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Abstract

Background and aims: Progranulin is a circulating protein that modulates inflammation and is
found in atherosclerotic lesions. Here we determined whether inflammatory cell-derived
progranulin impacts atherosclerosis development.

Methods: Ld/r~ mice were transplanted with bone marrow from wild-type (WT) or Grii/~
(progranulin KO) mice (referred to as Tx-WT and Tx-KO, respectively).
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Results: After 10 weeks of high-fat diet feeding, both groups displayed similarly elevated plasma
levels of cholesterol and triglycerides. Despite abundant circulating levels of progranulin, the size
of atherosclerotic lesions in Tx-KO mice was increased by 47% in aortic roots and by 62% in
whole aortas. Aortic root lesions in Tx-KO mice had increased macrophage content and larger
necrotic cores, consistent with more advanced lesions. Progranulin staining was markedly reduced
in the lesions of Tx-KO mice, indicating little or no uptake of circulating progranulin.
Mechanistically, cultured progranulin-deficient macrophages exhibited increased lysosome-
mediated exophagy of aggregated low-density lipoproteins resulting in increased cholesterol
uptake and foam cell formation.

Conclusions: We conclude that hematopoietic progranulin deficiency promotes diet-induced
atherosclerosis in La/r’'~ mice, possibly due to increased exophagy-mediated cholesterol uptake.
Circulating progranulin was unable to prevent the increased lesion development, consistent with
the importance of progranulin acting via cell-autonomous or local effects.

Graphical Abstract
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Introduction

Heterozygous mutations in the human progranulin gene (GRN) cause frontotemporal
dementia with high penetrance (1-3). The encoded progranulin is a lysosomal (4-6) and
secreted (7,8) protein of unclear function. It is required for normal lysosome homeostasis,
and Grrr™!~ cells and tissues have increased lysosomal content, based on staining of the
lysosomal proteins LAMP1 (4,6,9,10) and CD68 (11). In mice, nervous system phenotypes
associated with progranulin deficiency include the accumulation of lipofuscin (10,12-14),
behavioral changes (13,15-17), neuroinflammation (9,11-13,15,16,18), increased
complement activation (4,10,11), and increased synaptic pruning (11). Grri’~ mice also
exhibit decreased bone mass (19). Complete progranulin deficiency in humans causes
neuronal ceroid lipofuscinosis, a form of lysosome storage disease (20,21). The biological
function of progranulin and how its absence leads to disease remain largely unknown.

Progranulin has been detected in human and murine atherosclerotic plaques (22,23). It is
expressed by multiple cell types of atherosclerotic lesions, including macrophages (22-24),
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smooth muscle cells (22,23), and endothelial cells (25). Global deficiency of progranulin
increases atherosclerosis in Apoe™~ mice (23), although the mechanism(s) responsible for
this phenotype are unclear. In atherosclerotic lesions, progranulin could be derived from the
uptake of circulating progranulin or from the local synthesis and secretion of progranulin by
cells, such as immune cells, residing within and around lesions. The relative contributions of
these sources are unknown. Because increasing evidence suggests that the primary function
of progranulin is in lysosomes, we hypothesized that the effects of progranulin are largely
cell-autonomous. In agreement with this, reconstituting progranulin expression in G/~
immune cells is sufficient to attenuate their hyper-inflammatory phenotype (26), whereas
these effects are lacking or diminished by treatment with exogenously provided progranulin
(27) (also unpublished observations by T.N., R.F.).

In this study, we sought to test the hypothesis that immune cell-derived progranulin
modulates the development of murine atherosclerosis. We utilized bone marrow-
transplantation studies to reconstitute immune cells of mice prone to atherosclerosis (low-
density lipoprotein receptor—deficient [La/r”~] mice) (28), generating mice in which the
immune cells, such as lesion macrophages, either expressed or lacked endogenous
progranulin. After feeding these mice a high-fat diet for 10 weeks, we analyzed their plasma
parameters and lesion formation. We also examined the effects of cholesterol loading in
cultured WT and G/~ macrophages and show that Grii/~ cells exhibit increased
exophagy, a mechanism that may contribute to their increased atherosclerosis.

