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ABSTRACT
Understanding the function and differentiation of Adipose tissue Macrophages (ATMs)
Ambar Grijalva

Obesity alters metabolism including increasing insulin resistance and hepatic accumulation of
triglycerides. Obesity also activates immune responses in adipose tissue (AT) including
accumulation of adipose tissue macrophages (ATMs) (Weisberg, McCann et al. 2003, Xu,
Barnes et al. 2003). AT releases chemokines that recruit circulating monocytes into AT which
differentiate in ATMs. In a lipid-rich environment, ATMs accumulate lipid by mechanisms that
have yet to be directly studied. (Prieur, Mok et al. 2011 , Cinti, Mitchell et al. 2005, Xu, Grijalva
et al. 2013). Some work has implied that FFA are taken up by ATMs and re-esterified with
glycerol to yield TG; others imply the direct release of triglycerides (TG) by select adipocytes in
crown-like structures (Prieur, Mok et al. 2011, Cinti, Mitchell et al. 2005, Xu, Grijalva et al.
2013). Nonetheless, obesity leads to the accumulation of neutral lipid in ATMs and induces
lysosomal dependent lipid catabolism. The question my thesis tried to answer is how lipid is
delivered to lysosomes. Autophagy of lipid droplets or lipophagy contributes to lipid catabolism
in other cells, including hepatocytes and foam cells. We hypothesized that lipophagy would
regulate lipid delivery for lysosomal dependent lipid catabolism in ATMs. Our data, however,
demonstrated that lipophagy does not contribute to lysosomal dependent lipid catabolism in
ATMs. Myeloid specific ablation of Atg7, a protein necessary for autophagosome formation, did
not lead to alterations in lipid content of ATMs or in whole body metabolism. These finding
suggested an endosomal-dependent delivery of lipid to lysosomes in ATMs. We found lipid in
lipid vesicles, structures distinct from lipid droplets. These neutral lipid vesicles contain

adipocyte specific proteins suggesting they are released from adipocytes. The adipocyte derived



lipid vesicles also had the ability to differentiate bone marrow derived macrophages into ATM-
like cells. Lipid vesicles provide a transport mechanism for lipids between adipocytes and
ATMs, contributing to ATM differentiation. Our data suggest a complex interplay in lipid
exchange between adipocytes and ATMs and a role for adipocyte derived vesicles in ATM

differentiation.
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Chapter I: Introduction



Chapter I: Introduction
Obesity and metabolic syndrome

The World Health Organization defines obesity as a body mass index (body
mass/height?), greater than or equal to 30 kg/m? (WHO website). As of 2014, there were 600
million obese adults worldwide and the number of obese individuals continues to increase (WHO
website). Although obesity is influenced by environmental factors, there is also a genetic
contribution (Walley, Asher et al. 2009).Genome wide association studies (GWAS) have
revealed single nucleotide polymorphisms (SNPs) in over twenty genes associated with obesity
or BMI (Walley, Asher et al. 2009).

Along with the increase in body weight other metabolic consequences occur like
cardiovascular disease, diabetes, musculoskeletal disorders, cancer, and hepatic steatosis (WHO
website). The excess availability of energy results in increased presence of substrates for
adipocytes to store. During obesity, adipocytes become hypertrophic and eventually exceed the
ability of lipid storage causing lipid spillage into non-adipose tissues and resulting in lipotoxicity
(van Herpen and Schrauwen-Hinderling 2008). Obesity dysregulates pathways of free fatty acid
(FFA) uptake and synthesis as well as utilization of FFA through oxidation in tissues resulting in
ectopic lipid accumulation (van Herpen and Schrauwen-Hinderling 2008). Also during obesity
lipolysis, which releases F FA is increased contributing to lipotoxicity. Lipotoxicity occurs in
organs like liver, skeletal muscles, and heart resulting in metabolic syndrome symptoms like
hepatic steatosis, insulin resistance and inflammation (van Herpen and Schrauwen-Hinderling

2008).

Adipose tissue macrophage differentiation



All tissues have resident macrophages that contribute to tissue homeostasis. Resident
macrophages originate from circulating monocytes and during embryogenesis in the yolk sac
(Davies, Jenkins et al. 2013, Ginhoux and Jung 2014). Primitive hematopoiesis occurs in the
yolk sac generating yolk sac derived progenitors, which localize to the fetal liver or become yolk
sac derived macrophages in developing tissues (Davies, Jenkins et al. 2013, Ginhoux and Jung
2014). Fetal liver generates hematopoietic lineage cells including monocytes that will be
released into circulation, which will be recruited into tissues and differentiate into tissue
macrophages (Davies, Jenkins et al. 2013, Ginhoux and Jung 2014). Prenatal macrophages
contribute to resident macrophage populations including Langerhans cells, kupffer cells,
microglia, spleen, lung, and kidney macrophages (Davies, Jenkins et al. 2013, Ginhoux and Jung
2014). Postnatal resident tissue macrophages originate from CC/CX3C-chemokine receptor 1
(CCR2 CX3CR1™) circulating monocytes (Gordon and Taylor 2005). In bone marrow,
hematopoietic stem cells (HSCs) generate common monocyte progenitors (c(MOP) that give rise
to bone marrow monocytes or myeloid progenitor cells (Ginhoux and Jung 2014). Recruitment
of bone marrow monocytes is dependent on Colony stimulating factor (CSE) (Stanley, Berg
1997). Fractalkine/CC/CX3C-chemokine ligand 1 (CX3CL1) is expressed by endothelial cells,
muscle cells, hepatocytes, and adipocytes (Digby, McNeill et al. 2010)(Imai, Hieshima et al.
1997). The CX3CL1 receptor, CX3CRL1 is expressed on monocytes and is involved in their
recruitment to sites of inflammation and injury (Digby, McNeill et al. 2010). CX3CL1/CX3CR1
is important in murine models of atherosclerosis (Saederup, Chan et al. 2008, Landsman, Bar-On
et al. 2009). CX3CL1 expression is higher in adipose tissue (AT) of obese compared to lean
animals and CX3CL1 is secreted by both adipocytes and stromal vascular cells (Shah R 2011).

Ablation of CXzCL1 in mice attenuates weight gain when animals are fed a high fat diet, reduces



glucose intolerance, and decreases macrophage accumulation in AT suggesting CX3CL1 /
CX3CR1 pathway is responsible for a portion of immune cell recruitment into the AT during the
onset of obesity (Polyak, Ferenczi et al. 2014). Despite the decrease in adipocyte size and
adipose tissue weight, control and knockout mice had no difference in food consumption and
energy expenditure suggesting that weight loss was not due to energy intake and utilization
rather due to the decrease in ATMs (Polyak, Ferenczi et al. 2014). Resident macrophages
including microglia can self-renew by proliferating in tissues (Davies, Rosas et al. 2013, Yona,
Kim et al. 2013).

During an inflammatory insult, a different population of monocytes, CCR2*CX;CR1""
are recruited into tissue through the action of C-C-motif chemokine ligand 2 (CCL2) (Gordon
and Taylor 2005). Adipocyte conditioned medium causes the adhesion and transmigration of
monocytes in AT derived capillary endothelial cells (Curat, Sengenes et al. 2004). Proteins and
not lipids in the conditioned medium are chemotactic and responsible for monocyte recruitment
(Curat, Sengenes et al. 2004). Monocyte chemoattractant protein 1 (MCP-1) also known as
CCL2 binds C-C-motif chemokine receptor 2(CCR2) and has been implicated in monocyte
recruitment in several pathological states including atherosclerosis, diabetic kidney injury, and
neuropathic pain syndrome. Various cells secrete MCP-1 including endothelial cells and
inflammatory cells. In AT, MCP-1 is produced by adipocytes as well as in immune cells (Sartipy
and Loskutoff 2003). Obesity upregulates the expression of MCP-1 in AT leading to increased
concentration in the circulation of obese compared to lean animals and humans (Takahashi,
Mizuarai et al. 2003, Bruun, Lihn et al. 2005, Sartipy and Loskutoff 2003). CCR2 is the receptor
for CCL2/MCP-1 (Weisberg, Hunter et al. 2006). Ablation of CCRZ2results in partial protection

from diet induced obesity, insulin resistance, and hepatic steatosis and reduces ATM content



(Weisberg, Hunter et al. 2006). Bone marrow transplant experiments revealed that CCR2/MCP-1
pathway accounted for 40% of macrophage recruitment into AT (Oh, Morinaga et al. 2012).

Two independent groups reported macrophages accumulate in AT during obesity
(Weisberg, McCann et al. 2003, Xu, Barnes et al. 2003). In the lean state, 10% of the cells in an
AT depot are macrophages while in obese individuals 40% or more of the immune cells are
macrophages (Weisberg, McCann et al. 2003). This inflammatory response is not specific to
macrophages, other immune cell populations also increase during obesity including T cells, B
cells, mast cells, dendritic cells, and neutrophils (Ferrante 2013, Xu, Grijalva et al. 2013). Not
all immune cells increase, the number of T regulator cells and eosinophils are reduced in AT of
obese compared to lean individuals (Ferrante 2013). ATMs arise from resident AT macrophages,
monocyte recruitment/differentiation, and proliferation. C57BL/6J mice expressing CD45.2
leukocyte marker were irradiated and given bone marrow from CD45.1 leukocyte positive
C57BL/6J mice (Weisberg, McCann et al. 2003). After 6 weeks on high fat diet, 85% of ATMs
were donor derived and 14% were recipient derived, suggesting the majority of ATMs are
differentiated from bone marrow progenitors (Weisberg, McCann et al. 2003).High fat diet fed
CCR2knockout mice (CCR2/-) have decreased ATM content compared to control mice
suggesting monocyte recruitment is CCR2 dependent (Weisberg, Hunter et al. 2006). Labeling
experiments showed about 40% of ATM accumulation during obesity were CCR2 dependent
compared to hepatic macrophages where 80% of macrophage accumulation was CCR2
dependent (Oh, Morinaga et al. 2012). ATMs also secrete chemokines that contribute to
recruitment of monocytes into AT (Bourlier, Zakaroff-Girard et al. 2008).

There are two populations of ATMs classified by their surface antigen markers. FBs

ATMs express antigens F4/80 and Cd11b while FBC ATMs express F4/80, CD11b, and CD11c



surface antigens. In lean state there are higher percentages of FB while in obese state the

majority of ATMs are FBCs (Lumeng, Bodzin et al. 2007, Xu, Grijalva et al. 2013). Labeling
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Figure 1: Macrophage ontogeny. A. Prenatal: yolk sac and fetal liver monocyte differentiated
macrophages populate tissues B. Postnatal: In bone marrow, hematopoietic stem cells (HSCs)
generate common monocyte progenitors (c(MOP) C. Bone marrow monocytes enter circulation
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Adapted from ( Gordon and Taylor 2005, Neels and Olefsky 2006, Davies, Jenkins et al. 2013,
Ginhoux and Jung 2014)



experiments revealed that in obese AT majority of recruited monocytes differentiate into FBCs
contributing to the obese FBC percentage increase (Aouadi, Vangala et al. 2014). Also, FBs can
convert into FBCs increasing FBC percentages during obesity (Lumeng, Bodzin et al. 2007).
ATMs can also proliferation and their proliferation capability is increased in obese AT (Amano,

Cohen et al. 2014). A summary of ATM recruitment is shown in Figure 1.

Functions of Adipose Tissue Macrophages (ATMs)

The contributions of the inflammatory phenotypes of ATMs to metabolic complications
have been well documented. Tissue macrophages are classified to be polarized into a M2 anti-
inflammatory or M1 pro-inflammatory state (Davies, Jenkins et al. 2013). Tissue resident
macrophages are M2 “alternatively activated” because of their roles in tissue homeostasis. M2
macrophages express anti-inflammatory surface antigens like CD206 and secrete anti-
inflammatory cytokines like IL-10 (Lumeng, Bodzin et al. 2007). M1 “classically activated”
macrophages express pro-inflammatory surface antigens like CD11c and secrete pro-
inflammatory cytokines like TNF-o (Lumeng, Bodzin et al. 2007). During obesity, macrophages
that accumulate are M1 pro-inflammatory macrophages while in a lean state there are more M2
anti-inflammatory macrophages (Lumeng, Bodzin et al. 2007). Work by Speigelman and
colleagues posited that AT inflammation underlies obesity-induced insulin resistance
(Hotamisligil, Shargill et al. 1992). Given the observation that ATMs are M1 polarized in
obesity, many investigators have genetically deleted molecules involved in the M1 pro-
inflammatory phenotype. Deletion of Ikk-3 in myeloid cells protected mice from insulin
resistance (Arkan, MC et al. 2005). Myeloid deletion of Jnkl resulted in improvement of insulin

resistance without changing adiposity in mice (Solinas, Vilcu et al. 2007). Similar phenotypes



were observed in bone marrow transplanted Tir4 knockout mice (Saberi, Woods et al. 2009).
When pro-inflammatory CD11c expressing macrophages were deleted using a diphtheria toxin
receptor under the control of the CD11cpromoter, there was decreased inflammatory markers
and an improvement in insulin sensitivity (Patsouris, Li et al. 2008). P P A Ras found to be
required for maturation of alternatively activated macrophages and without P P A Rynyeloid
cells, mice were insulin resistant and obese (Odegaard, Ricardo-Gonzalez et al. 2007).

