAT) loss in hamsters
	IL-10 deficiency alters microbiome homeostasis and enhances LPS production
	Loss of IL-10 signaling elicits abnormal lipid and glucose metabolism in hamsters on chow diet
	High-fat diet aggravated abnormal plasma lipid profiles in IL10MUT/MUT hamsters
	IL-10 deficiency accelerates the development of atherosclerosis on HFD
	Recombinant IL-10 alleviates the phenotype of IL10MUT/MUT hamsters

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