Materials and methods

Reagents

AlexaFluor546 (Alexa546), LipidTOX red, Alexa488-phalloidin and biotin-fluorescein-
dextran (10,000 MW) were purchased from Invitrogen. All other chemicals were purchased
from Sigma Aldrich.

Mice and facilities

Animal work was approved by the Institutional Animal Care and Use Committees at the
University of California, San Francisco, and Harvard University and followed NIH
guidelines. Mice were housed in a pathogen-free barrier facility with a 12-h light/12-h dark
cycle and allowed food and water ad libitum. Female La//~ mice (28) on a C57BL/6J
background were obtained from the Jackson Laboratory at 5 weeks of age and initially fed a
chow diet (Harlan Teklad, #5053). Grri/~ mice (26) and Grr”**93X knock-in mice, which
lack detectable progranulin protein (29), were on a C57BL/6J background (backcrossed
more than eight generations).

Bone marrow transplantation

At 9 weeks of age, Ld/r~ recipient mice were irradiated with two doses of 600 Rad (6 Gy)
per mouse spaced 4 h apart. After irradiation, mice were placed in their home cage and given
water that contained antibiotics [neomycin and polymyxin B sulfate (Gibco, #21850-029,
8024 U/mg)] diluted in acidic water for 2 weeks; subsequently, the mice were given acidic
water without antibiotics. The morning after irradiation (within 24 h), mice were

Atherosclerosis. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 4

transplanted with donor bone marrow and placed in their home cages. Mice were monitored
daily, and body weight was measured weekly during the recovery period. At 7 weeks post-
transplantation (16 weeks of age), mice were placed on a high-fat, western purified diet
consisting of 21% total fat, 34% sucrose, and 0.2% cholesterol by weight (Harlan Teklad,
#88137) for 10 weeks.

Assessment of atherosclerosis

Mice were fasted overnight, anesthetized by intraperitoneal injection of tribromoethanol
(Avertin, 250 mg/kg of body weight) and sacrificed by heart blood puncture, followed by
perfusion with 10 ml of ice-cold PBS. For histological analysis, the entire aortic root was
fixed with 4% paraformaldehyde, cryopreserved in sucrose, and embedded in OCT. Aortic
roots were sectioned serially at 9-um intervals from the base of the aortic sinus and mounted
on slides (Leica X-tra). For each mouse, on average of six sections were quantified. Aortic
root lesion area was quantified in Oil Red O (ORO)-stained sections, and nuclei were
counterstained with Mayer’s Haematoxylin (American Mastertech, HXMMHZ100). Images
were acquired using a Nikon E600 microscope with a 40x objective, a Qlmaging Retiga
CCD color camera, and Q-Capture imaging software. Lesion area was quantified from
images with Image J software. For analysis of necrotic cores, acellular lipid-rich areas were
visually identified and outlined, and the area was determined with Image J software.

For en face analysis of aorta area containing atherosclerotic plaques, aortas were perfused
and post-fixed in formalin (4% paraformaldehyde). Aortas were dissected and opened
longitudinally from the aortic arch to the iliac bifurcation, and then pinned flat on a black
surface. Aortas were photographed at a fixed magnification and lesions were quantified with
ImageJ software as described (30).

