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receptor I (FcyRI; CD64) and the lectin receptor dendritic cell—specific intercellular adhesion molecule-
3—grabbing nonintegrin (DC-SIGN; CD209). Herein, we show that for mice on an HFD, injections of SAP
and a synthetic CD209 ligand (1866) reduced HFD-increased adipose and liver tissue inflammation,
adipocyte differentiation, and lipid accumulation in adipose tissue. HFD worsened glucose tolerance
test results and caused increased adipocyte size; for mice on an HFD, SAP improved glucose tolerance
test results and reduced adipocyte size. Mice on an HFD had elevated serum levels of IL-1pB, IL-23,
interferon (IFN)-B, IFN-y, monocyte chemoattractant protein 1 [MCP-1; chemokine (C-C motif) ligand 2
(CCL2)], and tumor necrosis factor-o.. SAP reduced serum levels of IL-23, IFN-B, MCP-1, and tumor
necrosis factor-a,, whereas 1866 reduced IFN-y. In vitro, SAP, but not 1866, treated cells isolated from
white fat tissue (stromal vesicular fraction) produced the anti-inflammatory cytokine IL-10. HFD causes
steatosis, and both SAP and 1866 reduced it. Conversely, compared with control mice, SAP knockout
mice fed on a normal diet had increased white adipocyte cell sizes, increased numbers of inflammatory
cells in adipose and liver tissue, and steatosis; and these effects were exacerbated on an HFD.
SAP and 1866 may inhibit some, but not all, of the effects of a high-fat diet. (Am J Pathol 2019, 189:
2400—2413; https://doi.org/10.1016/j.ajpath.2019.08.005)

Obesity is the excessive accumulation of fat in the body due
to a net excess of calories, and in the United States, more
than one-third of adults are obese." Obesity is associated
with heart disease, type 2 diabetes, and chronic liver disease,
and the estimated annual medical cost of obesity in the
United States was approximately $147 billion/year in 2008.”
Obesity induces adipocyte metabolic dysregulation and the
production of inflammatory cytokines, leading to systemic
metabolic dysregulation, such as the inability to effectively
regulate systemic glucose levels (insulin resistance),
elevated lipid levels (dyslipidemia), and immune -cell
recruitment to, and activation in, adipose tissue and liver
(inflammation).” Excess calories leads to elevated circu-
lating levels of glucose and free fatty acids, which force

adipocytes to accumulate more lipid and expand in size,
leading to increased oxidative stress in adipocytes and local
hypoxia of the tissue, because of the inability of oxygen to
diffuse across the tissue.”* These processes lead to adipo-
cyte cell death, initiating the activation of adipose tissue
macrophages.” In the liver, excess calories lead to Kupffer
cell (hepatic macrophage) activation, which then promotes
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Inhibition of Inflammation in Obesity

inflammation, increased hepatocyte fatty acid synthesis,
leading to hepatic steatosis, and eventually fibrosis or
cirrhosis.” In arteries, dyslipidemia leads to oxidized low-
density lipoprotein formation and uptake by macrophages,
leading to foam cell formation and vascular wall inflam-
mation (atherosclerosis).”  Activated macrophages pro-
duce tumor necrosis factor (TNF)-a, which can act either
locally or systemically, and this pleiotropic cytokine can
directly inhibit insulin signaling, leading to insulin resis-
tance.*%1° Therefore, treatments that modulate obesity-
induced tissue inflammation are an active area of
research.'' "7

Monocytes and macrophages are found in every tissue of
the body and regulate infection, inflammation, and tissue
repair; and they appear to be critical in the development of
obesity."*"'” In the adipose tissue of lean (nonobese) ani-
mals and humans, there is a population of tissue macro-
phages that express receptors and proteins that are thought
to be responsible for maintaining a quiescent noninflam-
matory environment.'™'? In obesity, there is an increase in
the number of adipose tissue macrophages, by -either
recruitment from the circulation or local pro-
liferation,'™*"** and these macrophages express proin-
flammatory proteins and surface receptors.'®** This has led
to the hypothesis that targeting macrophages in adipose
tissue might be a therapeutic target for obesity-associated
inflammation.'®"”

Pentraxins are a family of highly conserved systemic pro-
teins that regulate the innate immune system and have a
profound effect on the development of inflammation and
fibrosis.”* *° The pentraxin serum amyloid P (SAP; also
called PTX2) reduces neutrophil activation and
recruitment,”’ >’ inhibits the differentiation of monocytes
into fibroblast-like cells, called ﬁbrocytes,3 0732 and induces
macrophages to secrete the anti-inflammatory cytokine IL-
10.*77 Plasma SAP levels are significantly lower in patients
with nonalcoholic fatty liver disease compared with controls
without nonalcoholic fatty liver disease, and decline further in
patients with advanced fibrosis.*® In animal models and two
human trials, SAP injections decrease inflammation and
fibrosis in multiple organ systems.”***?7

SAP inhibits inflammation and fibrosis and promotes
disease resolution by activating the high-affinity IgG re-
ceptor Fey receptor I (FeyRI; CD64)™*'~** and the den-
dritic cell—specific intercellular adhesion molecule-
3—grabbing nonintegrin (DC-SIGN; CD209), a C-type
lectin, which binds mannosylated and fucosylated
proteins.***> %" CD209 activation by a synthetic ligand*®
can mimic SAP effects on neutrophils, monocytes, and
macrophages.*”

In this report, we show that both SAP and a DC-SIGN
ligand (1866) modulate the immune system in diet-
induced obesity. SAP and 1866 reduced high-fat diet
(HFD)—induced adipose and liver tissue and inflamma-
tion, adipocyte differentiation, and the abnormal retention
of lipids within hepatocytes (liver steatosis). These
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findings suggest that SAP and 1866 might be useful as
therapeutics to regulate the innate immune system acti-
vation in obesity.

