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Introduction

SNPs at the 1p13.3 locus are associated with coronary artery dis-
ease and myocardial infarction in humans (1, 2) as well as with
LDL cholesterol levels (3). Recent studies have implicated SORT1
as the causative gene (4) and revealed several mechanisms where-
by its product, sortilin, may affect atherosclerosis through regula-
tion of hepatic lipoprotein secretion and clearance (4-7).

Sortilin is a multiligand receptor enriched in the Golgi com-
partment. It is a member of the Vps10p domain receptor family,
characterized by a 10-bladed B-propeller that forms a cavity for
binding of soluble ligands and a C-terminal cytoplasmic tail that
contains sorting motifs responsible for subcellular distribution
of the receptors (8-10). Sortilin exerts diverse cellular functions
including intracellular sorting of proteins, such as acid sphingo-
myelinase, apolipoprotein B100 (apoB100), and PCSK9, as well
as engaging in signaling as a coreceptor in cell surface receptor
complexes (5-7, 11-13). Given the broad functional repertoire of
sortilin, we hypothesized that it may affect atherogenesis beyond
regulating plasma cholesterol levels.

Results and Discussion

To investigate the involvement of sortilin in atherogenesis, we
generated apolipoprotein E-deficient (Apoe””) mice that were
either homozygous, heterozygous, or WT for a targeted Sortl
deletion (14). Males were fed high-fat diet (HFD) for 6 weeks,
and females for 18 weeks. Analyzing the genders at separate time
points allowed us to screen for effects in early and late athero-
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Genome-wide association studies have identified a link between genetic variation at the human chromosomal locus 1p13.3
and coronary artery disease. The gene encoding sortilin (SORT1) has been implicated as the causative gene within the locus,
as sortilin regulates hepatic lipoprotein metabolism. Here we demonstrated that sortilin also directly affects atherogenesis,
independent of its regulatory role in lipoprotein metabolism. In a mouse model of atherosclerosis, deletion of Sort7 did not
alter plasma cholesterol levels, but reduced the development of both early and late atherosclerotic lesions. We determined
that sortilin is a high-affinity receptor for the proinflammatory cytokines IL-6 and IFN-y. Moreover, macrophages and Th1
cells (both of which mediate atherosclerotic plaque formation) lacking sortilin had reduced secretion of IL-6 and IFN-y, but
not of other measured cytokines. Transfer of sortilin-deficient BM into irradiated atherosclerotic mice reduced atherosclerosis
and systemic markers of inflammation. Together, these data demonstrate that sortilin influences cytokine secretion and that
targeting sortilin in immune cells attenuates inflammation and reduces atherosclerosis.

sclerosis with sufficient statistical power, albeit at the expense
of assessing potential gender-mediated differences. Deletion of
sortilin did not significantly alter plasma cholesterol or the distri-
bution of cholesterol across size-fractionated lipoprotein classes,
but did reduce atherosclerosis at both time points (Table 1 and
Supplemental Figures 1 and 2; supplemental material available
online with this article; do0i:10.1172/JCI76002DS1). Further-
more, sortilin was expressed in several murine cell types that par-
ticipate in atherosclerosis (macrophages, Th1 cells, and smooth
muscle cells; Supplemental Figure 3), which suggests that the site
of action could be within the atherosclerotic lesion. Because the
effect of sortilin was evident already at the early time point, at
which lesions consist primarily of macrophages and Thl cells,
we further speculated that sortilin may regulate some function
of these cell types.

To test the involvement of sortilin in macrophage recruit-
ment, we induced sterile peritonitis with thioglycolate, but found
no significant differences between Sort17- and Sort1** mice in the
number of recruited macrophages after 4 days (13.7+1.1vs. 12.8 *
0.8 x10° cells, mean * SEM, n = 8 per group; P = NS). Furthermore,
we analyzed macrophage foam cell formation by several mecha-
nisms, including scavenger receptor-mediated endocytosis of
oxidized LDL, phagocytosis of aggregated LDL, and direct inter-
nalization of native LDL at high concentrations, but observed no
differences between Sort17~and Sort1”* BM macrophages (BMMs)
(Figure 1, A and B).