For fluorescence immunohistochemistry of LAMP1, aortic root sections were washed with
PBS, followed by blocking in a TBS solution with 10% normal goat serum, 3% BSA, 1%
glycine, and 0.4% Triton X-100 to prevent nonspecific binding. Rabbit anti-LAMP1
antibody (Abcam, ab24170) was diluted in TBS blocking solution at 1:300. After overnight
incubation in humidified chambers at RT, slides were washed three times for 5 min each in
TBS. Alexa568 donkey anti-rabbit IgG (Invitrogen, A10042) was diluted in TBS blocking
solution at 1:300 to visualize LAMP1. After 1 h incubation in the dark at RT, slides were
washed 5 times for 2 min each in TBS, counterstained with DAPI (diluted 1:5000 in TBS)
for 2-5 min, and cover slips were applied with aqueous mounting medium (Fluoromount-G,
Southern Biotech). Images were acquired using a Nikon C2 confocal microscope with 10x
and 60x objectives. LAMP1 fluorescence intensities were quantified using NIH ImageJ by
measuring the pixel intensity of the LAMP1 channel in DAPI-positive cell using a 60x
objective. On average, the fluorescent signal intensity of LAMP1 was quantified in 3-6 cells
per field, and 7-10 fields were captured per animal. Each data point represents the average
LAMP1 fluorescent signal intensity from one animal.

To quantify CD68-positive macrophages, aortic root sections were stained as above. Primary
antibodies were used at the following concentrations: sheep anti-mouse progranulin (R&D,
AF2557) at 1:100 and rat anti-CD68 antibody (Serotec, MCA1957) at 1:600. Secondary
antibodies were used at the following concentrations: Alexa488 chicken anti-rat 1gG
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(Invitrogen, A21470) at 1:300 to visualize CD68; Alexa568 donkey anti-sheep 1gG
(Invitrogen, A21099) at 1:300 to visualize progranulin. Quantification of CD68-positive
cells was performed by counting the number of DAPI-positive nuclei co-localized with
CD68-flourescence within a 60x field. Seven Tx-WT mice and 7 Tx-KO mice were used in
this quantification, and 7-10 fields were captured per animal.

Statistical analysis

Results

Data are presented as mean + SD. Data were analyzed with GraphPad Prism or Excel using
student’s t tests, Mann-Whitney U tests, or two-way ANOVA, followed by Tukey post hoc
tests. Differences were considered statistically significant when p<0.05.

Additional methods are available in the Supplementary Materials.

Macrophage progranulin deficiency increases atherosclerotic lesion size

To determine whether macrophage progranulin contributes to the development of
atherosclerosis, we performed bone marrow transplantation to establish progranulin
deficiency in the hematopoietic compartment, including myeloid cells, in a mouse model of
atherosclerosis. We transplanted bone marrow from either WT or G/~ mice into irradiated
female Lad/r'~ recipient mice (referred to as Tx-WT mice and Tx-KO mice, respectively)
(Fig. 1A). We assessed the extent of bone marrow reconstitution 17 weeks after
transplantation by using real-time quantitative PCR (qPCR) to measure Grnand Ld/r mRNA
levels in blood cells and livers of recipient mice. We confirmed that Grn mRNA was not
expressed in blood cells (undetectable—0.02 relative units for Tx-KO mice versus 1.2 + 0.6
for Tx-WT mice) of mice transplanted with Grri/~ bone marrow (Fig. 1B). In contrast, Grn
MRNA expression was detected in the livers of Tx-KO mice, although it trended lower (0.6
+ 0.2 relative units versus 1.0 £ 0.3 for Tx-WT mice). As expected, Ld/r mRNA was
markedly reduced in the livers of recipient mice (0.1 + 0.1 for Tx-WT mice and 0.1 £ 0.1
relative units for Tx-KO mice, versus 1.0 + 0.2 for WT control mice) (Fig. 1B). This
detectable level of Ld/rmRNA was likely from Kupffer cells derived from transplanted
marrow cells that express Ldlr. In contrast, Ld/r mRNA was readily detected in blood cells
of recipients of both WT and Gri7/~ bone marrow (0.9 + 0.3 relative units for Tx-WT mice
and 0.9 + 0.6 for Tx-KO mice), indicating that hematopoietic cells in the Ld/r’ recipient
mice were successfully reconstituted.