Despite the well documented M1/M2 classification in ATMs, there are reports that
contradict the M1/M2 paradigm, stating ATMs express both M1 and M2 markers (Bourlier,

Zakaroff-Girard et al. 2008, Shaul, Bennett et al. 2010, Xu. Grijalva et al. 2013). In diet induced
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through CD36 and MSR1 receptors. FFASs are esterified into Perilipin2 coated lipid droplets
through DGAT 2. B. ATMs localize around dead adipocytes and phagocytosis residual
lipid droplets into endosomal lipid vesicles.
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obese mice, CD11c positive ATMs, which are M1 classically activated, expressed M2 phenotype
genes (Shaul, Bennett et al. 2010). Our lab also found that CD11c+ ATMs expressed M2 anti-
inflammatory surface antigen, CD206 (Xu, Grijalva et al. 2013). At the same time that it was
found that ATMs do not neatly fit into a M1 or M2 classification, studies began to explore the
non-inflammatory functions of ATMs in AT metabolism. One role that | have explored in
collaboration with others in our laboratory, is the function of ATMs in buffering lipids within AT
(Cinti, Mitchell et al. 2005, Weisberg, Hunter et al. 2006, Lumeng, Deyoung et al. 2007, Kosteli,
Sugaru et al. 2010, Shapiro, Pecht et al. 2013, Prieur, Mok et al. 2011, Xu, Grijalva et al. 2013,
Aouadi, Vangala et al. 2014). ATMs accumulate lipid and this accumulation increases with the
onset of obesity when there is an increase in lipid release by AT (Weisberg, Hunter et al. 2006,
Kosteli, Sugaru et al. 2010, Prieur, Mok et al. 2011, Xu, Grijalva et al. 2013, Aouadi, Vangala et
al. 2014). Unlike studies of foam cells in atherosclerotic lesions, the mechanisms and pathways
by which lipid enters ATMs has not been studied. My work has focused on this question. There
are two mechanisms of lipid accumulation in ATMs depicted in Figure 2. One way ATMSs can
accumulate neutral lipid is through uptake and esterification of free fatty acids (FFAs). After a
24-hour fasting, ATMs have an increase in Oil Red O (neutral lipid) staining (Kosteli, Sugaru et
al. 2010). These Oil Red O positive structures in ATMs are assumed to be lipid droplets that are
formed from adipocyte lipolysis released FFAs that are taken up by ATMs through scavenging
receptors including CD36and Msr1 (Kosteli, Sugaru et al. 2010). These FFAs are esterified by
DGAT enzymes including Dgat2into neutral lipid droplets expressing Plin2/Adfpand stored in
ATMs (Weisberg, Hunter et al. 2006, Kosteli, Sugaru et al. 2010, Prieur, Mok et al. 2011, Xu
Grijalva et al. 2013, Aouadi, Vangala et al. 2014). A second pathway important in lipid

accumulation in ATMs is through phagocytosis of whole lipid into endosomal vesicles. ATMs



localize around dead adipocytes forming crown like structures and phagocytose residual
adipocyte lipid (Cinti, Mitchell et al. 2005). Lipid buffering may reduce the local concentration
of lipids that have been implicated in the development of insulin resistance. (Kosteli, Sugaru et
al. 2010).

Recently, our laboratory found that obesity does not activate a M1 polarization program
in ATMs but does activate lysosomal biogenesis (Xu, Grijalva et al. 2013). The upregulation of
lysosome function was found to be important in the catabolism of neutral lipids that accumulates
in ATMs of obese individuals. The importance of this lipid catabolism pathway in ATMs for the
health of AT is suggested in studies with mice that have a deletion of lysosomal acid lipase
(Lipa) (Du, Heur et al 2001). LIPA is an enzyme in the lysosome that is responsible for the
majority of cholesterol ester (CE) and triglyceride (TG) hydrolysis (Du, Heur et al 2001). Lipa-
/- mice have massive CE and TG accumulation in lysosomes in the liver, spleen, and small
intestine, suggesting LIPA is a vital enzyme for lipid metabolism (Du, Heur et al 2001). At
birth, Lipa -/- mice have both white and brown AT, which disappears by 6-8 months of age
highlighting LIPA role in AT maintenance (Du, Heur et al 2001). Lipa-/- also have lipid filled
macrophages including Kupffer cells, bronchoalveolar macrophages, and intestinal macrophages
and massive immune cell infiltration into tissues (Du, Heur et al 2001). When Lipa is expressed
in myeloid cells/macrophages of Lipa -/- mice phenotypic abnormalities are corrected,
suggesting the lipodystrophic phenotype in Lipa -/- mice is partially due to Lipa deletion in
macrophages (Qu, Yan et al. 2011, Yan, Lian et al. 2006). Thus the process of lipid breakdown is
necessary for the maintenance of healthy AT. The discovery of this catabolic pathway in ATMs
raised the question of how is lipid delivered to lysosomes? Recent studies have found in foam

cells (a macrophage population) and hepatocytes neutral lipids in lipid droplets are delivered to
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lysosomes in part through autophagy (Ouimet, Franklin et al. 2011)Singh, Kaushik et al. 2009).
In hepatocytes, during increases in lipid availability or after a fast autophagy delivery of lipid
droplet to lysosomes was upregulated (Singh, Kaushik et al. 2009). In foam cells, during lipid
loading of acetylated LDL, autophagy was increased contributing to lipid droplet hydrolysis

(Ouimet, Franklin et al. 2011).

Autophagy

Autophagy is an evolutionary conserved pathway in which internal organelles,
macromolecular complexes, and single molecules are degraded by lysosomes in a regulated
fashion (Levine and Kroemer 2008). There are three forms of autophagy: microautophagy,
chaperon mediated autophagy, and macroautophagy (Kaushik, Singh et al. 2010, Singh 2010).
Microautophagy is the process of cellular content being engulfed into vesicles that are formed
through invagination of lysosomal membrane (Singh, 2010 ). In chaperon-mediated autophagy,
proteins with KFERQ motif are directed to lysosomes by chaperone proteins including HSC70
(Singh, 2010). This complex interacts with lysosome-associated membrane protein 2 (LAMP-
2A), the protein is unfolded, and taken up into lysosome (Singh, 2010). Following convention,
autophagy refers to macroautophagy. Autophagy is regulated by both anabolic and catabolic
signals. Insulin, stress signals, growth factors, and nutrient deprivation activates c-Jun N-
terminal kinase which phosphorylates BCL-2 releasing ATG6/Beclin-1(Singh, 2010). Along
with this process, mTORCL1 is inhibited activating a complex including Unc-51-like kinase-1
(ULK1), ATG13, ATG10, and Focal adhesion kinase family-interacting proteins of 200 kDA
(FIP200) (Singh 2010, Choi, Ryter et al. 2013). Beclin-1 forms the autophagy initiation complex

by interacting with UV radiation-resistance associated gene protein (UVRAG), vps15, vps30,

11



vps34, ATG14L (Singh 2010,Choi,Ryter et al. 2013). The initiation complex is mobilized to the
site of limiting membrane formation to start forming the phagophore (Singh 2010,Choi, Ryter et
al. 2013). ATG proteins are recruited

to the phagophore leading to elongation of the membrane around cellular content (Singh 2010,
Choi,Ryter et al. 2013). ATG7, a protein vital for elongation of the membrane, conjugates

ATG5 and ATG12 and converts LC3-1 to LC3-11 by addition of phosphatidylethanolamine

Activation INK
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!
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Atg5 + Atgl2 LC3-1 = LC3-l
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Figure 3: Autophagy. Autophagy activation results in the formation of an initiation complex
that forms a double membrane phagophore. Autophagy protein, ATG7 performs two
conjugation steps Atg5 to Atgl12 and converts LC3-1 to LC3-1I. LC3-11 is present on the
limiting membrane which elongates allowing the ends to fuse together. An autophagosome
forms from the limiting membrane with cellular components inside. Autophagosome travels to
the lysosome and fuses releasing content to be metabolized.

Adapted from (Singh 2010, Levine and Kroemer 2008, Kaushik, Singh et al. 2010, Choi, Ryter

et al. 2013).
12



residue (Singh 2010, Choi,Ryter et al. 2013). LC3-11 attaches to the limiting membrane in an
ATG7 and ATG3 dependent manner and is the best-known marker for autophagy (Singh 2010,
Choi,Ryter et al. 2013). The elongating membrane forms a double membrane vesicle, an
autophagosome (Singh 2010, Choi, Ryter et al. 2013). Autophagosomes travel to the lysosome
releasing their contents for lysosomal degradation (Singh 2010, Choi,Ryter et al. 2013).
Autophagy regulates the degradation of polyubiquitinated protein aggregates (aggrephagy),
endoplasmic reticulum and peroxisomes (ER-phagy), intracellular pathogens (xenophagy), and
turnover of mitochondria (mitophagy) (Choi, Ryter et al. 2013, Lamark and Johansen 2012,
Lemasters 2005, Bernales, Schuck et al. 2007, Levine,Mizushima et al. 2011, Deretic and Levine
2009). Lipophagy is the term for lipid droplet catabolism through autophagy and first described
in liver of mice (Singh and Cuervo 2012). In hepatocytes, lipophagy contributes to basal
triglyceride metabolism. Pharmacologic or genetic inhibition of autophagy results in
accumulation of lipid droplets in the liver causing hepatic steatosis (Singh, Kaushik et al. 2009).
Lipophagy also regulates lipid droplet metabolism in neurons and foam cells (Kaushik,
Rodriguez-Navarro et al. 2011). Foam cells are cholesterol-laden macrophages of atherosclerotic
lesions and in many ways seem similar to ATMs. (Ouimet, Franklin et al. 2011, Liao, Sluimer et
al. 2012, Razani, Feng et al. 2012). In foam cells, cholesterol ester filled lipid droplets (CE-LDs)
are metabolized through both neutral cytosolic lipases and lipophagy (Ouimet, Franklin et al.
2011). Autophagy has been examined in the setting of AT and genetic ablation of autophagy in
AT resulted in decrease lipid accumulation in adipocytes and resistance from diet-induced
obesity in mice (Singh, Xiang et al. 2009, Zhang, Goldman et al. 2009). Obesity has been found
to regulate autophagy and dysregulation leads to progression of atherosclerosis, hepatic steatosis,

and insulin resistance (Ost, Svensson et al. 2010, Yang, Li et al. 2010, Kovsan, Bluher et al.
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2011, Liao, Sluimer et al. 2012, Razani, Feng et al. 2012, Nunez, Rodrigues et al. 2013). In AT,
autophagy is increased during obesity (Ost, Svensson et al. 2010, Kovsan, Bluher et al. 2011,
Nunez, Rodrigues et al. 2013). What has not been examined is how obesity regulates autophagy
in AT immune cells. However, based on our belief that most lipid in ATMs were in lipid droplets
produced by esterification of FFAs and glycerol, we hypothesized that lipophagy would be

critical for normal catabolism.