Materials and Methods
Mouse Model of Obesity

All procedures were performed with specific approval of the
Texas A&M University (College Station, TX) institutional
animal care and use committee. Animals were housed with a
12-hour/12-hour light-dark cycle with free access to food
and water. Male C57BL/6 (Jackson Laboratory, Farm-
ington, CT) or Apcsf/ ~ SAP knockout (KO)Z() “* mice, aged
12 to 16 weeks, were fed standard rodent chow (15% kcal
fat; Teklad 8604; Envigo, Madison WI), a low-fat diet (10%
kcal fat; D12450B formula; Research Diets, New Bruns-
wick, NJ), or a high-fat diet (60% kcal fat; D12492 formula;
Research Diets). For low- and high-fat diets, mice were
placed on the specified diets for 6 weeks before start of
treatment. Mice were given i.p. injections of 20 mmol/L
sodium phosphate, pH 7.2, buffer only, 10 mg/kg SAP
(EMD-Millipore, Burlington, MA), buffer exchanged to 20
mmol/L. sodium phosphate to remove sodium azide, as
previously described,”” or 0.1 mg/kg CD209 ligand 1866
(5931866; ChemBridge Corp., San Diego, CA), dissolved in
20 mmol/L sodium phosphate, three times a week, as
described previously.””** For glucose tolerance tests, mice
were fasted for 16 hours before i.p. injections of 1.5 g/kg
glucose (Amresco, Solon, OH) in phosphate-buffered saline.
Blood glucose levels were measured before glucose
administration (0 minutes), and at 20, 40, 60, 90, and 120
minutes after the injection using commercial blood glucose
test strips (CVS Pharmacy, Woonsocket, RI). Mice were
euthanized 35 days after initiation of treatment by asphyx-
iation with carbon dioxide at 3 L/minute.”’ Mice were
randomly assigned to dietary and treatment groups by
personnel uninvolved with the study.

Histology and Antibody Staining

After euthanasia, organs, including epididymal white adi-
pose and interscapular brown adipose tissue, liver, spleen,
lungs, and kidneys, were weighed before processing for
histology. Adipose tissue and liver were fixed in zinc-
buffered formalin solution (0.1% ZnSOy; 4% formaldehyde)
for 2 days and then placed in 10% and then 30% sucrose
solution in phosphate-buffered saline for 2 days each. Tis-
sues were then kept in 70% ethanol until paraffin processing
and sectioning (5 pm thick). Tissue sections were stained
with hematoxylin and eosin, Sirius red to detect collagen, 5
pg/mL antibodies against Mac2 (clone M3/38; BioLegend,
San Diego, CA) to detect tissue macrophages, or 5 pg/mL
antibodies against mitochondrial uncoupling protein 1
[UCPI1; GTX112784 (Genetex, Irvine, CA) or NBP2-20796
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Figure 1

Serum amyloid P (SAP)- and 1866-treated mice have reduction in organ weights. C57BL/6 or SAP knockout (KO) mice were maintained on regular diet,

low-fat diet (LFD), or high-fat diet (HFD) for 6 weeks before they were injected three times a week with SAP or 1866 for 35 days. A: Body weight of mice in different
group over 35 days. B: Epididymal white fat. C: Liver weight. D: Sum of both kidney weights. Data are expressed as means &+ SEM (A—D). n > 6 mice (A—D).
*P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance, Dunnett test); /P < 0.05 versus C57BL/6 mice on a regular diet (t-test). reg, regular.

(Novus Biologicals, Littleton, CO)] found in brown fat, as
described previously. /#9333

Stromal vascular fraction (SVF) cell isolation was per-
formed, as described,54 and cell spots were air dried.”
Tissue sections and cell spots were stained, as previously
described,””**”*7* with 5 pg/mL antibodies against CD3
(clone 17A2; BioLegend) to detect T cells, CD11b (clone
M1/70; BioLegend) to detect neutrophils and macrophages,
CDlIc (clone N418; BioLegend) to detect dendritic cells,
CD64 (rabbit monoclonal antibody 50086-R001; SinoBio-
logical, Wayne, PA) to detect Fcy receptor I expression,
CD206 (clone MR5D3; BioRad, Hercules, CA) to detect
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regulatory macrophages, CD209 (clone eBio22Dl1;
eBioScience—Thermo Fisher Scientific, Waltham, MA) to
detect DC-SIGN—expressing cells, Ly6c (clone HKI1.4;
BioLegend) to detect blood and inflammatory macrophages,
Ly6g (clone 1A8; BioLegend) to detect neutrophils, F4/80
(clone Cl:A3-1; BioRad) and Mac2 (clone M3/38; Bio-
Legend) to detect tissue macrophages, and CD45 (30-F11;
BioLegend) to detect all leukocytes. Isotype-matched irrel-
evant rat and hamster (BioLegend) or rabbit (Southern
Biotech, Birmingham, AL) antibodies were used as controls.
Secondary F(ab’), biotin-conjugated donkey anti-rat, anti-
hamster, or anti-rabbit antibodies were from Jackson