After 7 weeks of recovery from transplantation, we fed both Tx-WT and Tx-KO mice a
western diet (containing higher levels of fat, cholesterol, and sucrose) for 10 weeks and then
examined the metabolic parameters and development of atherosclerosis. In Tx-KO mice,
plasma progranulin levels were ~15% less than in TX-WT mice (10.0 + 1.9 pg/ml versus
13.0 £ 1.8 pg/ml) (Fig. 1C), indicating that hematopoietic cells contribute to circulating
levels of progranulin under these conditions. Both transplanted groups had higher
progranulin levels than chow-fed WT donor mice and chow-fed non-transplanted £a/r’~
mice (Fig. 1D). This may be a result of the high-fat, western diet that increases progranulin
expression in the liver and adipose tissue (24). To confirm progranulin deficiency in lesion
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macrophages, we co-stained aortic root sections with the macrophage marker CD68 (Fig. 1E
and F). Progranulin was readily detected in the atherosclerotic lesions of TX-WT mice,
where it showed extensive co-localization with nearly all CD68-positive macrophages (99.2
+ 1.3%). In contrast, progranulin staining was markedly reduced in lesion macrophages of
Tx-KO mice (4.1 + 2.0%). These results indicate that Gr77/~ macrophages in atherosclerotic
lesions take up very little circulating progranulin.

After 10 weeks on the western diet, TXx-WT and Tx-KO mice developed similar degrees of
hypercholesterolemia (818 + 134 mg/dl for Tx-WT mice versus 881 + 163 mg/dl for Tx-KO
mice) and hypertriglyceridemia (155 + 40 mg/dl for Tx-WT mice versus 138 + 53 mg/dl for
Tx-KO mice) (Fig. S1A and B). Additionally, the distribution of cholesterol across the
different lipoprotein classes was similar for both groups (Fig. S2C). Metabolic parameters,
such as body weight and fasting blood glucose, were also similar between the groups (Table
S1). Body weights after 8 weeks on the western diet were similar to what was reported for
similar transplantation studies of Lad///~ mice (31), and our study mice appeared to be
healthy and eating normally. Plasma cytokines and blood leukocytes were largely similar
between the groups, except TNFa was decreased in Tx-KO mice (Table S1). These findings
indicate that loss of progranulin in hematopoietic cells did not significantly affect systemic
energy, glucose, or lipid metabolism, or impact systemic total leukocyte counts.

We quantified atherosclerotic lesions by two methods. First, we assessed the size of
atherosclerotic lesions in aortic roots by Oil Red O staining and found that Tx-KO mice had
~47% more mean lesion area (5.5 + 1.2 x 10° um? versus 3.7 + 0.6 x 10° pm?, £<0.001)
(Fig. 2A and C). Second, we assessed lesions in whole aortas by en face analysis and
similarly found a ~62% increase in lesions in Tx-KO mice (2.7 £ 0.9% versus 1.7 + 1.2%,
£<0.01) (Fig. 2B and D). The area of necrosis within the core of lesions, an indicator of
advanced lesions, was greater and more variable in Tx-KO mice (2.0 + 1.3 x 10° pm? versus
1.0 £ 0.5 x 10° pm?) (Fig. 2E). We observed no differences in the number of apoptotic cells
in lesions as determined by TUNEL staining (Fig. 2F). Additionally, the total number of
CD68-positive cells was unchanged (311 £ 92 cells per field versus 272 + 119 cells per
field) within lesions (Fig. 2G), suggesting that macrophage recruitment to lesions was not
affected by macrophage progranulin deficiency.

Lysosomal abnormalities in lesions of Tx-KO mice and in Grn™~ macrophages

Recent evidence linking complete progranulin deficiency to neuronal ceroid lipofuscinosis
(20), a form of lysosomal storage disease, suggests that progranulin functions in the
lysosome. Moreover, staining for the lysosomal markers LAMP1 and CD68 is increased in
cultured G/~ microglia (6) and in the brains of G/~ mice (4,9-11). Therefore, we
stained for the lysosomal markers LAMPL in aortic root macrophages. In Tx-KO mice, we
found a trend toward increased LAMP1 fluorescence although this did not reach significance
(1.5 = 0.8 relative units versus 1.0 + 0.4, P=0.1246) (Fig. 3A and B).