Proinflammatory cytokines secreted from activated macro-
phages and Th1 cells play crucial roles in plaque progression (15).
To assess the potential role of sortilin in macrophage function,
we first stimulated BMMs toward an M1 phenotype with LPS and
studied phosphorylation of MAPKs as markers of activation, but
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Table 1. Effects of sortilin on plasma cholesterol and
atherosclerosis in Apoe™”- mice

Genotype Plasma cholesterol  Aortic root plaque  Aortic lesion
(mmol/1) (mm?) coverage (%)

Male

Sort1**Apoe™~ (n =19) 277+99 0.078 £ 0.048 =

Sort1*Apoe”~ (n=17) 294 +£16 0.072 + 0.039 -

Sort1-Apoe”~ (n = 21) 240+78 0.048 + 0.029* =

Female

Sort1*Apoe™- (n =19) 283+45 0.620 + 0.126 99+4.0

Sortt*Apoe™~ (n =17) 299+77 0.522 + 0.149* N2+73

Sort1”-Apoe”~ (n =19) 291+456 0471+ 0.099® 74 £2.5¢

Mice were fed HFD for 6 (male) or 18 (female) weeks; values are from the
end of study. Data are mean + SD. #P < 0.05, 8P < 0.01 vs. Sort1*/*Apoe™",
ANOVA with Newman-Keuls post-test. °P < 0.05 vs. Sort1*/*Apoe™",
Kruskal-Wallis with Dunn post-test.

found no differences between Sortl”- and Sort”* macrophages
(Figure 1C). Second, we measured a broad range of cytokines
secreted from M1 macrophages after 24 hours of LPS stimulation.
Interestingly, the level of IL-6 was consistently lower in culture
media from BMMs cultured from Sortl”~ (n = 8) versus Sortl*/*
(n = 9) mice, whereas levels of other cytokines were similar
between groups (e.g., TNF-o, IL-12, and monocyte chemoat-
tractant protein-1; Supplemental Figure 4, A-G). In follow-up
experiments, we found that the secreted level of IL-6 was already
reduced after 6 hours of LPS stimulation, whereas the secreted
TNF-o level and the cellular expression of 1/6 and iNOS mRNA
were unaltered (Figure 1, D-G), indicative of similar activation
levels. Furthermore, we found a 50% reduction in IFN-y secretion
from Sortl”~ versus Sortl¥* activated Thl cells, whereas TNF-a
secretion was unaffected, indicative of normal activation (Fig-
ure 1H and Supplemental Figure 4H). Consistently, conditioned
medium from Sort17- Th1 cells was less efficient in priming BMMs
to secrete TNF-o upon LPS activation (Figure 11).

We speculated that sortilin, being an intracellular sorting
receptor, might influence IL-6 and IFN-y secretion by physically
interacting in the secretory pathway; therefore, we next assessed
binding by surface plasmon resonance analysis. Both IL-6 and
IFN-y, but not TNF-a, rapidly associated with the immobilized
extracellular domain of sortilin in a dose-dependent manner with
high affinity (Figure 2, A and B). Binding was abolished by sortilin
propeptide (Figure 2C and data not shown), which indicated that
both cytokines bind to the tunnel of sortilin (10).

As part of the sortilin pool resides in the plasma membrane,
we also assessed binding by incubating HEK293 cells with soluble
IL-6. Strong colocalization of sortilin and IL-6 at the plasma mem-
brane was seen in sortilin-transfected, but not control, HEK293
cells, and blocking surface sortilin with propeptide eliminated this
colocalization (Figure 2D). Notably, blocking surface sortilin with
propeptide in activated Sort1** and Sort17~ macrophages did not
abolish the difference in IL-6 secretion (Figure 2E), which indicat-
ed that it involved intracellular binding. Interaction of sortilin and
IL-6 was further confirmed by coimmunoprecipitation in HEK293
cells transfected with sortilin and IL-6 (Figure 2F).