ajp.amjpathol.org m The American Journal of Pathology
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Serum amyloid P (SAP)-treated mice have improved glucose tolerance. C57BL/6 and SAP knockout (KO) mice on regular diet or high-fat diet (HFD)

were injected three times a week with SAP or 1866. A and B: At 35 days, C57BL/6 (A) and SAP KO (B) mice were fasted overnight and subjected to ani.p. injection of
glucose (1.5 g/kg body weight), and tail vein blood samples were assessed for glucose concentration at the indicated times. C: Glucose tolerance over 120 minutes
was assessed by area under the curve analysis. Data are expressed as means + SEM (A—C). n = 3 to 6 mice (A—C). *P < 0.05 regular diet versus HFD (one-way
analysis of variance, Dunnett test); /P < 0.05 HFD-+SAP versus HFD alone (one-way analysis of variance, Dunnett test); P < 0.05 SAP Ko-HFD++1866 versus SAP
ko-Reg diet (one-way analysis of variance, Dunnett test); P < 0.05 (one-way analysis of variance, Dunnett test); 9P < 0.01. reg, regular.

ImmunoResearch (West Grove, PA) or Novus Biologicals;
and biotinylated antibodies were revealed with streptavidin-
conjugated alkaline phosphatase staining (Vector Labora-
tories, Burlingame, CA). Commercial kits were used to
measure serum levels of cholesterol (MilliporeSigma, St.
Louis, MO) and aldosterone (Enzo Life Sciences, Farm-
ingdale, NY), following the manufacturer’s instructions.

Stromal Vesicular Cell Culture

SVF cell isolation from epididymal white adipose tissue of
C57BL/6 or SAP KO mice on regular diet was performed,
as described.” Cells were resuspended at 5 x 10* cells/mL
in Dulbecco’s modified Eagle’s medium (Lonza, Wake-
rsville, MD), containing 10% calf serum (Seradigm-VWR,
Radnor, PA), 100 U/mL penicillin, 100 pg/mL strepto-
mycin, and 2 mmol/L. glutamine (Lonza) at 37°C in a hu-
midified 5% CO, incubator in 96-well p-plates (ibidi,
Madison, WI). The medium was changed every 2 days.
When cells reached approximately 80% confluence, me-
dium was replaced with Dulbecco’s modified Eagle’s me-
dium containing serum, antibiotics, and 250 ng/mL
dexamethasone, 500 ng/mL insulin, and 40 pg/mL IBMX
(all from MilliporeSigma), in the presence or absence of 10
pg/mL SAP or 1 pg/mL 1866. After 4 days, supernatants
were collected, the cells were air dried, and then the cells
were fixed and stained with 5 pg/mL antiperilipin antibodies
(Novus Biologicals), as described.”***>% Qil red O
staining was performed, as described.”® Supernatants were
assessed for IL-10 and IL-12 by enzyme-linked immuno-
sorbent assay (Peprotech, Rocky Hill, NJ).

The American Journal of Pathology m ajp.amjpathol.org

Image Quantification

Tissue sections, stained with antibodies or Sirius red, were
analyzed with ImagelJ2 software version 1.52p (NIH,
Bethesda, MD; hip://imagej.nih.gov/ij).”” The percentage
area of tissue stained with was quantified as a percentage of
the total area of the tissue, as described.””""* Adipocyte size
was calculated using the ImageJ plug-in Adiposoft version 1.
16 (Imaging Unit of the Center for Applied Medical Research,
University of Navarra, Pamplona, Spain).”®

Cytokine and SAP Quantification

After euthanasia, blood was collected and serum was clar-
ified by centrifugation at 5000 x g for 5 minutes. Serum
was stored at —80°C until analysis. Cytokines were
measured with a multiplex assay using fluorescence-
encoded beads (Mouse Inflammation 13-plex Panel; Bio-
Legend) and flow cytometry (Accuri C6; BD Biosciences,
San Jose, CA), following the manufacturer’s instructions.
Data were analyzed using LEGENDplex data analysis
software version 8.0 (BioLegend), and the concentration of
proteins was calculated from standard curves. Murine SAP
levels were measured by Western blot analysis, as described
previously.””’