We also examined the effects of progranulin deficiency on lysosomes in cultured
macrophages by staining bone marrow—derived macrophages (BMDMs) from WT and Grn
I~ mice with antibodies against LAMP1 and found increased LAMP1 fluorescence in Grn
~/~ macrophages (Fig. 3D and E). Because LAMP1 expression is regulated by the
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transcription factor TFEB (32), a master regulator of lysosome biology, we measured
expression of additional TFEB target genes. In Grri/~ BMDMs, we observed increased
expression of several additional TFEB target genes (Fig. 3F), including cathepsins (CtsD,
Cts2), hexosaminidase A (HexA), and glucocerebrosidase (Gba), which encode enzymes
that degrade proteins, GM5 gangliosides, and glycolipid intermediates, respectively. These
findings are consistent with previous reports of increased levels of these and other TFEB
target genes in the brains of G/~ mice (4,9,10) and in progranulin-deficient fibroblasts
(29), and suggest that progranulin-deficient macrophages increase their LAMP1 expression
in lysosomes, perhaps to compensate for impairment of a lysosomal function.

Progranulin deficiency increases foam cell formation in response to aggregated LDL in
cultured macrophages

We next explored the mechanism underlying the accelerated atherosclerosis in Tx-KO mice
by investigating atherosclerosis-relevant pathways in progranulin-deficient macrophages.
Since altered lipid accumulation could promote atherosclerosis in the Tx-KO mice, we first
assessed lipid handling by Grri/~ macrophages. We treated BMDMs with acetylated LDL
(acLDL), oxidized LDL (oxLDL), or oleic acid and observed no differences in the amount
of lipid stored in WT and progranulin-deficient macrophages, either by staining with
BODIPY or by analyzing cellular lipid content with thin-layer chromatography (Fig. 4A and
Fig. S2). To determine if the acLDL was trapped in lysosomes of progranulin-deficient
macrophages due to compromised lysosomal function, we stained cells with both
LysoTracker and LipidTox, a fluorescent dye for neutral lipids. This staining revealed no co-
localization, indicating that neutral lipids did not accumulate in lysosomes of acLDL -treated
G~ macrophages (Fig. S2B).

Recent evidence suggests that cholesterol uptake by exophagy, a lysosome-related cellular
uptake pathway, may be an important trigger of macrophage foam cell formation (33,34).
Exophagy refers to a process in which large macromolecular substrates (such as aggregated
LDL (agLDL) and dead/dying adipocytes) are degraded in a plasma membrane-bound
extracellular compartment by extruded lysosomal contents (35-38). The degraded proteins
and lipids are subsequently taken up into cells via endocytosis. /n vitro studies show that
uptake and storage of agL DL via exophagy leads to the formation of macrophage foam cells
(33), a key event in development of atherosclerosis. We assessed the exophagy pathway in
WT and G/~ BMDM s treated with agLDL (250 ug/ml). As a control, we treated cells
with acLDL (50 pg/ml), which macrophages take up through scavenger receptors (39). After
12 h, we stained cells with LipidTOX to assess lipid loading. With agLDL treatment, Grri/~
BMDMs had ~2.7-fold greater LipidTOX fluorescence than WT BMDMs (Fig. 4B and C),
consistent with increased catabolism, uptake, and storage of the cholesterol derived from
agLDL in lipid droplets. In contrast, no difference in LipidTOX fluorescence was observed
in WT and G/~ BMDMs treated with acLDL. The exophagy-mediated uptake of agLDL
did not trigger an increased inflammatory response in either WT or Grii/~ BMDM s (Fig.
S3), after a 7-h treatment with 250 pg/ml agLDL. In contrast, treatment of BMDMs with
acLDL resulted in a robust pro-inflammatory response, as previously reported (40,41), and
this response was increased in some measurements (MCP-1) in Gr7/~ BMDMs. These data
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demonstrate that G/~ macrophages have increased foam cell formation when treated with
agLDL, but not when treated with other modified LDL species (namely, acLDL or oxLDL).