jci.org  Volume124  Number12  December 2014

The Journal of Clinical Investigation

The IL-6 and IFN-y secretion defect observed in activated
macrophages and Thl cells suggested that sortilin deficiency in
these immune cells — and potentially others — may be the cause
of the reduced atherosclerosis in Sort17"Apoe”~ mice. To test this,
we subjected Sortl*/*Apoe”” mice to y-irradiation and reconstitut-
ed them with BM cells from Sort1*/*Apoe”~ or Sortl”"Apoe”~ mice.
Sortl7"Apoe”~ mice reconstituted with Sortl1”"Apoe”~ BM cells
served as global deletion control (Supplemental Figure 5). After
4 weeks, Sortl”"Apoe”- chimerism among circulating cells in
SortI*/*Apoe”~ recipients of Sortl”"Apoe”~ BM was >93%, increas-
ing to >97% at euthanization (Supplemental Figure 6). Absolute
numbers of circulating immune cells was similar among groups,
and all mice thrived well (Supplemental Figures 7 and 8).

In HFD-fed BM chimeric mice, plasma cholesterol levels and
distribution of cholesterol across size-fractionated lipoproteins
were similar among groups, except for total cholesterol in female
mice, in which the global SortI deletion group had significantly
lower levels than the other 2 groups (Figure 3, A and B).

After 9 weeks of HFD feeding, male Sort1”*Apoe”- recipients
of Sort17"Apoe”~ BM showed a 45% reduction in aortic lesion cov-
erage and a 37% decrease in aortic root lesion area compared with
those receiving Sort1”*Apoe”- BM (Figure 3, C and D). Interest-
ingly, the deletion of sortilin in immune cells fully accounted for
the difference in atherosclerosis between male Sort17"Apoe”- and
SortI*/*Apoe”-mice. Similar results were obtained in females at the
more advanced stage of atherosclerosis, after 19 weeks of HFD:
deletion of sortilin in circulating immune cells was followed by a
34% decrease in aortic lesion coverage (Figure 3E). In this experi-
ment, a further reduction was seen in mice that also lacked sorti-
lin in recipient tissues. This could potentially be explained by the
difference in plasma cholesterol levels, although no significant
correlations between plasma cholesterol and atherosclerosis were
detected within any of the BM-transplanted groups. Notably, lev-
els of not only IL-6, but also TNF-a, were substantially reduced in
plasma of mice transplanted with Sort17- cells (Figure 3, F and G),
indicative of general attenuation of inflammation.

Our combined data uncovered a novel site of action for sor-
tilin in atherosclerosis. Previous studies demonstrated that sorti-
lin binds to apoB100, but not apoB48, and described how sortilin
regulates secretion and clearance of apoB100-containing lipo-
proteins in various mouse models (4-7). By working in the Apoe””
model of atherosclerosis, in which the vast majority of lipoproteins
are of the apoB48-containing remnant type (16), we were able to
reduce the effect of sortilin on plasma cholesterol and unmask a
direct effect of sortilin in inflammation and atherosclerosis.

Recently, Herda et al. demonstrated that sortilin binds and
controls exocytotic trafficking of IFN-y from T cells (17). Here, we
confirmed these findings and extended the functional repertoire
of sortilin to include macrophage secretion of the important pro-
inflammatory cytokine IL-6. Since IL-6 binding was blocked by
propeptide, which is not cleaved from sortilin until the late trans-
Golgi network (18), the sorting event must occur between late
trans-Golgi and the cell surface.