Statistical Analysis

Statistical analysis was performed using Prism version 7
(GraphPad Software, La Jolla, CA). Statistical signifi-
cance between two groups was determined by #-test, or
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Serum amyloid P (SAP) injections reduce high-fat diet (HFD)—induced changes in white adipose tissue. A—D: C57BL/6 mice on regular diet

(A) or HFD (B—D) were injected three times a week with buffer (B), SAP (C), or 1866 (D) for 35 days. E: SAP knockout (KO) mice maintained on a regular
diet or HFD were injected with buffer or 1866. A—E: Representative images of epididymal white fat sections were stained with hematoxylin and eosin.
Images are representative of three to eight mice per condition. F: Total adipocyte area (um?) was calculated. Data are expressed as means & SEM (F). n
= 3 to 8 mice per group (F). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance, Dunnett test); /P < 0.05 versus C57BL/6 on

regular diet (t-test). Scale bars = 0.1 mm (A—E).

between multiple groups using analysis of variance with
Dunnett post test, and significance was defined as
P < 0.05.

Results

SAP and 1866 Decrease High-Fat Diet—Increased
Adipose Tissue and Liver Weight

SAP and the DC-SIGN ligand 1866 both inhibit the adhe-
sion, infiltration, and differentiation of leukocytes in mul-
tiple models of inflammation and fibrosis.>*-*+3*37:42:5976!
As obesity is linked with chronic, low-grade inflammation,
especially in adipose tissue and liver,™*” it was assessed
whether SAP and/or 1866 could attenuate HFD-induced
obesity. SAP and 1866 did not significantly affect total
weight gain of either C57BL/6 or SAP KO mice on an HFD
(Figure 1A). Compared with C57BL/6 mice on regular and
low-fat diets, C57BL/6 mice on the HFD had significantly
increased white fat, liver, and kidney weights (Figure 1,
B—D, and Supplemental Figure S1). Compared with
C57BL/6 mice on a regular diet, SAP KO mice on a regular
diet had increased white fat, liver, and kidney weights; and
compared with SAP KO mice on a regular diet, SAP KO
mice on the HFD had significantly increased white fat but
reduced kidney weights (Figure 1, B—D). Compared with
buffer-treated C57BL/6 mice, both SAP and 1866

2404

treatments reduced HFD-induced white fat and liver weight,
but did not significantly affect the weight of the kidneys
(Figure 1, B—D). The 1866 treatments did not alter white
fat, liver, and kidney weights in SAP KO mice on the HFD
(Figure 1, B—D). SAP and 1866 did not significantly affect
the total weight or organ weights of C57BL/6 mice on the
low-fat diet (Supplemental Figure S1). These data suggest
that both endogenous SAP and injections of SAP and 1866
can affect organ weights in diet-induced obesity.

SAP Improves Glucose Tolerance and Decreases
Aldosterone on a High-Fat Diet

Obesity leads to systemic metabolic dysregulation and type
2 diabetes with an inability to effectively regulate systemic
glucose levels.™'® As seen previously,'** compared with
C57BL/6 mice on a regular diet, HFD-maintained mice had
a significant increase in basal glucose levels (Figure 2A).
SAP and 1866 injections did not significantly affect basal
glucose levels of C57BL/6 mice on an HFD (Figure 2A).
Compared with SAP KO mice on a regular diet, SAP KO
mice on an HFD had significant increases in basal glucose
levels (Figure 2B). After a single injection of glucose, all
mice had an increase in blood glucose levels (Figure 2).
Compared with C57BL/6 mice on a regular diet, HFD-fed
mice had significantly elevated glucose levels (Figure 2).
Compared with buffer-treated HFD C57BL/6 mice, SAP,

ajp.amjpathol.org m The American Journal of Pathology
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Figure 4  Serum amyloid P (SAP) and 1866 injections reduce high-fat diet (HFD)—induced inflammation in white adipose tissue. A—D: Adipose tissue
sections from C57BL/6 mice on regular diet (A) or HFD (B—D), with mice injected three times a week with buffer (B), SAP (C), or 1866 (D). E: SAP knockout
(KO) mice were maintained on a reqular diet. Representative images of epididymal white fat sections were stained with anti-Mac2 antibodies to detect
macrophages in crown-like structures (CLS). Arrow indicates CLS. Images are representative of three to seven mice per condition. F: Quantification of Mac2-
positive CLS. G and H: Stromal vesicular fraction (SVF) cells of epididymal adipose tissue were isolated, counted (G), and stained (H) with antibodies for the
indicated markers. Data are expressed as means & SEM (F—H). n = 3 to 7 mice per group (F—H). *P < 0.05, **P < 0.01, and ***P < 0.001 versus buffer-
treated HFD mice (one-way analysis of variance, Dunnett test); TP < 0.05, TP < 0.01 versus C57BL/6 on regular diet (t-test). Scale bars = 0.2 mm (A—E).

but not 1866, treated mice had significantly lower serum
glucose levels (Figure 2, A and C). In SAP KO mice on the
HFD, 1866 treatment did not lower serum glucose levels
(Figure 2, B and C). There were no significant differences in
serum glucose between mice on a low-fat and regular diet or
SAP KO mice on a regular diet (Figure 2C). These data
suggest that both endogenous SAP and injections of SAP,
but not 1866, can affect glucose metabolism associated with
diet-induced obesity.