Progranulin-deficient macrophages exhibit increased exophagy of agLDL

To determine whether progranulin-deficient macrophages exhibit increased exophagy, we
measured lysosome-associated exocytosis after agLDL treatment. We utilized an established
assay (34,36) that specifically detects labeled lysosomal content that is exocytosed from
cells and contacts extracellular labeled agLDL. In this assay, lysosomes were first labeled by
incubating BMDMSs overnight with biotin-fluorescein-dextran. The extent of dextran loading
was marginally decreased (by 5.5%) in Gri/~ BMDM s (Fig. S4). To assess exophagy, we
then measured the amount of dextran that bound exogenously provided AlexaFluor
(Alexa)546-labeled agLDL outside the cell during a 90-min incubation. Specifically, we
determined the dextran-fluorescein intensity co-localizing in the extracellular compartment
formed around Alexa546-labeled agL DL (conjugated with streptavidin to capture secreted
biotin-fluorescein-dextran). Using this assay, we found that exophagy was markedly
increased (~2.5-fold) in Grri/~ BMDMSs compared with WT BMDMs (Fig. 5A). We also
assessed the amount of actin polymerization associated with sites of exophagy via staining
with Alexa488-phalloidin (35) and found this was similar in WT and Gr7/~ BMDMs (Fig.
5B), suggesting that this process is not impacted by progranulin deficiency. Together these
results suggest a model in which macrophage progranulin deficiency enhances exophagy of
agLDL, resulting in increased foam cell formation and accelerated atherosclerotic lesion
development.

Discussion

In the current study, we show that progranulin deficiency in the hematopoietic compartment
significantly accelerates atherosclerosis in a murine model. This worsening occurs despite
high circulating levels of progranulin and is not caused by changes in circulating cholesterol
or triglyceride levels. Our /n vitro studies revealed that progranulin-deficient macrophages
exhibit increased foam cell formation via exophagy-mediated catabolism, uptake, and
storage of agLDL-derived cholesterol. Together, our results indicate that immune cell-
derived progranulin plays a key role in modulating the progression of atherosclerotic lesions,
apparently via a cell-autonomous or local manner.

A previous study in Apoe”~ mice showed that global progranulin deficiency worsens
atherosclerosis (23). Our study corroborates this study in a different model (La/r~) and,
additionally, shows that deficiency of progranulin in hematopoietic cells alone is sufficient to
cause this disease phenotype. Importantly, the levels of circulating progranulin were still
relatively high in the Tx-KO mice, but this source of progranulin was not found in lesions
and was unable to suppress the accelerated atherosclerosis. These findings are consistent
with an emerging model for progranulin in which the major effects of the protein are cell-
autonomous effects in the lysosome. Supporting this, we also found increases in exophagy, a
potential atherosclerosis-modulating process in cells lacking progranulin. Taken together,
our findings argue strongly that progranulin deficiency promotes atherosclerosis by altering
macrophage biology. This model could be tested further in future studies by examining
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whether overexpressing progranulin in macrophages protects against lysosomal dysfunction,
foam cell formation, and atherosclerosis, although it is not clear whether normal levels of
progranulin are limiting.

Our findings are consistent with an emerging model in which progranulin functions
primarily in lysosomes. Although progranulin’s molecular function is unclear, it localizes to
lysosomes (4-6), and its trafficking to this organelle involves sortilin (42) and prosaposin
(5). Homozygous deficiency of progranulin in humans causes neural ceroid lipofuscinosis, a
severe neurodegenerative disease of multiple etiologies that is linked to lysosomal
dysfunction (20). Previous studies have shown that progranulin-deficient cells and tissues
have increased lysosomal content, based on staining of the lysosomal proteins LAMP1
(4,6,9,10) and CD68 (11). We similarly found increased lysosomal content in atherosclerotic
lesions of mice lacking macrophage progranulin (Fig. 3), as well as in cultured Gr/~
macrophages (Fig. 4). Expanding on these observations, we also show that Gr7/~
macrophages exhibit increased exophagy, a lysosome-related cellular uptake pathway.