Lipolysis in Adipocytes

Adipocytes stores fat as a reservoir for the body’s energy demands. During periods of negative
energy balance, mammals increase levels of lipolysis activators such as catecholamine and
glucagon (Nielsen, Jessen et al, 2014). Lipolysis is the catabolism of triglyceride filled lipid
droplets into non-esterified FFAs and glycerol. When released by adipocytes, FFAs and glycerol
can be utilized for energy by other tissues (Nielsen, Jessen et al 2014). The signaling cascade
initiated by catecholamines is the best understood of the catabolic pathways. Activation of 3-
adergenic receptors activates adenylylcyclase increasing cyclic adenosine monophosphate
(cCAMP) intracellular concentrations, which in turn activates protein kinase A (PKA) (Zechner,
Kienesberger et al. 2009, Guo,Cordes et al. 2008). PKA phosphorylates lipid droplet protein
PerilipinA, allowing for activation of neutral lipases (Zechner, Kienesberger et al. 2009,
Guo,Cordes et al. 2008). Perilipins are a family of proteins that coat lipid droplets. There are five
proteins in the perilipin (PLIN) family including perilipin A (PLIN1), adipophilin (PLIN2), tail
interacting protein 47 (PLIN3) S3-12 (PLIN4), and OXPAT/MLDP (PLIN5) (Brasaemle 2007).
With the exception of PLIN4, the proteins in this family have an N-terminal PAT region, which

is a conserved 100 amino acid sequence (Brasaemle 2007). Other structural components of
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perilipin proteins are 11-mer repeat region, hydrophobic cleft, hydrophobic region, acidic
sequence, and 4-helix bundle sequences (Brasaemle 2007). Whole body ablation of PerilipinA,
reduced AT mass due to increased basal lipolysis (Tansey,Sztalryd et al. 2001). Following
phosphorylation of PERILIPIN, the coactivator of adipose triglyceride lipase (ATGL),
Comparative gene identification-58 (CGI-58) is released activating ATGL lipase activity
(Zechner, Kienesberger et al. 2009,Guo Y, 2008 ). Triglyceride hydrolysis is regulated by three
neutral lipases, first is ATGL, which regulates the conversion of triglyceride (TG) into
diacylglycerol (DG) releasing FFA (Zimmermann, Haemmerle et al. 2004, Zechner,
Kienesberger et al. 2009). ATGL appears to be universally expressed but is especially enriched
in cells that depend on lipolysis for normal function including AT, testis, cardiac muscle, and
skeletal muscle (Zimmermann, Haemmerle et al. 2004). ATGL is a patatin like phospholipase
domain containing protein that localizes to lipid droplets (Zimmermann, Haemmerle et al. 2004,
Zechner, Kienesberger et al. 2009). In vitro experiments demonstrated that ATGL is a hydrolase
specific for TG with little activity against cholesterol esters (Kershaw, Hamm et al. 2006).
Consistent with ATGL being the critical lipase in adipocyte TG metabolism, deletion in
adipocytes increases adipocyte TG content thereby increasing AT mass (Ahmadian, Abbott et al.
2011). ATGL has a greater specificity for TG compared to DG or monoacylglycerol (MGs). The
second neutral lipase involved in lipid droplet catabolism is hormone sensitive lipase (HSL), the
dominant DG hydrolase in AT (Osuga, Oka et al. 1999). Whole body ablation of Hsl did not
result in an increase in body weight and there was still significant triglyceride lipase activity
(Osuga, Oka et al. 1999). High fat diet fed Hsl-/- mice had decrease body weight compared to
control mice because they had higher energy expenditure (Harada, Patel et al. 2003,

Zimmemann, Haemmerle et al. 2003). The third neutral lipase is monoglyceride lipase (MGL).
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MGL has no TG and DG lipase activity and whole body ablation of Mgl resulted in accumulation
of MG in AT, brain, and liver (Torngvist and Belfrage 1976, Nielsen, Jessen et al. 2014,

Taschler, Raclner et al 2011).

Insulin is the primary signal that suppresses lipolysis in adipocytes. Insulin’s anti-
lipolytic effect is a result of insulin binding to the insulin receptor causing autophosphorylation
and activating phosphatidylinositol 3-kinase (P13K) to generate phosphatidylinositol-3,4,5-
triphosphate (P1P3) (Nielsen, Jessen et al. 2014). PIP; phosphorylates Protein kinase B (Akt)
which activates phosphodiesterase 3B (PDE3B) that degrades cCAMP therefore inhibiting
lipolysis (Nielsen, Jessen et al. 2014). Decades ago, it was found that compared to smaller
adipocytes larger adipocytes had a reduced response to the anti-lipoytic effects of insulin
suggesting that the size of adipocytes is an important determinant of lipolysis (Olefsky, 1977).
Positive regulators of lipolysis are catecholamines which signal through B-adergenic receptors

and include hormones adrenaline and noradrenaline (Nielsen, Jessen et al. 2014).

Lipid Droplets

All cells store neutral lipid in lipid droplets to have excess energy during high energy
dependent state and substrates for synthesizing cellular lipids and membranes. Lipid droplets are
composed of a neutral lipid core consisting of TG and sterol esters surrounded by a phospholipid
monolayer (Guo,Cordes et al. 2008). The ratio of TG and sterol esters varies depending on the
cell they are in for example adipocytes have mostly TG while macrophage foam cells contain
sterol esters (Walther and Farese 2012). Lipid droplet phospholipid monolayer is composed of
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol (Fujimoto and Parton

2011). The lipid droplet surface contains proteins including perilipins and lipases (Fujimoto and
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Parton 2011). PLIN21 is found predominantly in adipocytes while most non-adipocytes express
PLIN2 and PLIN3 (Brasaemle 2007). Lipid droplets vary in size depending on the cell types they
are in. Small lipid droplets are about 20 nanometers while large unilocular droplets could be
about 100 micrometers in size (Guo,Cordes et al. 2008). Lipid droplets can interact with other
organelles like endosomes. The only known way a lipid droplet is delivered to a lysosome is
when neutral lipid is in an endocytic structure like an endosome or an autophagosome (Walther

nd Farese 2012).

Lipid droplets are synthesized in the membrane of endoplasmic reticulum (ER). The first
step in lipid droplet synthesis is to generate the neutral lipid core. FFAs are conjugated to CoA
by acyl-CoA synthases generating fatty acyl-coA (Shi and Burn 2004). These fatty acyl-coA
substrates are combined with glycerol 3-phosphate molecules by acyl transferase enzymes
including Glycerol -3-phosphate acyltransferase 3 (GPAT3) generating DG (Shi and Burn 2004).
Glycerol3-phosphate eyltransferase 3 (@at3) knockout mice fed a high fat diet resulted in
decreases in body weight and adiposity, suggesting that GPAT3 is important in lipid synthesis in
AT (Cao, Perez et al. 2014). DG molecules are converted into TG through diacylglycerol
acyltransferase (DGAT) enzymes including DGAT-1 and DGAT-2 (Shi and Burn 2004).
Deletion of Dgatl does not reduce the amount of TG in most tissues or in the plasma, but Dgatl
-/- mice are resistant to diet induced obesity due to an increase in energy expenditure suggesting
that Dgatlis important in energy metabolism but not TG synthesis (Smith, Jensen et al. 2000,
Chen, Smith et al. 2002). Whole body ablation of Dgat2 results in mice that die in the postnatal
stage of life due to lack of triglyceride synthesis and appropriate skin barrier (Stone, Myers et al.
2004). Dgat2-/- mice had almost no white adipose tissue and decreased plasma TG, suggesting

DGAT2 contributes to lipid synthesis (Stone, Myers et al. 2004). Due to the ability for a
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compensatory function of the DGAT proteins, a double knockout murine embryonic fibroblast
(MEF) model, DgatlDga® -/- was generated to study TG synthesis in adipocytes (Harris, Hass
etal. 2011). DgatlDga® -/- adipocytes had very low levels of TG and lipid droplets suggesting
DGAT proteins are responsible for the majority of lipid droplet synthesis in adipocytes (Harris,
Hass et al. 2011). Once neutral lipid such as TG is formed in the ER membrane it will become

packaged into the core of a lipid droplet.

There are four proposed mechanisms of how lipid droplets are formed. The first is the
ER budding hypothesis that states as neutral lipid accumulates it forms a lipid droplet in the
bilayer and buds off (Guo,Cordes et al. 2008, Walther and Farese 2012). The second mechanism
is the ER—domain model that states as lipid droplets form they stay connected to the ER
membrane and just become extensions of the ER (Guo, Cordes et al. 2008, Walther and Farese
2012). In this model, lipid and proteins shuttle between the lipid droplet and the ER (Guo,
Cordes et al. 2008, Walther and Farese 2012). The third model is the bicelle model which states
that an entire lipid droplet is excised from the ER (Guo, Cordes et al. 2008, Walther and Farese
2012). The final model is the vesicular budding model that claims a bilayer vesicle forms and is
filled with neural lipid independent of the ER (Guo, Cordes et al. 2008, Walther and Farese
2012). As neutral lipid is formed in the cell there needs to be a mechanism to not only form new
lipid droplets but also to store neutral lipid in existing lipid droplets. As mentioned earlier, if the
lipid droplet is still attached to the ER then neutral lipid and proteins are shuttled between the ER
and lipid droplet allowing for growth of the lipid droplet (Guo, Cordes et al. 2008, Walther and
Farese 2012). Another hypothesis in lipid droplet growth is lipid synthesizing enzymes located
on the lipid droplet itself allow for lipid droplet growth (Guo, Cordes et al. 2008, Walther and

Farese 2012). Lastly, fusion or coalescence of lipid droplets is a proposed to contribute to lipid
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droplet growth (Guo, Cordes et al. 2008, Walther and Farese 2012). Cell death inducing DFF45
like effector (CIDE) proteins are involved in lipid fusion through diffusion of TG molecules
from smaller lipid droplets to larger ones (Sturley and Hussain 2012). One specific CIDE protein
is Fat specific protein of 27 kDa (FSPRWhich localizes to fusion sites of lipid droplets by
interaction with PLIN1 (Gong, Sun et al. 2011, Sun, Gong et al. 2013). Overexpression and
knockdown of FSP27show changes of lipid droplet size (Gong, Sun et al. 2011, Sun, Gong et al.

2013).

Vesicle release from cells

During our studies of lipid trafficking in ATMs we discovered that adipocytes release
vesicles. Extracellular vesicles are a group of bilayer membrane bound structures released from
cells and include apoptotic bodies, microvesicles, exosomes, shedding vesicles, and
microparticles (Raposo and Stoorvogel 2013). They are classified based on size and membrane
proteins they possess (Raposo and Stoorvogel 2013). Microvesicles are derived from the plasma
membrane and are from 100 to 1000 nanometers (Figure 4) (Raposo and Stoorvogel 2013).
Exosomes are about 30-130 nanometers and are detected in biological fluids including
conditioned medium, blood, urine, and cerebrospinal fluid (Raposo and Stoorvogel 2013).
Exosomes are formed when there is an inward invagination of endosomes vesicles, forming a
multivesicular endosome (MVE) (Raposo and Stoorvogel 2013). The MVE travels to the cell
membrane and releases the exosomes (Figure 4) (Urbanelli, Magini et al. 2013). Exosome
membrane markers differ in exosomes depending on their cell of origin but there are also
common proteins that are used to classify extracellular vesicles as exosomes including endosome
associated proteins, MVE biogenesis proteins, and tetraspanin proteins including CD63

(Urbanelli, Magini et al. 2013). Exosomes can carry mRNA, micoRNA, proteins, and lipids to

19



other cells. It had been proposed that acting as cargo carriers, exosomes released from cells
convey signals that can communicate with other cells and affect pathological processes (Raposo
and Stoorvogel 2013). Pathogen infected cells release exosomes that present antigens to immune
cells to elicit a response (Urbanelli, Magini et al. 2013). Exosomes are associated with tumor
progression by increasing angiogenesis and oncogenic pathways (Urbanelli, Magini et al. 2013).
Exosomes can also carry intracellular proteins like WNT proteins and cause intracellular

signaling in target cells (Urbanelli, Magini et al. 2013).