Diet-induced obesity also leads to elevated levels of serum
cholesterol levels,M’GS but there was no significant effect of
SAP or 1866 on total cholesterol levels in serum for HFD
C57BL/6 or SAP KO mice (Supplemental Figure S2A).
However, compared with C57BL/6 mice on a regular diet,
SAP KO mice on a regular diet had higher total serum

The American Journal of Pathology m ajp.amjpathol.org

cholesterol levels (Supplemental Figure S2A). Elevated serum
aldosterone levels are also associated with obesity(’(’; SAP, but
not 1866, significantly lowered serum aldosterone levels for
HFD mice (Supplemental Figure S2B). In mice, SAP levels
increase after systemic inflammation, after potent stimuli, such
as injections of lipopolysaccharide, or acute (cecal ligation and
puncture), chronic (graft-versus-host disease), or systemic
autoimmune disease (MRL/Ipr) models,”””" but SAP does
not appear to be up-regulated in HFD-treated mice.””’” There
was no significant difference in serum SAP levels between
C57BL/6 mice fed a regular or high-fat diet (Supplemental
Figure S2C). Diet-induced obesity leads to the production of
several inflammatory cytokines by adipose tissue macro-
phages, dendritic cells, and T cells.®”* HFD mice had elevated
serum levels of IL-1B, IL-23, interferon (IFN)-, IFN-v,
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MCP-1, and TNF-a (Supplemental Figure S2D). SAP reduced cells in obesity may contribute to both local adipocyte tissue

serum levels of IL-23, IFN-3, MCP-1, and TNF-a,, whereas dysfunction and drive systemic inflammation.™'” To deter-
1866 reduced IFN-y (Supplemental Figure S2D). These data mine whether SAP and/or 1866 could alter the number or
suggest that SAP and 1866 can affect some systemic factors composition of adipose tissue immune cells, cells were
associated with diet-induced obesity. assessed in tissue sections. Mac2-positive macrophages that

aggregate into crown-like structures (CLS) scavenge lipid
SAP Decreases Adipocyte Size and Crown-Like droplets and dead adipocytes, and the number of CLS is
Structures in White Adipose Tissue positively correlated with systemic insulin resistance in

obese patients.””’®’” Compared with mice on a regular diet,
Obesity leads to an increase in adipocyte size (hypertro- both C57BL/6 and SAP KO mice on an HFD had a sig-
phy) and/or an increase in adipocyte numbers (hyperpla- nificant increase in the number of Mac2-positive macro-

sia).”»”> Compared with white adipose tissue from regular phages associated with CLSs (Figure 4, A, B, and F). HFD
diet mice, both C57BL/6 and SAP KO mice on the HFD mice treated with SAP or 1866 had reduced Mac2-positive

had adipocytes with increased size (Figure 3, A, B, D, CLS (Figure 4, C, D, and F). Compared with mice on a
and F). Compared with HFD buffer-treated mice, SAP- regular diet, SAP KO mice on a regular diet had increased
treated C57BL/6 mice had a significant reduction in numbers of Mac2-positive CLS (Figure 4, E and F). These
adipocyte size (Figure 3, C and F). Conversely, compared data suggest that endogenous SAP and injections of SAP or
with C57BL/6 mice on a regular diet, SAP KO mice on a 1866 can regulate macrophage accumulation in white adi-
regular diet had adipocytes with increased size (Figure 3, pose tissue.
E and F). Although 1866 did not significantly alter To further elucidate the effect of SAP and 1866 on adi-
adipocyte size for C57BL/6 mice on the HFD, in SAP pose tissue immune cells, SVF cells were isolated from
KO mice 1866 reduced adipocyte size (Figure 3F and white adipose tissue. Compared with mice on a regular diet,
Supplemental Figure S3, A—C). These data suggest that HFD mice had a significant increase in the number of iso-
SAP and 1866 can reduce cell size in white adipose lated SVF cells (Figure 4G). Treatment of HFD mice with
tissue. either SAP or 1866 decreased the number of isolated SVF
Although adipose tissue from nonobese mice contains a cells (Figure 4G). Conversely, compared with mice on a
variety of immune cells, including macrophages, lympho- regular diet, SAP KO mice on a regular diet had increased
cytes, and neutrophils, the accumulation of inflammatory numbers of SVF cells (Figure 4G). Compared with mice on

2406 ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Inhibition of Inflammation in Obesity

3000

o~ K% *

3 e

£ *

g 1 -

2 2000 i

z 1

g T

- T

“ 1000

c

3

8

[

- Regular diet HFD HFD+SAP HFD+1866

Figure 6

UCP1 staining,

100

©
>
2 80 * k% ok
2 i [
-
°
o 60
e
<
& 40
@
o
g 20
0
TS L
& <<°x qQ! Q&q R Qd‘
» %
Q_eg X e‘g Q:?*

o

Serum amyloid P (SAP) and 1866 reduce high-fat diet (HFD)—induced changes in brown adipose tissue. A—H: C57BL/6 mice on regular diet (A

and E), HFD (B and F), HFD + SAP (C and G), or HFD + 1866 (D and H). A—H: Representative images of brown fat sections were stained with hematoxylin and
eosin (A—D) or anti—uncoupling protein 1 (UCP1) antibodies (E—H). Images are representative of three to seven mice per condition. I: Number of nuclei per
mmZ. J: Quantification of tissue stained with anti-UCP1 antibodies. Data are expressed as means + SEM (I and J). n = 3 to 7 mice per group (I and J).
*P < 0.05, **P < 0.01 (one-way analysis of variance, Dunnett test). Scale bars = 0.2 mm (A—H). reg, regular.