To our knowledge, progranulin deficiency is the first known condition that results in
increased exophagy, demonstrated here both /n7 vitroand, in correlation, by enhanced disease
pathogenesis /n vivo. How progranulin deficiency increases exophagy in macrophages is
unclear. One possibility is that exophagy is enhanced as a result of lysosomal alterations in
Gr’~ macrophages. While lysosomal content as measured by dextran loading was not
increased, LAMP1 staining was increased in G/~ macrophages, possibly consistent with
lysosomal activation since LAMP1 is a TFEB target gene (32). Supporting this concept, Grn
~/~ BMDMs had increased expression of multiple TFEB target genes. Alternatively,
progranulin deficiency could alter signaling pathways activating Rho family GTPases (Racl
and Cdc42) to promote actin assembly in a way that primes macrophages for enhanced
exophagy (35,43). However, since we did not observe changes in actin assembly, it is less
likely that signaling to the exophagy machinery is altered. Given that hydrolysis of the
cholesteryl esters in agLDL by lysosomal acid lipase is required for growth of the lysosomal
synapse (35,44), increased cholesterol ester hydrolysis may promote growth of lysosomal
synapses in Gri!~ BMDMs. Moreover, our studies suggest that progranulin deficiency
specifically increases cholesterol uptake via the exophagy pathway, as progranulin
deficiency did not affect uptake of acLDL through receptor-mediated endocytosis (Fig. 4 and
Fig. S2).

Several studies support the model that progranulin deficiency causes increased exophagy. In
bone homeostasis, osteoclasts play a key role by resorbing bone through a process very
similar to exophagy (45-47). Gri/~ mice exhibit decreased bone mass (19) and exaggerated
bone resorption by osteoclasts (48), effects that may be the result of increased exophagy of
bone by myeloid—derived Grrr/~ osteoclasts. In the adipose tissue, macrophages take up
dead and/or dying adipocytes through exophagy (38). It is not known if progranulin
deficiency affects this process, but Gr7/~ macrophages may increase clearance of apoptotic
thymocytes in vitro (49), suggesting a possible broader role for exophagy in clearance of
dead and/or dying cells. In the brain, synaptic pruning is carried out by microglia (50),
which are myeloid—derived resident macrophages. Because synapses are relatively large,
roughly on the order of several microns in diameter, we hypothesize that microglia use the
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exophagy pathway for synaptic pruning and that this process is enhanced in G/~ mice. In
support of this idea, Grri/~ mice were recently reported to have increased synaptic pruning
in the ventral thalamus (11). Thus, our findings of increased exophagy might be a central
mechanism uniting a number of pathological phenotypes found in progranulin deficiency.
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HIGHLIGHTS

. Progranulin deficiency in the hematopoietic compartment results in
accelerated atherosclerosis in La/r/~ mice

. Progranulin deficiency in macrophages results in increased exophagy-
mediated uptake of aggregated low-density lipoprotein (LDL) and foam cell
formation

. Progranulin is a modulator of exophagy, a lysosome-related cellular uptake
pathway
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Fig. 1. Bone marrow transplantation and successful reconstitution of immune cells in Ldir=/~

recipient mice.
(A) Experimental paradigm. (B) mRNA levels of progranulin (Grn) and LDL receptor (Ldlp)

in blood cells and livers of Ld/r'~ recipient mice 17 weeks after transplantation with wild-
type (Tx-WT) or Grrr™/~ bone marrow (Tx-KO). (C) Plasma progranulin levels are reduced
in Tx-KO mice, as measured by ELISA at 17 weeks after bone marrow transplantation
(including 10 weeks of western diet feeding). (D) G/~ bone marrow donor mice (chow-
fed) lack plasma progranulin, as measured by ELISA. (E) Tx-KO mice have markedly
reduced progranulin staining (red) in lesion macrophages (green). Scale bar, 200 pm. (F)
Quantification of progranulin-positive macrophages. Values are mean + SD (n=12 per group
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in C, n=3-4 in D, n=7 in F); *p<0.05, as determined by Mann-Whitney U test. BM, bone
Marrow.
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Fig. 2. Increased atherosclerosis in Ldir -