Vesicles in adipose tissue

Previous studies have documented that adipocytes release microvesicles. In conditioned
medium from rat adipocytes, exosomes containing lipid signaling proteins were released upon
stimulation with insulin, palmitate, hydrogen peroxide, and glimepiride and appear to have anti-
lipolytic properties (Muller, Jung et al. 2009). These vesicles are released from stressed large
adipocytes and have been hypothesized to signal smaller adipocytes to inhibit lipolysis (Muller,
Jung et al. 2009). In such a model, the release of these adipocyte-derived exosomes would favor
distribution of lipid to smaller adipocytes (Muller, Jung et al. 2010, Muller, Wied et al. 2011).
These studies suggested that lipid droplet proteins contained within the exosomes including
PLINZ, PLIN2, and PLIN3 contribute to their anti-lipolytic action (Muller, Jung et al. 2009).
Various lipid species are also reported to be present in microvesicles suggesting adipocyte-
derived exosomes could also be a mechanism of direct transfer of lipid out of adipocytes (Muller,

Jung et al. 2009).
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Figure 4: Extracellular Vesicle release: Microvesicles bud off the plasma membrane.
Exosomes form through invagination of the endosomal membrane. The multivesicular
endosome (MVE) fuses with plasma membrane releasing exosomes. Adapted from Raposo
and Stoorvogel 2013)

Lipoproteins

In the liver along with lipid droplet formation, neutral lipids are directed to sites
associated with apolipoproteinB, forming very low density lipoproteins (VLDL) that are secreted
into circulation (Guo, Cordes et al. 2008). There are five types of lipoproteins classified based on
density and size including high density lipoproteins (HDL), low density lipoproteins (LDL),
intermediate density lipoproteins (IDL), very low density lipoproteins (VLDL), and
chylomicrons (CM) (Jairam, Uchida et al. 2012). Adipocytes store cholesterol and even though
adipocytes can synthesize cholesterol, majority of cholesterol comes from the circulation
(Huang, Reardon et al. 2006). In murine adipocytes, lipolytic stimulation through cCAMP

increasing drug, 8-Br, increased ABCAXene expression and therefore increased cholesterol
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efflux from adipocytes (Le Lay, Robichon et al. 2003). There are few studies that claim

adipocytes are capable of releasing cholesterol filled lipoproteins. In human mature adipocytes,

apoA-I loading results in cholesterol efflux and apoE secretion (Bencharif, Hoareau et al. 2010).

Summary

9 Obesity induces adipose tissue macrophage (ATMs) accumulation.

1 ATMs take up lipid in adipose tissu in a manner that is driven by obesity.

1 ATMs catabolize lipid in a lysosomal dependent manner and failure to do so leads to
atrophy of adipose tissue

9 There are two potential pathways of lipid delivery to lysosomes: endosomes and
autophagosomes.

1 Autophagy of lipid droplet (lipophagy) contributes to lipid metabolism in hepatocytes
and foam cells and ablation of autophagy results in lipid accumulation in both cell types.

1 Understanding the release, uptake, and catabolism of lipid in AT will provide insights
into basic physiology.

1 My studies began asking whether lipid in ATMs is delivered to lysosomes via lipophagy

and this lead me to uncover a novel lipid cycle in AT between adipocytes and ATMs that

also contributes to differentiation of monocytes into ATM-like cells
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Chapter I1: Lipophagy does not contribute to lysosomal dependent lipid catabolism in

ATMs

Introduction

Inflammatory properties of adipose tissue (AT) were described in the studies that showed
an increase in tumor necrosis factor-a. expression in human AT from obese individuals
(Hotamisligil, Arner et al. 1995). Following these studies macrophages were demonstrated to
infiltrate into adipose tissue during obesity (Weisberg, McCann et al. 2003, Xu, Barnes et al.
2003). Adipose tissue macrophages (ATMs) have been implicated to be the major source of
inflammatory cytokines in adipose tissue, especially in obesity and insulin resistant states
(Chawla, Nguyen et al. 2011). Some inflammatory functions of ATMs have been studied
through targeted deletion of key inflammatory signaling genes including Jnkl, Ikkb, and Tlr4 in
hematopoietic cells (Arkan, Hevener et al 2005, Solinas, Vilcu et al. 2007, Saberi, Woods et al.
2009). Jnkl deletion in hematopoietic cells did not change adiposity but improved glucose
homeostasis of obese mice (Arkan, Hevener et al. 2005). Ikkb deletion in myeloid cells similarly
improves insulin sensitivity of obese animals (Solinas, Vilcu et al. 2007). Deletion of Tlr4 in
macrophages did not change adiposity but did alter whole body insulin sensitivity (Saberi,
Woods et al. 2009). There are fewer studies that focus on the non-inflammatory functions of
ATMs. However, recent findings suggest that ATMSs contribute to maintenance of AT
homeostasis. Among the non-inflammatory functions of ATMs that have been uncovered is the
role that they play in thermogenesis. In mice, adaptive thermogenesis is regulated by
catecholamines. Sympathetic and adrenally derived epinephrine/norepinephrine drive the

thermogenic switch “beiging” of subcutaneous adipose tissue (Nguyen, Qiu et al. 2011, Qiu,
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Nguyen et al. 2014).  Studies by the Chawla laboratory revealed that ATMs are a critical source
of catecholamines that drive “beiging” of subcutaneous white adipose tissue (Nguyen, Qiu et al.

2011, Qiu, Nguyen et al. 2014).

Recent work from our laboratory has demonstrated that ATMs also take up excess lipid
released by adipocytes. Neutral lipid accumulation within ATMs increases in genetic and diet
induced obese mice and during fasting (Cinti, Mitchell et al. 2005, Kosteli, Sugaru et al. 2010,
Shapiro, Pecht et al. 2013, Xu, Grijalva et al. 2013, Aouadi, Vangala et al. 2014). In obese mice
and humans accumulation of lipid in ATMs is associated with the increases in lysosome
biogenesis genes Lamp2, Lipa, Atp6vlb2, Laptm5, CGtasd Npcl(Xu, Grijalva et al. 2013).
After hydrolysis of lipid in lysosomes, FFAs are effluxed out of the lysosome in part by
Niemann-Pick type C 1 (NPC1) protein transporter (Passeggio J and Liscum L 2005). Release of
FFA from AT is in part dependent upon lysosomal function in ATMs (Xu, Grijalva et al. 2013).
Inhibition of lysosomal function either in vivoor in vitro acute reduces the [FFA] in the
circulation or culture medium, respectively (Xu, Grijalva et al. 2013). Long term inhibition of
ATM’s lysosomal lipase activity leads to AT atrophy. In mice that lack Lysosomal acid lipase
(Lipa) AT is normal in mass and histology at birth and through six weeks of life but then
atrophies so that 20 week old mice have nearly no white AT (Du, Heur et al 2001). Lipa
deficiency in humans resulting in Wolam and CE storage disease also has a phenotype of

massive lipid accumulation in liver and small intestine (Du, Heur et al 2001).

While the importance this catabolic pathway is evidenced by mice and human deficient in
Lipa the mechanism of lipid delivery to the ATMs is not known. Simple mechanisms suggested

by the upregulation of expression of FFA transporters in ATMs including CD36 suggested that
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FFAs were the primary form of lipid taken-up by ATMs. In this model, FFAS are then esterified
in ATMs and form lipid droplets. The only known way for neutral lipids in a droplet to be
delivered to lysosomes is via lipophagy. Lipid droplets do not have a lipid-bilayer membrane,
and therefore, are thought not to be able to fuse with lysosomes. Alternatively, if neutral lipid
were directly taken up by cells the lipid would be found in a membrane bound vesicles, eg
endosomal compartment. A vesicle that is membrane bound could then fuse directly with
lysosomes. In foam cells both mechanism are in action. Cholesterol-rich modified low density
lipoprotein (LDL) is taken up by receptors and enters an endocytic pathway during which
endosomes fuse with lysosome to catabolize cholesterol ester breakdown and the release of free
cholesterol (Schmitz and Grandl 2008, Ouimet, Franklin et al. 2011). Free cholesterol can also
enter the cell directly where it is esterified into cholesterol ester (CE) lipid droplets. CE in these
droplets are then taken into autophagosomes and delivered to lysosomes for catabolism (Paul,
Chang et al. 2008, Ouimet, Franklin et al. 2011). This pathway is named lipophagy, the specific
catabolism of lipid droplets through autophagy. As described above autophagy is a conserved
pathway activated in energy-deprived states(Levine and Kroemer 2008). When activated the
autophagy system degrades cellular components through lysosomal dependent catabolism
(Levine and Kroemer 2008). Autophagy was found to contribute to lipid droplet metabolism in
hepatocytes and ablation of Atg7, a necessary protein for autophagosome formation, in a liver
specific model results in lipid accumulation leading to hepatic steatosis (Levine and Kroemer
2008, Singh, Kaushik et al. 2009). In AgRP neurons, lipophagy contributes to lipid catabolism
by releasing free fatty acids (FFAS) that in turn regulate AgRP signaling pathways controlling
food intake and body weight (Kaushik, Rodriguez-Navarro et al. 2011). Lipophagy was also

shown to be involved in cholesterol ester (CE) lipid droplet turnover in foam cells, releasing
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cholesterol for reverse cholesterol transport (Ouimet, Franklin et al. 2011). Deletion of Atg7in

AT resulted in decrease adipocyte differentiation, AT mass, and improved metabolic phenotypes
(Singh, Xiang et al. 2009). Obesity regulates autophagy levels differently in tissues, for example
in liver autophagy is decreased and in AT autophagy is increased (Yang, Li et al. 2010, Kovsan,
Bluher et al. 2011, Nunez, Rodrigues et al. 2013). How autophagy is regulated during obesity in

ATMs and its contribution to lysosomal dependent lipid catabolism has not been examined.

In summary, macrophages have non-inflammatory functions, which maintain AT
homeostasis including phagocytosis of excess lipid and FFAs. ATMs have a lysosomal
dependent lipid catabolism mechanism, thus we examined lipophagy-dependent delivery of lipid
to lysosomes. Lipophagy contributes to foam cell lipid droplet catabolism and autophagy is
increased in obese AT. Therefore we hypothesized that obesity would upregulate autophagy in
ATMs permitting lipid deliver to lysosomal dependent lipid catabolism (Figure 1). Here we

investigated the role of lipophagy in ATMs and its effect on systemic metabolism.

@ Macrophage Recruitment

Figure 1: Autophagy regulates lysosomal dependent lipid metabolism. During obesity there
are excess FFAs in AT that cause ATM recruitment. ATMs take up FFAs and esterify into lipid
droplets. Autophagy regulates lipid droplet delivery to lysosomes for lipid catabolism.
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Results

Several groups have published that ATMs, like foam cells in atherosclerotic plagues, can
accumulate lipid (Cinti, Mitchell et al. 2005, Kosteli, Sugaru et al. 2010, Shapiro, Pecht et al.
2013, Xu, Grijalva et al. 2013). During weight loss and fasting, macrophages are recruited into
AT and accumulate Oil Red O (ORO) positive structures (Kosteli, Sugaru et al. 2010). ATMs
from genetic or diet induced obese mice also have lipid accumulation and ATMs are seen to
localize around what have postulated to be dead or dying adipocytes(Cinti, Mitchell et al. 2005,
Kosteli, Sugaru et al. 2010, Shapiro, Pecht et al. 2013, Xu, Grijalva et al. 2013, Aouadi, Vangala
etal. 2014). These ATMs would be poised to phagocytose lipid from dead cells (Cinti, Mitchell
et al. 2005, Kosteli, Sugaru et al. 2010, Shapiro, Pecht et al. 2013, Xu, Grijalva et al. 2013,
Aouadi, Vangala et al. 2014). We first measured lipid content in ATMs. Using flow cytometry,
mean BODIPY fluorescence intensity in ATMs from lean and obese mice was analyzed. Obese
ATMs had three times higher BODIPY mean fluorescence intensity then lean ATMs (Figure
2A/B). Increases in lipid accumulation were seen also in obese ATMs using

immunofluorescence staining (Figure 2C).

To begin to understand the function of ATMs and the fate of the lipid that accumulates in
ATMs we studied what happens to lipid overtime. Stromal vascular cells (SVCs) were isolated
from lean and obese perigonadal AT and cultured for 4 hours or 48 hours. SVCs were stained
with Oil Red O, which identifies neutral lipid and we observed that at an initial time of 4 hours,
obese SVCs had more ORO positive staining then lean SVCs. After 48 hours there was a
decrease in size and numbers of ORO positive structures, suggesting lipid catabolism was

occurring in ATMs (Figure 3). Studies in our lab revealed that this observed lipid metabolism
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Figure 2: ATMs accumulate lipid during obesity. Stromal vascular cells were
isolated from C57BL6J/ Lep” (lean) and Lep°”°® (obese) and lipid content was
assessed by flow cytometry. A. Representative histogram of BODIPY fluorescence
in ATMs (CD45+, F4/80+) cells. B. Quantification of BODIPY mean fluorescence
intensity in lean and obese ATMs n=5/group MFI+SEM * P<0.05 **P< 0. 01 ***
P<0.005 C. Immunofluorescence staining was done on SVCs from lean and obese

mice to observe lipid content (BODIPY+) in ATMs (F4/80+)
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Figure 3: Lipid content
decreases over time in ATMs.
SVCs from C57BL6J/Lep ™
(lean) and Lep°®°(obese) were
cultured for 4 hours or 48 hours,
fixed with Z-fix, and stained
with oil red o solution to assess
lipid content over time and
counterstained with
hematoxylin and eosin.



was lysosomal dependent (Xu, Grijalva et al. 2013). In studies where lysosomal function was
inhibited using chloroquine in bone marrow derived macrophages differentiated with AT to
generate BM-ATMs lipid content increased (Xu, Grijalva et al. 2013). Given the role of
lipophagy in foam cells and hepatocytes, we decided to assess autophagy mediated lysosomal

lipid metabolism in ATMs (Singh, Kaushik et al. 2009, ).