a regular diet, the SVF cells from HFD mice had more
CD11b-, CDllc-, CD45-, Ly6c-, F4/80-, CD64-, and
CD209-positive cells (Figure 4H). Compared with HFD
buffer-treated mice, both SAP- and 1866-treated HFD mice
had fewer CD11b-, CD11c-, CD45-, Ly6c-, F4/80-, and
CD64-positive SVF cells (Figure 4H). The 1866, but not
SAP, reduced CD209-positive SVF cells (Figure 4H).
Compared with C57BL/6 mice on a regular diet, SAP KO
mice had a significant increase in the number of CD11b-,
CDllc-, CD45-, Ly6c-, Ly6g-, F4/80-, CD64-, and CD209-
positive SVF cells (Figure 4H). These data suggest that,
compared with mice on a regular diet, HFD leads to alter-
ation in the composition of immune cells in adipose tissue,
and SAP and 1866 change this composition.

SAP and 1866 Inhibit Adipocyte Differentiation

To determine whether SAP and/or 1866 can directly regulate
adipocyte differentiation, we differentiated SVF cells from
regular diet C57BL/6 and regular diet SAP KO mice in vitro in
the presence or absence of SAP or 1866. Compared with
undifferentiated SVF cells, an increased percentage of
differentiated SVF cells showed positive oil red O staining for

The American Journal of Pathology m ajp.amjpathol.org

lipids (Figure 5, A, B, and E). Compared with control
differentiated SVF cells, SVF cells differentiated in the
presence of SAP or 1866 had reduced percentages of oil red
O—positive cells (Figure 5, B—E). As with C57BL/6 SVF
cells, SAP and 1866 decreased the percentage of oil
red—positive SAP KO differentiated SVF cells (Figure 5E).
Differentiated SVF cells from mice on a regular diet were also
stained for the lipid droplet protein perilipin.’® Differentiated
C57BL/6 and SAP KO SVF cells had similar percentages of
perilipin-positive cells (Figure 5F). Compared with differ-
entiated SVF cells, C57BL/6 and SAP KO SVF cells differ-
entiated in the presence of SAP or 1866 had a reduced
percentage of cells with perilipin staining (Figure 5F). SAP
and 1866 increase extracellular accumulation of the anti-
inflammatory cytokine IL-10 by macrophages,”**”**’" and
the adipocyte-derived cytokine adiponectin protects against
obesity in part by inducing IL-10.*" Compared with control
differentiated SVF cells, SVF cells differentiated in the
presence of SAP, but not 1866, had increased IL-10 accu-
mulation (Figure 5G). Although SAP KO—derived SVF cells
accumulated IL-10, SAP or 1866 reduced this to undetectable
levels (Figure 5G). Undifferentiated SAP KO—derived SVF
cells accumulated 3.4 £ 1.4 pg/mL IL-12 (means = SEM;
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Serum amyloid P (SAP) and 1866 reduce high-fat diet (HFD)—induced changes in liver steatosis. A—D: C57BL/6 mice on regular diet (A) or HFD

(B—D) were injected three times a week with buffer (B), SAP (C), or 1866 (D) for 35 days. E: SAP knockout (KO) mice were maintained on a regular diet.
Images show liver sections stained with hematoxylin and eosin. Images are representative of three to four mice per condition. F: The numbers of hepatocytes
with macrosteatosis (Macro) or microsteatosis (Micro) were counted. Data are expressed as means + SEM (F). n = 3 to 4 mice per group (F). ***P < 0.001
(one-way analysis of variance, Dunnett test); /P < 0.05 versus C57BL/6 on regular diet (t-test). Scale bars = 0.2 mm (A—E). reg, regular.

n = 4), differentiated SAP KO SVF cells produced 14.7 +-4.0
pg/mL IL-12, and SAP KO SVF cells, differentiated in the
presence of SAP, produced 8.0 + 0.9 pg/mL IL-12, indicating
that in the latter condition, the SAP KO SVF cells can accu-
mulate extracellular cytokines. Isolated and cultured SVF
cells are composed mainly of adipocytes and their precursors
and macrophages,””* and SAP and 1866 regulate monocyte
to macrophage differentiation and macrophage priming.**%"
Compared with control differentiated C57BL/6 SVF cells,
SAP and 1866 increased the percentage of CD206-positive
cells; for SAP KO cells, 1866 increased the percentage of
CD206-positive cells (Supplemental Figure S4). Together,
these data suggest that SAP and 1866 can regulate both
adipocyte and macrophage differentiation.