The amelioration of IFN-y and IL-6 may exert a synergistic
dampening effect on inflammation. IFN-y is an important stimu-
lator of macrophage activation, consistent with the observed
reduced priming efficiency of conditioned medium from Sort1”
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Figure 1. Macrophage and Th1 cell function. (A) Fluorescent LDL-loaded BMMs. Scale bars: 10 um. (B) BMMs were cultured from Sort1+/* (n = 10) and Sort1”/-
(n =9) mice and incubated with Atto-633-labeled oxidized (oxLDL), aggregated (agLDL), or native LDL for 20 hours. Foam cell formation was quantified by
flow cytometry as mean fluorescence intensity among 10,000 macrophages from each mouse. (C) Activation of Sort7** and Sort17/- BMMs, induced by LPS
for the indicated times and assessed by phosphorylation of MAPKs, revealed no differences. (D-G) After 6 hours of LPS stimulation, the amount of IL-6 was
significantly reduced in media from Sort17- versus Sort1*/* BMMs (D), whereas TNF-o, secretion (E) and iNOS (F) and //6 (G) mRNA expression were unaffect-
ed. (H and I) Culture medium (CM) from activated Sort7~- Th1 cells contained less IFN-y than did Sort7*/* Th1 cells (H) and was less efficient in priming BMMs
to secrete TNF-a after LPS activation (l). Representative results from 3 independent experiments (mean + SEM; n = 6-9 per group). **P < 0.01,

***P < 0.0001, Student’s t test (D and 1) or Mann-Whitney test (1).

Thi cells (Figure 1I); conversely, IL-6 facilitates T cell immunity
and IFN-y secretion (19). This reinforcing cross-talk between IL-6-
and IFN-y-mediated effects may explain why the in vivo reduction
of IL-6 and TNF-o in mice transplanted with Sort17 cells super-
seded the effect size in any of the isolated cell culture assays.

IL-6 and IFN-y exert complex effects in atherosclerosis, and
although the majority of studies have found an overall facilitat-
ing role, experiments in mice with either complete or BM-specific
deletion of IL-6, IFN-y, or IFN-y receptor genes have not been con-
sistent (20, 21). Perhaps most relevant to the present study, recent
studies with inhibition rather than complete abolition of IFN-y or
IL-6 signaling have been shown to inhibit atherosclerosis in mice
(22, 23). Furthermore, a functional gene variant that inhibits clas-

sical IL-6 signaling is associated with reduced risk of atheroscle-
rotic heart disease in humans (24). Although we find it plausible
that the effect in the BM-transplanted mice was mediated by the
cytokine secretion defects, our data do not prove this; other (or
additional) sortilin-controlled mechanisms may be involved.

In conclusion, our present findings revealed novel regulatory
roles for sortilin in cytokine secretion and showed that targeting
sortilin in immune cells attenuated the inflammatory response
and reduced atherosclerosis. These findings indicate that sortilin
may influence atherosclerosis in ways other than regulating LDL
turnover. Furthermore, given the widespread effects of IL-6 and
IFN-y in inflammation, they may be of relevance to other inflam-

matory diseases.
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Figure 2. Sortilin binds IL-6 and IFN-y with high affinity. (A) Surface plasmon resonance curves depict binding of IL-6 to immobilized soluble
sortilin receptor (0-600 seconds) at IL-6 concentrations ranging 100-1,000 nM. After 600 seconds, buffer was added and IL-6 dissociated from the
immobilized sortilin receptor. IL-6 bound with high affinity to sortilin. K, 7 nM. (B) Similar experiment showing binding of IFN-y to the immobilized
soluble sortilin receptor (0-600 seconds) at IFN-y concentrations ranging 250-1,500 nM. K, 1 nM. (C) GST-fused sortilin propeptide (GST-Pro) was
added (200-650 seconds); at 650-1,200 seconds, IL-6, GST-fused sortilin propeptide, or both were added. At 1,200 seconds, buffer was added and
ligands dissociated. Binding between IL-6 and sortilin was fully inhibited by the sortilin propeptide. (D) Strong colocalization of IL-6 and sortilin at
the plasma membrane after addition of IL-6 to sortilin-transfected HEK293 cells, but not control HEK293 cells. Propeptide abolished this colocaliza-
tion. Nonpermeabilized cells at 4°C. Scale bars: 10 um. (E) Different IL-6 secretion between Sort7/- and Sort7/* macrophages was maintained after
blocking surface sortilin with propeptide. Representative data from 2 independent experiments (mean + SEM; n = 7). *P < 0.05, Student’s t test.