First we determined whether obesity regulates autophagy in ATMs. The most frequently
used marker for autophagosomes is the LC3-Il. LC3 is a pro-enzyme which undergoes
activation from form I to form Il (Levine and Kroemer 2008). LC3-1 undergoes conversion to
LC3-1l1 when autophagy is activated and a phosphotidlyethanolamine is added (Levine and
Kroemer 2008). LC3-11 is used as a marker for autophagy because the more LC3-11 protein
present, the more autophagosomes there are in the cell (Levine and Kroemer 2008). In whole
AT, we confirmed already published results that in genetic and diet induced obese mice there
was an increase in LC3-11 levels compared to lean AT (Figure 4) (Kovsan, Bluher et al. 2011,
Nunez, Rodrigues et al. 2013). Autophagy is regulated by nutrition deprivation therefore we
assessed if autophagy is regulated similarly in AT (Komatsu, Waguri et al. 2005). After a 24 fast,
LC3-II levels were increased in liver and a 4 hour refed period was sufficient to suppress
autophagy in the liver (Figure 5A/B). Unexpectedly, autophagy was not increased after a 24 hour
fast in AT (Figure 5C/D). We extracted protein from SVCs and assessed LC3 protein levels
after treatment with chloroquine to accurately detect LC3-11 protein levels. Since LC3-11 levels
could increase due to an upregulation of autophagy or due to a lysosomal clearance problem,
adding chloroquine to inhibit lysosomal function distinguishes between these two possibilities. If
LC3-II levels are the same with and without chloroquine, then there is a lysosomal

autophagosome turnover defect. An increase in LC3-11 levels after chloroquine treatment
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suggests an increase in autophagy. Without chloroquine obese SVCs had increased LC3-11 levels
compared to lean SVCs; after chloroquine treatment there was a further increase in LC3-11
suggesting obesity upregulates autophagy in SVCs (Figure 6A/B). Pre-adipocytes and immune
cells compromise the stromal vascular fractions therefore we used immunofluorescence staining
to assess autophagy in primary ATMs. Lean SVCs had LC3 staining in both ATMs and non-
ATMs while in diet induced obese mice (DIO) and Lep’®°PSVCs, LC3 and BODIPY staining
was higher in ATMs (Figure 7). We further studied autophagy regulation in in vitro
differentiated ATM-like cells BM-ATMs. BM-Macs were serum starved resulting in an increase
in LC3-11 protein levels (Figure 8A and 8B). BM-ATMs had an increased conversion of LC3-I to
LC3-11 compared to BM-Macs but similar levels of LC3-11 protein (Figure 8A). BM-ATMs have
an activation of a lysosomal program (Xu, Grijalva et al 2013). Possible explanations for the lack
of differences in LC3-11 levels between BM-Macs and BM-ATMs are that autophagy is not
activated in BM-ATMs or there is rapid turnover of autophagosomes due to increase lysosomes.
When lysosomal autophagosome turnover was inhibited with chloroquine, there was a significant
increase in LC3-11 protein levels, suggesting there is indeed an upregulation of autophagy in
BM-ATMs (Figure 8A and 8B). We also assessed autophagy in BM-ATMs using
immunofluorescence staining. There was increase LC3 staining in BM-ATMs compared to BM-
Macs (Figure 8C). There was a 3-fold increase in LC3 fluorescence per macrophage in BM-
ATMs (Figure 8D). Autophagy is regulated by both acute and chronic stimuli; therefore we
studied how an acute lipid stimulus would regulate autophagy. Since BM-Macs were
differentiated with AT for three days we added AT for only one day. There was an increase in

LC3-II levels in BM-ATMs and BM-ATMs treated with chloroquine compared to BM-Macs
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Figure 4: Autophagy is upregulated
during obesity in perigonadal
adipose tissue. A. Western blots
analysis of autophagy protein (LC3)
and loading control (B-actin). Protein
was extracted from adipose tissue of
C57BL6J/ Lep” (lean) and Lep®”P
(obese) and high fat diet fed lean mice
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Figure 5: Fasting does not upregulate autophagy in adipose tissue. 12 week old C57BL/6J
mice were fasted for 24 hours and sacrificed or refed for 4 hours then sacrificed. Liver and
perigonadal adipose tissue protein was extracted to assessed autophagy using anti-LC3
antibody. A. LC3 and B-actin protein levels in Liver C. in PGAT B/D. Quantification of LC3-1I
protein levels normalized to -actin. n=5/ group *P<0.05 ** P<0.01 *** P<0.005
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Figure 6: Autophagy increased
in obese stromal vascular cells.
LC3-] . Western blots for autophagy
LC3-1I protein (LC3) and loading control
. e e e (B-actin) A. SVCs were isolated
Bractihl U M from C57BL6J/Lep™ (lean) and
g e g Lep™°P(obese) and cultured
Obese vs Lean SVC overnight. SVCs were treated with
chloroquine (+CQ) to inhibit
lysosomal function for 16 hours.

A Lean Lean +CQ Obese Obese+ CQ

2.0 g EEEE +ca Protein was extracted and analyzed
'-§ - ; 82::: 5B using western blot antibodies
@ against anti-LC3 and anti-p-actin.
g 197 . B. Quantification of LC3-11 levels
~ 05 normalized to B-actin. n=4/group
sl = *P<0.05 lean vs obese +P<0.05 ++

P<0.01 lean +CQ vs obese +CQ

Lean SVC

Figure 7: Autophagy increased in obese grimary ATMs. SVCs from C57BL6J/Lep”" (lean),
C57BL6J fed high fat diet (DIO), and Lep®°°(obese) were cultured overnight. 1:300 v/v
BODIPY was added to SVCs to observe lipid content. SVCS were fixed, methanol
permeabilized, and stained with anti LC3 (autophagy) and anti-F4/80 (macrophage) antibodies.
DAPI was used to visualize nuclei.
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Figure 8: Autophagy levels in BM-ATMs. Bone marrow cells were isolated and
differentiated with M-CSF1 to generate BM-Macs and further differentiated with adipose
tissue to generate BM-ATMS A. BM-Macs were serum starved for 16 hours and BM-ATMs
were treated with chloroquine CQ for 16 hours. Protein was extracted and LC3 and B-actin
protein levels were assessed using western blot. B. Quantification of LC3-I1 proteins levels
were normalized to B-actin levels. n=3/ group * P<0.05 ** P<0.01 *** P<0.001 C.
Immunofluorescence staining was done for nuclei (DAPI), lipid (BODIPY), autophagy
(LC3), and macrophages (F4/80) on BM-Macs and BM-ATMs. D. Quantification of LC3
fluorescence intensity in macrophage area determined using Nikon NIS elements software
from 3 independent experiments 40 samples total/ 8 well/ 5 images/per well averaged images
per well n=8 * P<0.05 ** P<0.01 *** P<0.001.
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Figure 9: Autophagy is upregulated in BM-Macs after acute lipid stimulus. Bone
marrow cells were differentiated with M-CSF1 to make BM-Macs and further
differentiated with adipose tissue for a day to assess acute lipid access regulation of
autophagy A. BM-ATMs were treated with chloroquine CQ for 16 hours and protein was
extracted. Proteins were run on western blot to assess LC3 and p-actin protein levels. B.
Immunofluorescence staining was done on BM-Macs and BM-ATMs for lipid (BODIPY),

autophagy (anti-LC3), macrophage (anti-F4/80)
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Figure 10: Autophagy is increased in BM-foam cells. Bone marrow cells were
differentiated with M-CSF1 to generate BM-Macs. To generate BM-foam cells BM-Macs
were treated with 150 pg/mL aceylated low density lipoprotein (Ac-LDL) for 24 hours. A.
BM-Macs and BM-foam cells were treated with cholorquine (CQ) for 16 hours. Protein was
extracted from BM-Macs and BM-foam cells and ran on western blot. Antibodies against
anti-LC3 and anti-B-actin. B. Immunofluorescence staining was done to assess lipid content
(BODIPY), autophagy (LC3), and macrophages (F4/80). C. LC3 fluorescence was quantified
per total macrophage area in BM-Macs and BM-ATMs. 4 independent experiments 60
samples total/ 9 well/ 5 images/per well averaged images per well n=11
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(Figure 9A). Immunofluorescence staining also demonstrated an increase in LC3 staining in BM-
ATMs (Figure 9B). As a control we measured autophagy in foam cells. Lipophagy was found to
mediate CE lipid metabolism in foam cells. BM-Macs were treated with 150 pg/mL acyelated
low density lipoproteins for 24 hours to generate BM-foam cells. As expected BM-foam cells
had increased LC3-11 levels compared to BM-Macs (Figure 10A). To assess lysosomal flux, we
treated BM-Macs and BM-foam cells with chloroquine, both of which increased LC3-11 levels
compared to untreated but BM-foam cells with chloroquine had higher levels of LC3-11 (Figure
10A). Cholesterol loading BM-Macs resulted in increase in lipid content and LC3 fluorescence

intensity (Figure 10B and 10C).

Given autophagy’s importance in lipid metabolism in hepatocytes and foam cells and its
upregulation in ATMs, we generated mice in which autophagy was impaired by deleting Atg7 in
myeloid cells (Singh, Kaushik et al. 2009, Ouimet, Franklin et al. 2011). We crossed LysMCre
mice, which express Cre in myeloid lineages with Atg7’" mice to generate in the F2 generation
mice that lacked autophagy in myeloid cells (Clausen, Burkhardt et al. 1999, Komatsu, Waguri et
al. 2005). DNA was isolated from blood immune cells and PCR analysis using primers flanking
the floxedallele was performed. The floxedallele was present in all mice since all were Atg7""
positive mice (Figure 11A). LysMCre-/- mice had no deleted allele band, while LysMCre +/- and
LysMCre +/+ mice had the deleted alleles (Figure 11A). We also examined ATG7 protein levels
in BM-Macs. ATG7 protein was detected in adipocytes and LysMCre -/- mice (Control), but
there was no ATG7 protein in LysMCre +/- and LysMCre +/+( Mac “*9°) mice (Figure 11B). To
Atg7KO

ensure deletion in AT, we extracted protein from perigonadal AT from control and Mac

lean and diet induced obese mice. Even though myeloid cells are only a fraction of cell types in

48



B Cre-/- Cre +/- Cre +/+
A Atg7 f/f Atg7 t/f Atg7 f/f

ADIPOCYTE

Cre-/- Cre +/- Cre +/+
Atg7 f/f Atg7 f/f Atg7 f/f Atg 7

Flox allele
Deleted allele B-actin

Figure 11:Atg7 was sufficiently deleted in LysMCre+Atg7"" mice. A. DNA was extracted
from blood immune cells from LysMCre-/-Atg7", LysMCre+/-Atg7", and LysMCre+/+Atg 7"
PCR analysis was done to detect the deleted Atg7allele. B. Protein from BM-Macs was
analyzed using western blot to assess Atg7 protein levels with antibodies against anti-Atg7 and
anti-p-actin.
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Figure 12: Autophagy proteins were reduced in whole perigonadal adipose tissue from
Mac™'9"%° mice. Protein was extracted from perigonadal adipose tissue from lean and diet
induced obese (D10) littermate controls (Atg7 ™) and Mac “9" %° (LysMCre+Atg7"). Western
blots were done with antibodies against anti-Atg7, anti-LC3 and anti-p-actin.
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Figure 13: Autophagy regulates lipid metabolism in BM-foam cells. Bone marrow (BM) cells
from control (Atg7 ™) and Mac ~9" % (LysMCre+Atg7’) mice were isolated and differentiated
with BM culture medium with M-CSF1. BM-Macs were treated with 150 ug/mL acyelated low
density lipoproteins to generate BM-foam cells. A. Immunofluorescence staining was done using
BODIPY (lipid), anti-LC3 antibodies (autophagy), and anti-F4/80 antibodies (macrophages), DAPI
(nuceli). B. Quantification of BODIPY fluorescence/macrophage area from 4 independent
experiments 60 samples total/ 9 well/ 5 images/per well averaged images per well n=11. * P<0.05
** P<0.01 *** P<0.005 comparison to genotype (control or Mac ' “°) with no AcLDL + P<0.05
comparison between control and Mac A%’ © BM-foam cells
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Figure 14: Pharmacological inhibition of autophagy in BM-ATMs does not increase
lipid content. Bone marrow (BM) cells were differentiated with BM culture medium and M-
CSF1 and adipose tissue to generate BM-ATMs. BM-ATMs were treated with 5mM 3-
Methyladenine (3-MA) or diH,0 for 16 hours. Treated and non-treated BM-ATMs were
stained with DAPI (nuclei), BODIPY (lipid), anti-LC3 antibody (autophagy), and anti-F4/80
antibody (macrophage) to assess lipid content upon autophagy inhibition.
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AT, there was a reduction of ATG7 and LC3-Il, suggesting deletion of Atg7in myeloid cells in
AT (Figurel2). After determining efficient deletion of Atg7in ATMs, we sought to observe how
autophagy regulates lysosomal dependent lipid metabolism. Since autophagy has a role in foam