SAP and 1866 Reverse HFD-Induced Changes in Brown
Fat and Liver

High-fat diet—induced obesity also leads to changes in
brown adipose and liver cell composition.””> As previously
observed,81 compared with mice on a regular diet, the
brown fat of HFD mice had a reduced density of cells and
enlarged adipocytes (Figure 6, A, B, and I), and this was
also observed for SAP KO mice (Supplemental Figure S3,
D—F). Compared with control HFD mice, HFD mice treated
with either SAP or 1866 had a higher density of cells in
brown adipose tissue (Figure 6, C, D, and I). Brown fat can
process lipids and carbohydrate to generate heat (adaptive
thermogenesis), and this is mediated by UCP1.5%% There
was reduced UCP1 staining of brown fat in HFD C57BL/6
mice (Figure 6, E, F, and J). SAP, but not 1866, reversed
this effect (Figure 6, G, H, and J). Although 1866 did not
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significantly alter UCP1 staining in the brown fat of C57BL/
6 mice on the HFD, in SAP KO mice, 1866 increased UCP1
staining (Figure 6J and Supplemental Figure S3, G-—I).
These data suggest that SAP can reverse some of the effects
of high-fat diet on brown adipose tissue in mice.

Obesity is associated with nonalcoholic fatty liver dis-
ease, a spectrum of liver diseases that ranges from simple
steatosis (accumulation of fat droplets within the hepato-
cytes) to hepatitis (inflammation), resulting in nonalcoholic
steatosis and ultimately cirrhosis (fibrosis) and liver fail-
ure.**® Compared with regular diet mice, HFD mice had
increased macrosteatosis (one single large lipid vacuole
within the cell) and microsteatosis (numerous small intra-
cytoplasmic fat vacuoles within the cell) (Figure 7, A, B,
and F). Compared with HFD control mice, SAP-treated
mice had an increase in macrosteatosis and a reduction in
microsteatosis, whereas 1866-treated mice had no signifi-
cant change in macrosteatosis and a reduction in micro-
steatosis (Figure 7, C, D, and F, and Supplemental
Figure S5, A—C). Compared with C57BL/6 mice on a
regular diet, SAP KO mice on a regular diet had a small, but
significant, increase in macrosteatosis but no significant
change in microsteatosis (Figure 7, E and F). Compared
with SAP KO mice on the HFD, 1866-treated SAP KO mice
had a reduction in microsteatosis (Figure 7F and
Supplemental Figure S5, A—C). In addition, there was a
significant change in the ratio of macrosteatosis/micro-
steatosis between C57BL/6 and SAP KO mice on the HFD
(Figure 7F). These data suggest that SAP and 1866 can
reverse some of the effects of high-fat diet on liver steatosis.

Obesity is also associated with liver inflammation, espe-
cially an increase in macrophages, and liver fibrosis.”***’
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Compared with normal diet mice, C57BL/6 and SAP KO
mice on an HFD had increased numbers of Mac2-positive
macrophages, and treatment with SAP or 1866 signifi-
cantly reduced these numbers (Figure 8, A—D and K, and
Supplemental Figure S5, D—F). Conversely, compared with
C57BL/6 mice on a regular diet, SAP KO mice on a regular
diet had a significant increase in Mac2-positive cells
(Figure 8, E and K). Compared with normal diet mice,
C57BL/6 and SAP KO mice on an HFD had increased
staining with picrosirius red, which detects collagen; and
treatment with SAP or 1866 reduced picrosirius red staining
(Figure 8, F—I and L, and Supplemental Figure S5, G—I).
Compared with C57BL/6 mice on a regular diet, SAP KO
mice on a regular diet had no significant change in pic-
rosirius red staining (Figure 8, J and L). These data suggest
that SAP and 1866 can attenuate some of the effects of high-
fat diet on liver inflammation and fibrosis.

Discussion

Both SAP and the CD209 ligand 1866 could ameliorate
multiple aspects of high-fat diet—induced obesity in mice.
Both SAP and 1866 appeared to reduce white adipose tissue
inflammation, especially the numbers of Mac2-positive
macrophages that aggregate into CLSs and inflammatory
CDl1c- and Ly6C-positive cells. Both SAP and 1866 also
reduced the accumulation of lipids in adipocyte cultures and
inhibited the accumulation of lipids in brown adipose tissue.
SAP, but not 1866, could induce a more rapid reduction in
glucose levels after a glucose tolerance test. SAP and 1866
differentially regulated serum cytokine levels; SAP reduced
IL-23, MCP-1, IFN-B, and TNF-a, whereas 1866 reduced
IFN-y. In addition, SAP, but not 1866, promoted IL-10
cytokine production in cultured SVF cells. SAP and 1866
differentially regulate liver steatosis. SAP reduced
HFD-induced microsteatosis, but increased macrosteatosis,
whereas 1866 reduced HFD-induced microsteatosis but did
not affect macrosteatosis. SAP knockout mice on a regular
diet mirrored many of these findings, including increased
white adipocyte size, elevated numbers of inflammatory cells
in adipose and liver tissue, and low-grade macrosteatosis;
and these effects were exacerbated on a high-fat diet.