marrow.
(A) Increased lesion area in Tx-KO mice, as measured by Oil Red O staining of lesions in

aortic roots. Scale bars, 500 um. (B) Increased lesion area in Tx-KO mice, as measured by
en face analysis of aortic lesions. Arrows indicate lesions. Scale bars, 5 mm. (C-G)
Quantification of lesion area in aortic roots (C) and aortas (D) and necrotic core area (E),
TUNEL-positive cells (F), and CD68-positive cells (G) in aortic roots. Representative
images are shown for each transplanted group (n=12 mice per group in C-E, n=6-8 in F-G).
Values are mean + SD; *p<0.01, **p<0.001, as determined by Mann-Whitney U test.

mice transplanted with progranulin-deficient bone
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Fig. 3. Lysosomal abnormalities in lesions of Tx-KO mice and in Grn™- macrophages.
(A-B) Trend toward increased lysosome staining in lesions of La/'~ mice transplanted

with progranulin-deficient bone marrow. (A) Staining of LAMP1 in aortic root lesions. Scale
bar, 10 um. (B) Quantification of cellular LAMP1 fluorescence. Values are normalized to
Tx-WT levels and presented as mean + SD (n=9 mice per group); p=0.1246, as determined
by Mann-Whitney U test. (C-E) Lysosomal abnormalities in Gr7/~ macrophages. (C)
Increased lysosomal content in Grii/~ macrophages, as measured by LAMP1 staining.
Staining of LAMP1 (red), progranulin (green), and nuclei with Hoechst (blue) in WT and
Gri!- BMDMs. Scale bar, 50 um. (D) Quantification of cellular LAMP1 fluorescence. (E)
Increased expression of TFEB target genes in Gri/~ BMDMs. Values are mean + SD;
*p<0.05, **p<0.01, ****p<0.0001, as determined by student’s t test. n.s., not significant.
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Fig. 4. Progranulin deficiency enhances agLDL-induced foam cell formation in cultured
macrophages.
(A) Similar neutral lipid levels in WT and Grri/~ BMDMs after treatment with oxLDL (25

pg/ml), acLDL (50 pg/ml), or oleic acid (500 pM) for 20 h. Lipids were analyzed by thin
layer chromatography. (B) Increased neutral lipid staining (LipidTOX) in G/~ BMDMs
treated with agLDL (250 ug/ml) for 12 h. Scale bar, 20 um. (C) Quantification of LipidTOX
fluorescence per field. Values are mean + SD (n=30 fields per condition). ***p<0.001, as
determined by student’s t test. Sal, saline; oxLDL, oxidized LDL; acLDL, acetylated LDL;
OA, oleic acid; CE, cholesterol ester; TG, triglyceride; CHOL, free cholesterol; n.s., not
significant.
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Fig. 5. Progranulin deficiency enhances lysosome exocytosis during exophagy of agLDL.
(A) Increased lysosome exocytosis during exophagy of agLDL in Gri/~ BMDMs. Arrows

indicate regions of macrophage lysosome exocytosis to agLDL during exophagy.
Quantification of biotin-fluorescein-dextran fluorescence co-localized with streptavidin-
Alexab46-agLDL per field (right). (B) Actin polymerization during exophagy of agLDL was
similar in WT and Grri/~ macrophages. Arrows indicate regions of macrophage actin
polymerization during exophagy. Quantification of Alexa488-phalloidin fluorescence co-
localized with Alexa546-agLDL per field (right). Values are mean + SD. ***p<0.001
student’s t test. n.s., not significant. Scale bar, 20 um.
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