Atg7KO

cell lipid metabolism, we utilized BM-foam cells from control and Mac mice as a positive

control. Cholesterol treatment increased BODIPY fluorescence in both control and Mac9™©
BM-Macs (Figure 13). As reported, Mac*™° BM-foam cells had significantly higher BODIPY
fluorescence per macrophage area compared to control BM-foam cells, suggesting lipophagy is
required for CE lipid metabolism in foam cells (Figure 13). To study autophagy’s contribution to
lipid metabolism in ATMs, we treated BM-ATMs with 3-methyladenine (3-MA), an autophagy
inhibitor and assessed lipid content. 3-MA treatment did not increase BODIPY staining in BM-
ATMs compared to non —treated BM-ATMs (Figure 14). Next we used a myeloid Atg7 deletion
mouse model to examine lipid accumulation in BM-ATMs and primary ATMs. Unexpectedly

and unlike foam cells, BM-ATMs deficient in Atg7did not have a significant difference in

BODIPY fluorescence compared to control BM-ATMs (Figure 15).

Autophagy in macrophages has been implicated to be important in macrophage
differentiation and since we assessed BODIPY fluorescence per macrophage area, we wanted to
ensure that there was not an effect on differentiation or survival of cells (Jacquel, Obba et al.
2012). We used flow cytometry to quantify macrophage numbers. Control and Mac*'9™° BM-
Macs had similar FB (F4/80+ and Cd11b+) ATMs (Figure 16). There was also no difference in
FB (F4/80+ and CD11b+) ATM:s in control and Mac™9™® BM-ATMs (Figure 16). SVCs from
control and Mac™'9™® lean mice that were fasted for 24 hours to induce lipid accumulation and
autophagy in ATMs were isolated. We utilized flow cytometry to assess lipid content in total

ATMs or two subpopulations of ATMs, FB (F4/80+ and Cd11b+) and FBC (F4/80+ , Cd11lb+,
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Figure 15: Lipophagy does not regulate lysosomal dependent lipid metabolism in BM-
ATMs. Bone marrow (BM) cells from control (Atg7 ™) and Mac 9 ¥° (LysMCre+Atg 7"
mice isolated and differentiated with BM-culture medium and M-CSF1 and adipose tissue to
generate BM-ATMs. A. Immunofluorescence staining was done using DAPI (nuclei), BODIPY
(lipid), anti-LC3 antibody (autophagy), and anti-F4/80 antibody (macrophages). B.
Quantification of BODIPY fluorescence intensity in total macrophage area was determined
using Nikon NIS elements software from 3 independent experiments 40 samples total/ 8 well/ 5
images/per well averaged images per well n=8 * P<0.05 ** P<0.01 *** P<0.001 compared to

genotype BM-Macs

% Percent F4/80+ Cd11b+

Control vs Mac 97 X0 in vitro ATMs

-
o
g

@
<

2]
o
1

'S
<

)
<

o

Control BM-Macs
Mac A€7%0 BM-Macs
Control BM-ATMs
Mac Ae7K0 BM-ATMs

52

Figure 16: Autophagy does not
regulate myeloid cell
differentiation. Bone marrow (BM)
cells from control (Atg7™) and Mac
AGTKO (| ysMCre+Atg7"") mice were
isolated and differentiated with BM
culture medium with M-CSF. BM-
Macs and BM-ATMs were analyzed
with flow cytometry. Quantification
of % percent of F4/80 + CD11b+
cells out of live cells
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Figure 17: Autophagy does not regulate lipid accumulation in lean primary ATMs.
Standard chow diet fed lean littermate controls (Atg7”") and Mac A9” ¥° (LysMCre+Atg 7"
mice were fasted for 24 hours and SVCs were isolated from perigonadal adipose tissue and
analyzed with flow cytometry. Representative FACS histograms are shown for BODIPY
intensity from CD45+ F4/80+ gate (total macrophages), CD45+ F4/80+Cd11b+ gate (FB),
CD45+ F4/80+ CD11b+ CD11c+ gate (FBC). Mean fluorescence intensity for BODIPY was

quantified from all three different macrophage populations. Control n=4 Mac
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Figure 18: Autophagy does not regulate lipid accumulation in obese primary ATMs.
Littermate controls (Atg7™) and Mac A" K° (LysMCre+Atg7") mice were fed a 60% kCal
high fat diet for 16 weeks and fasted for 24 hours. SVCs were isolated from perigonadal

adipose tissue and analyzed using flow cytometry. Representative FACS histograms are shown

for BODIPY intensity from CD45+ F4/80+ gate (total macrophages), CD45+ F4/80+Cd11b+

gate (FB), CD45+ F4/80+ CD11b+ CD11c+ gate (FBC). Mean fluorescence intensity for

EOODIPY was quantified from all three different macrophage populations. Control n=4 Mac
n=11

Atg7
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and Cd11c+). Histogram graphs of BODIPY fluorescence in total ATMs, FB, and FBC showed
no different between lean control and Mac™9™® (Figure 17A). We quantified mean BODIPY
fluorescence intensity in ATMSs and found no differences between control and Mac**9™® |ean
mice (Figure 17B). We also examined ATMs from diet induced obese (DIO) mice and found that
total ATMs, FBs, and FBCs had similar lipid content as control cells (Figure 18A). Between
control and Mac™'9™° ATMs there was no significant difference in lipid in all ATMs and the
subpopulations of FBs and FBCs (Figure 18B). The lack of differences in lipid was not because
there were differences in macrophages percentages between control and Mac™'9™° mice (Figure
19). There was the same expected increase in ATMs with obesity, decrease in FB percentages,
and increase in FBC percentages between control and Mac*®™° mice (Figure 19). To visualize
the lipid content in ATMs, we isolated SVCs from DIO control and Mac™*9™° mice and stained
for lipid using BODIPY. We did not observe any differences, in BODIPY staining (Figure 20A).
Also, in primary ATMs (CD45+ and F4/80+) isolated by flow cytometry Atg7 deficiency did not
change lipid content in primary ATMs (Figure 19B). Functional compensation can occur in

some models of targeted genetic deficiency. Therefore we assessed if neutral lipase activity was
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Figure 20: Lipophagy does not regulate lipid accumulation in DIO primary ATMs. SVCs
from lean and diet induced obese (DIO) littermate controls (Atg7 ") and Mac 9" *©
(LysMCre+Atg7") mice were isolated and cultured overnight. A. Immunofluorescence staining
was done on lean and DIO SVC using BODIPY for lipid content, anti-LC3 antibody for
autophagy, anti-F4/80 antibody for macrophage marker, and DAPI for nuclei. B. SVCs were
fixed and stained with Oil Red O solution and hematoxylin and eosin.
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Figure 21: Neutral lipase (ATGL) protein levels are not increased to compensate for
lipophagy deficiency in Mac A9 *° PGAT. Protein was extracted from perigonadal adipose
tissue from lean and diet induced obese littermate controls (Atg7"") and Mac A" <©
(LysMCre+Atg7™). Western blots were done with antibodies against anti-ATGL and anti- -

actin.
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Figure 22: Lysosomal inhibition induces lipid accumulation in BM-ATMs from
control and Mac “"9"“°. Bone marrow (BM) cells from control (Atg7 f/f) and Mac A'9"%°
(LysMCre+Atg7f/f) mice were isolated and differentiated with BM culture medium M-
CSF1 to generate BM-Macs. BM-Macs were further differentiated with adipose tissue to
generate BM-ATMs. BM-ATMs were treated with chloroquine (CQ) for 16 hours to inhibit
lysosomal activity. BM-ATMs were stained with BODIPY, anti-LC3 antibody, and anti-
F4/80 antibody, and DAPI.
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upregulated due to loss of lipophagy in ATMs. ATGL protein levels in perigonadal AT from lean

and DIO control and Mac™97™©

mice were similar, suggesting there was no compensatory
increase in the expression of the key neutral lipase of lipid droplets (Figure 21). As a control and
to confirm previous findings we examined lysosomal contribution to lipid accumulation in BM-
ATMs. Inhibiting lysosomes with chloroquine resulted in an increase in BODIPY staining in
both control and Mac™9™° ATMs suggesting lipid metabolism is regulated by lysosomes but
autophagy does not regulate lipid delivery to the lysosomes in ATMs (Figure 22).

While we could not detect any changes in lipid content of ATMs in the absence of
autophagy, it seemed possible that there might be systemic consequences. Lean littermate
controls (Atg7"") and Mac*9™® (LysMCre+Atg7"") were maintained on standard chow low fat
diet for the entirety of the study. Body weight was monitored starting at 10 weeks old till 19

weeks old when the mice were sacrifice. From 10-19 weeks, Mac”9™°

mice had lower body
weight then control mice (Figure 23A). This difference in body weight was not observed in
another cohort studied (Figure 33A). We assessed lean mass and adiposity in mice using NMR
analysis, there were no significant differences in percent lean mass or fat mass (Figure 23B and
23C). Lean control and Mac*9™° mice were sacrificed at 19 weeks old. We measured tissue
weight and normalized the tissue weight to body weight and found no significant differences in
AT depots, liver, and spleen (Figure 24). Circulating lipid parameters were assessed throughout
the study either after a 6 hour fast (fasted state) or during the light cycle (fed state);
concentrations of serum triglyceride and non-esterified fatty acids were not different between
Mac™'9° and control mice (Figure 25A, 25B, and 33B). We also assessed glucose and insulin

concentrations in blood and serum during fast and fed states; there were no consistent differences

(Figure 26A, 26B and 33C). AT development was assessed by sectioning and hematoxylin and
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Figure 23: Ablation of autophagy in myeloid cells does not result in consistent
alterations in body weight, lean mass, or adiposity in lean state. Littermate controls (Atg7
Ty and Mac A9 ¥° (LysMCre+Atg7"") mice were studied for metabolic phenotypes starting
at 10 weeks till 19 weeks old including A: Body weight (grams). Using NMR equipment,
lean and fat mass was measured B. Lean mass as a percent of body weight (% grams) C: Fat
mass as a percent of body weight (% grams)
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Figure 25: Ablation of autophagy in myeloid cells does not result in consistent
alterations in lipid parameters. Littermate controls (Atg7"") and Mac 9" <©
(LysMCre+Atg7"") mice were studied for metabolic phenotypes starting at 10 weeks till 19
weeks old . Mice were bleed after a 6 hour fast or 6 hours into light cycle (fed) and serum
metabolites were measured through the study including A: Serum triglycerides (mg/dL) and
B. Serum non-esterified fatty acids (mmol/L) * P<0.05 ** P<0.01 *** P<0.005 comparison
between control and Mac 9 ° _ Control n= 7 Mac 9" *° n= 18
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Figure 26: Ablation of autophagy in myeloid cells does not result in consistent alterations
in glucose homeostasis. Littermate controls (Atg7 ™) and Mac 97 K° (LysMCre+Atg7"") mice
were studied for metabolic phenotypes starting at 10 weeks till 19 weeks old . Throughout the
study, mice were bleed after a 6 hour fast (fast state) or 6 hours into light cycle (fed state) and
serum metabolites were measured including A: Serum glucose (mg/dL) and B. Serum insulin
(ng/mL) * P<0.05 ** P<0.01 *** P<0.005 comparison between control and Mac 9" ¥© .
Control n= 7 Mac 9" ¥° n=18

59



Control Mac Ate7 KO

/B s / ¢ = "y 4 ' N,

Figure 27: Ablation of autophagy in myeloid cells does not result in alterations in
adipose tissue development. Perigonadal adipose tissue from littermate controls (Atg7 ™)
and Mac ~9" % (LysMCre+Atg7"") mice was fixed, sectioned, and hematoxylin and eosin
stained.

eosin staining of perigonadal AT and there were no morphologic differences between control and

Mac™9° mice (Figure 27).