Figure 8  Serum amyloid P (SAP) and 1866 reduce high-fat diet (HFD)—
induced changes in liver inflammation. A—H: C57BL/6 mice on regular diet
(A and B) or HFD (C—H) were injected three times a week with buffer
(C and D), SAP (E and F), or 1866 (G and H) for 35 days. I and J: SAP
knockout (KO) mice were maintained on a regular diet. A—J: Representa-
tive images of liver sections were stained with anti-Mac2 antibodies (A, C,
E, G, and I) or Sirius red (B, D, F, H, and J). Images are representative of
three to four mice per condition. K: Number of Mac2-positive cells per mm?.
L: Quantification of tissue stained with Sirius red to detect collagen. Data
are expressed as means + SEM (K and L). n = 3 to 4 mice per group (K and
L). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of vari-
ance, Dunnett test); /P < 0.01 versus C57BL/6 on regular diet (t-test).
Scale bars = 0.2 mm (A-J).
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High-fat diet—induced obesity in animals and humans is
associated with elevated levels of a variety of inflammatory
cytokines, including IL-1B, IL-6, IFN-y, MCP-1, and
TNF-.>*7* IL-1B, IL-6, and TNF-a regulate insulin re-
sponses by preventing insulin receptor signaling,” alter
lipid metabolism,*” and promote immune cell migration into
adipose tissue.* IL-23, IFN-y, and MCP-1 all promote
proinflammatory conditions associated with obesity by
promoting angiogenesis, immune cell recruitment into tis-
sues, and inhibition of anti-inflammatory and proregulatory
cells.'”’*? Elevated levels of these cytokines further
exacerbate adipose tissue dysfunction and systemic com-
plications, such as type 2 diabetes and liver inflammation.
The ability of SAP and 1866 to modulate the levels of cy-
tokines, such as MCP-1 [chemokine (C-C motif) ligand 2],
IFN-v, and TNF-a, suggests that SAP and 1866 may be able
to regulate a variety of anti-inflammatory cytokines pro-
duced by a range of cell types.

The ability of SAP to induce IL-10 production from SVF
cells in vitro, and reduce tissue inflammation, is consistent
with previous findings showing that SAP reduces neutrophil
and monocyte recruitment, fibrocyte differentiation, and
macrophage activation in many tissues, and that these pro-
cesses appear to be dependent on IL-10.*2%**° The
ability of SAP to regulate glucose levels, adipocyte size, and
lipid accumulation in adipose and liver cells could be due to
either the effects of SAP on inflammatory cells and cytokine
production or a novel direct effect of SAP on pancreatic,
adipose, and liver cells. The DC-SIGN (CD209) ligand
1866 mimics the effects of SAP on neutrophil adhesion,
macrophage polarization, and bleomycin-induced lung
inflammation and fibrosis.**> Unlike SAP, 1866 did not
reduce HFD-induced adipose cell size or the induction of
IL-10 by SVF cell cultures, and had a differential effect on
steatosis. SVF cells from SAP KO mice were poor at pro-
ducing IL-10, although they produced many other cyto-
kines, including IL-12, suggesting that the presence of SAP
could be a priming signal for IL-10 accumulation. SAP
reduced HFD-induced microsteatosis, and 1866 reduced
HFD-induced microsteatosis. Macrosteatosis is considered
to have a more favorable clinical outcome with a good long-
term prognosis, whereas microsteatosis is associated with a
more severe pathology.”'*”

SAP regulates cells through CD64 or CD209 receptors,
and 1866 is a ligand for CD209.">"* Adipose and liver
tissues express these receptors on both immune and
nonimmune cells.”* ” The ability of SAP and 1866 to
modulate adipocytes and liver cells in vitro and in vivo
suggests that SAP and 1866 may act directly on these
nonimmune cells to inhibit diet-induced obesity. The
observation that SAP, but not 1866, could also modulate
glucose levels, induce IL-10 production, and maintain
UCP1 levels in brown fat suggests that either CD64 may be
a more widely expressed receptor or the cells that express
CD64 (either alone or in combination with CD209) are more
active in regulating diet-induced obesity.

2410

Fibrotic and inflammatory diseases can be associated with
lower circulating levels of SAP, and low levels correlate
with disease progression, suggesting that higher SAP levels
are beneficial, as is observed in clinical trials.>%>>>%340 1
obese humans, studies indicate that plasma SAP levels are
elevated compared with nonobese controls, and correlate
with increased cardiovascular disease.'’" '* However,
SAP injections reduce atherosclerosis, and SAP prevents the
uptake of low-density lipoproteins, which are associated
with obesity and cardiovascular disease.”'"”'"® This sug-
gests that elevated SAP levels in obese patients may be a
mechanism to down-regulate the effects of obesity, rather
than a cause of obesity. Together, our results and the work
described above suggest the intriguing possibility that a
normal function of SAP is to regulate adipose and liver
tissue inflammation, that SAP and 1886 are potential ther-
apeutics for high-fat diet—induced inflammation, and that
CD64 or CD209 and DC-SIGN are novel targets to reduce
obesity-driven inflammation.
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