(F) Coimmunoprecipitation in HEK293 cells transfected with sortilin and/or IL-6. Top: Sortilin coprecipitated with IL-6 when IL-6 was pulled down.

Bottom: Cell lysates.

Methods

Further information can be found in Supplemental Methods.

Mice. Sortl”~ mice, created as previously described (14), were
backcrossed onto C57BL/6 mice for >10 generations. Apoe”~ mice
were obtained from Taconic. Mice were fed HFD (D12079B, Research
Diets) to accelerate atherosclerosis.

BM transplant. Sortl”*Apoe”~ and Sortl7"Apoe”~ mice (aged 8
weeks) were lethally irradiated and rescued with 10” BM cells from
age- and sex-matched SortI**Apoe”~ or Sortl7"Apoe”~ donor mice.
Hematopoietic chimerism was measured by quantitative PCR for tar-
geted and WT Sort] alleles in blood DNA.

Quantification of atherosclerosis. The proximal aorta was sectioned
to quantify aortic root lesions. Aortic lesion coverage was measured en
face after staining of lesions with Oil Red O.
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Cell culture assays. BMMs were generated as described previously
(25). Foam cell formation was assessed by incubating BMMs with Atto-
633-labeled native (1 mg/ml), aggregated (1 mg/ml), or oxidized (20
pg/ml) human LDL for 20 hours. Activation of BMMs was assessed by
adding LPS (100 ng/ml) for 0, 15, 30, 60, 120, or 240 minutes and ana-
lyzing MAPK phosphorylation by immunoblotting. Cytokine secretion
from LPS-activated (100 ng/ml) BMMs or anti-CD3/anti-CD28-acti-
vated Thl cells into cell culture medium was analyzed using 20-plex
mouse cytokine Luminex-kits (Invitrogen) or IL-6, TNF-a, and IFN-y
ELISAs (eBioscience). Quantitative PCR was performed with primers
in Supplemental Table 1. To assess the ability of Thl-conditioned cell
medium to prime macrophages for cytokine secretion, BMMs were
incubated with 10% conditioned medium from activated Th1 cells for
12 hours, followed by activation with LPS (1 ng/ml).
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Figure 3. Sortilin deficiency in immune cells reduces atherosclerosis. (A and B) Plasma cholesterol and distribution of cholesterol across size-fractionated
lipoprotein classes in male and female BM-transplanted mice. (C and D) Lesions in the aortic arch (C) and in cross-sections of the aortic root (D) were reduced
in male Sort1**Apoe- recipients of Sort17/-Apoe”- BM after 9 weeks of HFD. Scale bars: 1 mm (C); 250 um (D). (E) Sortilin deficiency in immune cells (i.e.,
Sort1+/*Apoe”'- recipients of Sort1/-Apoe~- BM) also reduced aortic lesion coverage in female mice after 19 weeks of HFD. An additional reduction was seen in

control Sort1”/-Apoe™- recipients of Sort1/-Apoe”~ BM (global sortilin deletion).

(F and G) Plasma IL-6 and TNF-a levels were reduced in mice with sortilin-

deficient immune cells. Data are mean + SEM of n = 14-20 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ANOVA with Newman-Keuls post-test.

Protein binding assays. Binding of human IL-6, TNF-q, and IFN-y
to the soluble extracellular domain of human sortilin was assessed
by surface plasmon resonance (Biacore). Binding of human IL-6 was
also analyzed in HEK293 cells transfected with human full-length
sortilin by immunofluorescence and coimmunoprecipitation.

Statistics. P values were calculated using 2-tailed unpaired Stu-
dent’s ¢ test, 1-way ANOVA with Newman-Keuls post-test, or Kruskal-
Wallis nonparametric test with Dunn’s post-test, as indicated. A
Pvalue less than 0.05 was considered statistically significant.

Study approval. All procedures followed the Danish legislation for
the protection of animals and were approved by the Danish Animal
Experiments Inspectorate.
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