Given that we did not observe any consistent metabolic phenotype in the lean state we
asked whether a metabolic stress such as obesity would elicit a phenotype. Littermate control
(Atg7") and Mac*9™° (LysMCre+Atg7"") mice were placed on a 60% kilocalories fat diet for 16
weeks. Baseline body weights and for the following 16 weeks were not different between control

Atg7KO

and Mac mice (Figure 28A). Adiposity increased and fraction of lean mass decreased

throughout high fat diet feeding but no differences were observed between control and Mac”'9™*©°
mice (Figure 28B and 28C). After 16 weeks of high fat diet, there were no differences in AT
depots including subcutaneous, perigonadal, or in the liver, and spleen between control and
Mac™9™° mice (Figure 29). The concentration of serum triglycerides and non-esterified fatty
acids were measured throughout the course of the study during fasted and fed states; there were
no consistent differences (Figure 30, 33D, and 33E). Glucose homeostasis was not altered in diet

Atg7KO

induced obese Mac mice compared to controls as assessed by circulating glucose and
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insulin concentration during fasted and fed states throughout the 16 weeks of the study (Figure
31A, 31B, and 33F). Adipocyte hypertrophy was observed in perigonadal AT after high fat diet
Atg7KO

feeding but no gross differences in adipocyte size or number between control and Mac mice

were observed (Figure 32).

Given that we did not observe any differences in lipid content or metabolic phenotypes
between control and Mac™ ™ but we initially observed an upregulation of autophagy in lipid
laden ATMs we further examined what a the role for autophagy could be in ATMs. Mitophagy is
the clearance of mitochondria through an autophagy regulated process (Zhou, Yazdi et al. 2011).

Atg7KO USing

We assessed mitochondria staining in BM-ATMs between control and Mac
mitotracker and found an increase in mitotracker staining in Mac™9*® BM-ATMs suggesting

that autophagy could be upregulated during obesity for mitochondria clearance (Figure 34).
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Figure 28: Ablation of autophagy in myeloid cells does not result in consistent
alterations in body weight, lean mas, or adiposity in diet induced obese state. Littermate
controls (Atg7”") and Mac 97 ° (LysMCre+Atg7") mice were studied for metabolic
phenotypes. Beginning at 10 weeks mice were fed a 60% of calories from fat diet for 16
weeks until 26 weeks old. Throughout the study A: Body weight (grams) B. Lean mass as a
percent of body weight (% grams) C: Fat mass as a percent of body weight (% grams) were
measured Control n= 4 Mac 9’ *° n=13
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Figure 29: Ablation of autophagy
in myeloid cells does not result in
consistent alterations in tissue
weights in diet induced obese state.
At 26 weeks old, littermate controls
(Atg7™) and Mac A7
(LysMCre+Atg7'") mice were fasted
for 24 hours and sacrificed. Tissue
weights were measured and
quantified as a percentage of body

weight (% grams) Control n=4 Mac
Atg7 KO n= 13
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Figure 30: Ablation of autophagy in myeloid cells does not result in consistent alterations in
lipid parameters in diet induced obese state. Beginning at 10 weeks old, littermate controls
(Atg7™) and Mac 97 ° (LysMCre+Atg7") mice were fed a 60% of calories from fat diet for 16
weeks until 26 weeks old. Mice were bleed after a 6 hour fast (fast state) or 6 hours into light
cycle (fed state) and serum metabolites were measured through the study including A: Serum
triglycerides (mg/dL) and B. Serum non-esterified fatty acids (mmol/L) * P<0.05 ** P<0.01 ***
P<0.005 comparison between control and Mac %" . Control n= 4 Mac %' ° n=13
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Figure 31: Ablation of autophagy in myeloid cells does not result in consistent
alterations in glucose homeostasis in diet induced obese state. Beginning at 10 weeks old,
littermate controls (Atg7"") and Mac ~9" *° (LysMCre+Atg7") mice were fed a 60% of
calories from fat diet for 16 weeks until 26 weeks old. Mice were bleed after a 6 hour fast
(fast state) or 6 hours into light cycle (fed state) and serum metabolites were measured
through the study including A: Serum glucose (mg/dL) and B. Serum insulin (ng/mL) *
P<0.05 ** P<0.01 *** P<0.005 comparison between control and Mac 9" “© . Control n= 4
Mac A9 K9 n=13
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Flgure 32: Ablatlon of autophagy in myeloid cells does not result in alterations in
adipose tissue development in diet induced obese. Perigonadal adipose tissue from
littermate controls (Atg7™") and Mac ~9" %© (LysMCre+Atg7"") mice was fixed, sectioned,
and hematoxylin and eosin stained.
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Figure 33: Repeat cohorts did not result
in consistent metabolic changes. We
examined lean and diet induced obese
cohorts from littermate controls gAtg7f’f)
and Mac A9 % (LysMCre+Atg7") mice
to see if significant differences we had
observed were reproducible. Mice were
studied at the same age from previous
cohorts and metabolic phenotypes were
measured in a similar way as previous
cohorts. A. Lean body weight (grams) B.
At 15 weeks old 6 hour fasted serum non-
esterified fatty acids (mmol/L) measured.
C. At 19.5 weeks old, 6 hours into light
cycle serum insulin (ng/mL) was
measured Lean Control n=3 Lean
Mac”™¢"€® n= 11 B. D. Serum triglyceride
(mg/dL) was measured at different time
points through high fat diet study E.
Serum non-esterified fatty acids (mmol/L)
was measured at different time points
through high fat diet study F. At 15 weeks
old, mice were fasted for 6 hours and
serum insulin (ng/mL) was measured DIO
Control n= 3 DIO Mac™%"*° n=10



Control ATMs

Figure 34: Increased mitotracker staining in Mac”*'"“° BM-ATMs. Bone marrow (BM)
cells from control (Atg7f/f) and Mac ~9"%° (LysMCre+Atg7f/f) mice were isolated and
differentiated BM culture medium with M-CSF to generate BM-Macs. BM-Macs were further
differentiated with adipose tissue to generate BM-ATMs . BODIPY and mitotracker were
added to BM-ATMs before they were fixed and stained with anti-F4/80 antibody.

Conclusions

We explored lipophagy’s role in ATMs and how ablation in macrophages affects whole
body metabolism. When lipophagy is impaired in liver and foam cells, cellular lipid
accumulation occurred, which resulted in metabolic consequences such as hepatic steatosis and
decreased reverse cholesterol transport (Singh, Kaushik et al. 2009, Ouimet, Franklin et al.
2011). First we confirmed lipid accumulation in ATMs isolated from obese mice and that lipid
catabolism is normally functioning (Figure 2 and 3). Before we explored lipophagy’s role in
ATMs we determined how autophagy is regulated in AT, SVCs, and ATMs. As reported,
autophagy is increased in obese AT (Figure 4). Different from other tissues like liver, autophagy
is not increased in AT after a 24 hour fasting, which would be evolutionarily beneficial since AT
is meant to provide energy substrate, FFAS to other tissue during starvation periods (Figure 5).
Autophagy was increased in the stromal vascular fraction more specifically in BM-ATMs and

primary ATMs, suggesting it could regulate processes that are necessary during obesity like
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lysosomal dependent lipid catabolism. Unlike in foam cells, lipophagy did not contribute to
lysosomal dependent lipid catabolism in ATMs and metabolically these mice had no consistent
alterations (Figure 14-33). A few questions that arose from our studies are what makes ATMs
different from other tissue macrophages and how does the resident tissue of the macrophage
contribute to their differentiation and function. The following chapter will explore the AT

specific monocyte differentiation.

What also remains unanswered is what autophagy is important for in ATMs. It is
probable that autophagy is important for basal pathways and there is not one specific pathway it
contributes to in ATMs. Macrophage autophagy has been proposed to have a role in monocyte
Colony stimulating factor-1 (CSF-1) macrophage differentiation, apoptosis and oxidative stress,
mitophagy, inflammasome activation, and clearance of dead cells and pathogens (Deretic and
Levine 2009, Jacquel, Obba et al. 2012, Liao, Sluimer et al. 2012, Razani, Feng et al. 2012).
Exploring what autophagy is important for, we looked at macrophage percentages in Mac 9" <©
and control mice and observed no differences in BM-Macs and primary SVCs (Figure 16 and
19). We observed an increase in mitochondria staining in BM-ATMs suggesting we are
observing an increase in mitophagy during obesity (Figure 34). What occurs to the products of
lipid catabolism has not been explored but one possibility is that the FFAs enter mitochondria to
undergo B-oxidation to eliminate the presence of toxic byproducts (Singh, Kaushik et al. 2009,
Razani, Feng et al. 2012). With an increase in [3-oxidation it would be probable there is a need
for mitochondria turnover. During obesity ATMs have increase expression of genes involved in

fatty acid oxidation (Xu, Grijalva et al 2013). Carnitine palmitoyltransferase 1A (CPT1A), an

enzyme involved in fatty acid oxidation is increased in obese human adipose tissue macrophages
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suggesting that mitochondrial B-oxidation is upregulated during obesity (Xu, Grijalva et al 2012,

Malandrino et al 2014).

BM-ATMs did have increased lipid after lysosome function inhibition suggesting lysosomal
dependent lipid catabolism is still occurring in both control and Mac 9" ¥° (Figure 22). A theory
on why lipophagy did not contribute to lysosomal dependent lipid catabolism is that there is a
novel non Atg7 dependent mechanism of lipid droplet delivery to lysosomes. An Atg5/Atg7
independent alternative autophagy pathway was discovered in mid brain, liver, embryos, and
heart and is regulated in a RAB9 dependent mechanism (Nishida, Arakawa et al. 2009). This is
an unlikely pathway since we do observe increase in LC3-11 protein levels which are not
increased during the nonAtg7 dependent pathway (Figure 4 and 6-8) (Nishida, Arakawa et al.
2009). Lastly, it is probable that neutral lipid is not stored in lipid droplets in ATMs rather it is
present in endocytic vesicles through phagocytosis of lipid from the extracellular environment.
Further studies to observe how neutral lipid is stored in ATMs and how AT could release lipid

vesicles to be phagocytozed by ATMs is necessary and will be explored in the following chapter.

Research Design and Methods

Animals and Animal Care

Male C57BL/6J and B6.V-Lep/obJ, were obtained from The Jackson Laboratory (Bar Harbor,
ME) at age of 10-12 weeks old. To generate mice with myeloid specific deletion of Atg7 (Mac
AT KOy \ve crossed LysMCre B6.129P2-Lyz2™ /5 (Clausen, Burkhardt et al. 1999, Jackson
Laboratory) and Atg7 " mice (a gift from Masaaki Komatsu at Tokyo Metropolitan Institute of
Medical Science )(Komatsu, Waguri et al. 2005). To genotype mice, DNA was isolated from tail

lysate or from blood immune cells and PCR was performed using PCR primers as previously
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described (Komatsu, Waguri et al. 2005). Mice were housed in pathogen-free barrier facility, in
ventilated cages with free access to autoclaved water and either low fat pellet diet about 5%
calories from fat (PicoLab Rodent Diet 20; Purina Mills Inc) or high fat diet comprised of 60%
of calories from fat (D12492, Research Diets). Mice were maintained on a 12-hour light/dark
cycle and housed with 3-5 male mice per cage. Metabolic measurements were made beginning
10 weeks of age and sacrificed at 19 weeks old (lean mice) or 26 weeks old (DIO mice). Animal
procedures were approved by Columbia University International Animal Care and Use
Committee.

Isolation and Culturing of Stromal Vascular Cells (SVC)

Following CO, asphyxiation and cervical dislocation, perigonadal adipose tissue (PGAT) was
placed in FACS buffer (PBS (GIBCO), 0.2% bovine serum albumin (BSA, Sigma-Aldrich), and
5mM Ethylenediaminetetracetic acid (EDTA, Sigma-Aldrich)), minced into fine (<10 mg)
pieces. Samples were centrifuged at 500g for 5 minutes at room temperature to pellet debris.
Floating AT fragments were transferred into Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen) with 10 mg/mL BSA and digestive enzymes (0.14 units/mL of Liberase TM (Roche
Applied Science) and 50U/mL of DNasse | (Sigma-Aldrich)) and digested in a 37°C orbital
shaker at 185 rpm for 30 minutes. Following digestion, solution was passed through a sterile
250-pum nylon mesh (Sefar Filtration Inc). The suspension was centrifuged for 5 minutes at 500
g. The stromal vascular cells (SVCs) pellet was washed by resuspending FACS buffer and
centrifuged once more at 500g for 5 minutes. For flow cytometry analysis, SVCs were
resuspended in erythrocyte lysis buffer (BD Bioscience). For staining of cells, SVCs were
resuspended in culture media (DMEM, 20% L929 cell-conditioned media, 10% fetal bovine

serum (FBS, Invitrogen), and 1% Penicillin-Streptomycin (P/S, Invitrogen) at a concentration of
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500,000 cells/mL. SVCs were cultured overnight at 37°C in 4 well chamber slides (LabTek) in
5% CO;and fresh DMEM was added. For western blot analysis, SVCs were treated with 20uM
of chloroquine (CQ, Sigma-Aldrich) or deionized H,O for 16 hours and cells were using 0.02%
EDTA (Sigma-Aldrich), centrifuged at 1600 rcf for 10 minutes and resuspended in Tissue
extraction reagent | (Invitrogen) with protease inhibitor cocktail (Sigma-Aldrich) for protein

isolation.

Differentiation of in vitro ATMs and foam cells

Bone marrow (BM) cells were collected from femurs of 6-10 week old control (Atg7”) and
Mac 49" C (LysMCre+:Atg7"). BM cells were plated 50-60x10° cells/L00mL in 175 mL tissue
culture flask at 37°C and 5% CO, for two days in BM culture media (Minimum Essential
Medium Alpha (MEM-a, Invitrogen), 10% FBS, 1% Non-essential amino acids (NEAA,
Invitrogen), 1% P/S). Non-adherent cells were collected, centrifuged at 500g for 5 minutes,
counted, and plated in 6/12 well cell culture plates (BD Bioscience) or 4 well coated chamber
slides (LabTek) at a concentration of 1.5x10° cells/well/2 mL in BM culture medium
supplemented with 30 ng/mL of human macrophage colony stimulating factor (M-CSF, R&D
systems). After three days of differentiation with M-CSF, medium was removed from cells. To
generate BM-Macs, cells were differentiated for three more days in BM culture media
supplemented with M-CSF. For differentiation of cells into BM-ATMs, 100 mg of PGAT was
isolated from 12 week old male C57BL/6J male mice and placed in porous tissue inserts (BD
Bioscience) with BM-culture medium. To generate BM-foam cells, 150 pg/mL of acetylated
Low Density Lipoprotein (Ac-LDL, Biomedical Technologies, Inc.) was added into BM-Macs

for 24 hours. To inhibit lysososmal function, BM-ATMs were treated with 20 uM CQ for 16

69



hours. To serum-starve cells, BM culutre medium was removed and fresh serum free BM culture
medium with M-CSF was added for 16 hours. On the eighth day of differentiation, cells were
either isolated for flow cytometry and western blot analysis by washing cells with phosphate
buffered saline (PBS, GIBCO) and releasing cells with 0.02% EDTA (Sigma-Aldrich). Cell were
washed with PBS and centrifuged at 1600g for 10 minutes at 4°C. Pellets were resuspended in
cold FACS buffer for flow cytometry analysis or cold lysis buffer for protein extraction. To stain

cells, 4 well chamber slides were washed with PBS and 1 mL of MEM-o medium was added.

Flow Cytometry (FACYS)

SVCs were resuspended in erythrocyte lysis buffer incubated at room temperature for 3 minutes,
and centrifuged at 5009 for 5 minutes. Erythrocyte-free SVCs were resuspended in FACS buffer
at a concentration 7 x 10° cells/mL with 2% Fc Block (BD Bioscience) and incubated on shaker
for 30 minutes at 4°C. BM-Macs and BM-ATMS were resuspended in FACS buffer with 2% FC
blocl and also incubated for 30 minutes at 4°C. Fluorophore-conjugated antibodies were added at
for 30 minutes at 4°C on rotator at specific concentrations: anti-CD45.2-Percp-Cy5.5 1:100 vlv,
immune cell marker (BD Bioscience), anti-F4/80-APC,1:20 v/v macrophage marker (AbD
Serotec), anti-CD11b 1:100 v/v, macrophage marker (Invitrogen), anti-CD11c-PE-TR 1:100 v/v,
macrophage marker (Invitrogen), and 4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-
Indacene (BODIPY® 493/503) —FITC 1:300 v/v (BODIPY, Invitrogen). Cells were washed
twice with FACS buffer centrifuged at 1600 rcf for 3 minutes and resuspended in FACS buffer
with (4',6-Diamidino-2-Phenylindole, Dihydrochloride) (DAPI , Invitrogen). Cells were

analyzed using LSRII flow cytometer (Becton Dickson) and FlowJo software.
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Immunofluorescence (IF) Microscopy

After culturing SVC and BM-Macs as described above, 1:300 v/v BODIPY and 100 nM
Mitotracker was added for 30 minutes. Cells were in fixed in Zinc formaldehyde (Z-Fix, Anatech
Ltd) for 10 minutes. Z-fix was washed off with PBS. SVCs were treated with 0.2M glycine
(Sigma-Aldrich) to reduced autofluorescence for 30 minutes. For LC3 staining, cells were
permeabilizing using ice-cold methanol (Fisher Scientific) at 20°C for 10 minutes. Cells were
blocked with blocking buffer (PBS, 10% goat serum (Sigma-Aldrich)) for 1 hour at room
temperature. Anti-F4/80 antibody was diluted in blocking buffer at 1 ug/mL and anti-LC3
antibody was diluted in antibody dilution buffer (PBS, 1% bovine serum albumin (BSA, Sigma),
and 0.3% Trition X-100 (Sigma)) at 1:250 v/v anti-LC3, autophagosome marker (Cell signaling),
overnight at 4°C. The following day, cells were washed with PBS three times and incubated with
secondary antibodies, 1:400v/v Cy5 or Cy3 (Invitrogen) for 2 hours at room temperature. Cells
were washed three times with PBS and incubated with 1:4000 v/v DAPI for 10 minutes at room
temperature. Cells were washed three times with PBS and glass coverslips mounted using
Fluoro-gel mounting solution (Electron Microscopy Sciences). Slides were visualized using
Nikon A1R MP confocal microscope. BODIPY and LC3 fluorescence intensity were measured
within F4/80 + (macrophages) cells. Background (average fluorescent intensity outside of cells)
was subtracted from BODIPY and LC3 fluorescence intensity, and fluorescence intensity was
reported as fluorescence per macrophage area. Averages for fluorescence intensity were
determined by taking the averages of all images from one well in the four well chamber slide.
Data is reported an average of three independent experiments and was analyzed on Nikon NIS

elements imaging software.
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Immunohistochemistry (IHC) Microscopy

Tissues were fixed for 48 hours in Z-fix, washed with 70% ethanol for 24 hours, then were
embedded in paraffin. 5 pm sections were cut at 50 um intervals and mounted on glass slides,
deparaffinized in xylene counterstained with hematoxylin and eosin. SVCs were cultured for 4
hours or 48 hours and were fixed with Z-fix for 10 minutes. Oil Red O solution (Sigma-Aldrich)
or isopropanol (Fisher Scientific) was added for 10 minutes, washed three times in deionized

water, and counterstained with hematoxylin and eosin.

Western Blot

After isolation Liver, PGAT, SVCs, BM-Macs, BM-ATMs, and BM-foam cells were
resuspended in tissue extraction reagent I (Invitrogen) with protease inhibitor cocktail (Sigma-
Aldrich). Samples were homogenized and sonicated for 3 minutes. Protein concentrations were
measured using BIO-RAD Protein Assay (BIO-RAD) and 20-50 ug of protein were denatured at
96°C for 5 minutes in 4x protein sample buffer (200 mM Tris 6.8, 8% sodium dodecyl sulfate,
0.4% Bromophenol blue, 40% glycerol, and 5% B-mercaptoethanol). Protein was on loaded on
14% SDS-polyacrylamide gels and ran at 100-140 volts for 2-3 hours. Proteins were transferred
on nitrocellulose (Thermo) or polyvinylidene difluoride (PVDF, Fisher Scientific) with a
semidry or wet transfer system (Biorad) for 45 minutes. Membranes were blocked with 5% non-
fat milk solution and incubated with primary antibodies overnight at 4°C: anti-LC3 (Cell
Signaling), anti-Atg7 (Cell signaling), anti-B-actin (Sigma-Aldrich), anti-ATGL (Cell signaling).
Membranes were washed with Tri-Buffered Saline Tween-20 (TBST) and incubated with
secondary antibodies either HRP conjugated (ABCAM) for ECL chemiluminescence detection

system (G&E science) development or fluorescent antibodies for LICOR odyssey system
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(LICOR) development. Band intensities were determined using Quantity One (BIO-RAD)

software and were normalized to -actin.

Metabolic Studies

Mice were fasted for 6 hours or examined 6 hours into light cycle. Glucose was measured on
submandibular blood using Freestyle blood glucometer (Abbott Laboratories). Blood was
centrifuged at 10,000 rpm for 5 minutes at 4°C to isolate serum. Serum insulin was measured
with Ultrasensitive Mouse Insulin ELISA (ALPCO). Serum triglycerides were measured using
Infinity ™ Triglycerides Reagent (Thermo Scientific). Serum non-esterified fatty acids (NEFA)
were detected using HR NEFA series (Wako Diagnostics). Throughout the study, body weight
and body compositions measurements were made with a minSpec TD NMR analyzer (Bruker).
Both lean and DIO mice were fasted for 24 hours before sacrifice. Tissues were stored in -80°C,
fixed in Z-fix at room temperature for 48 hours and sent to histological for sectioning, placed in

protein lysis buffer for western blots, or digested for stromal vascular fraction isolation.

Statistical analysis
Data is presented as mean +SEM. All significance values were calculated using Student’s T-test
(two-tailed distribution, two-sample unequal variance). Statistics were determined using

Microsoft Excel and Graphpad Prism.
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Chapter I11: Lipid vesicle released from adipose tissue induces lipid accumulation and

macrophage differentiation

Introduction

Obesity results in systemic metabolic alterations including accumulation of adipose tissue
macrophages (ATMs) (Weisberg, McCann et al. 2003). After several studies focusing on how
inflammatory cytokines released by ATMs regulate obesity and insulin resistance, studies began
to determine the non-inflammatory properties of ATMs (Lumeng, Bodzin et al. 2007, Shaul,
Bennett et al. 2010, Bourlier, Zakaroff-Girard et al. 2008). ATMs help maintain thermogenesis
after a cold challenge through catecholamine release (Qiu, Nguyen et al. 2014). Lipid
accumulates in ATMs from genetic and diet induced obese mice as well as during fasting.
(Weisberg, Hunter et al. 2006, Lumeng, Deyoung et al. 2007, Kosteli, Sugaru et al. 2010, Xu,
Grijalva et al. 2013, Aouadi, Vangala et al. 2014). This neutral lipid is catabolized through a
lysosomal dependent pathway in ATMs (Xu, Grijalva et al. 2013). In ex vivoadipose tissue (AT)
culture, chloroguine treatment resulted in decrease in free fatty acids (FFA) demonstrating that
ATMs release FFA (Xu, Grijalva et al 2013). Increased expression of genes involved in FFA
uptake, esterification, and lipid droplet formation in ATMs from obese individuals would suggest
that ATM lipid is stored in lipid droplets (Weisberg, Hunter et al. 2006, Lumeng, Deyoung et al.
2007, Kosteli, Sugaru et al. 2010, Xu, Grijalva et al. 2013, Aouadi, Vangala et al. 2014).
Lipophagy mediates lipid droplet delivery to lysosomes for catabolism, but we found lipophagy
is not required for lysosomal dependent lipid catabolism in ATMs. In what structures does

neutral lipid reside in ATMs? Our data argue that at least a portion of the lipid in ATMSs is
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present in vesicles that can fuse directly with lysosomes. In this portion of my studies |

examined the lipid in ATMs.

However, this raises a second question: How is lipid released from adipocytes? The
canonical pathway of lipid release from AT is the sequential hydrolysis of triglyceride (TG) to
diacylglycerol (DG) to monoacylglycerol (MG) to glycerol with the release of a FFA at each step
(Nielsen, Jessen et al. 2014). Adipose triglyceride lipase (ATGL), hormone sensitive lipase
(HSL), and monoglycerol lipase (MGL) are the enzymes that catalyze each step (Nielsen, Jessen
et al. 2014). Consistent with this model, AT explants from Atgl-deficient mice in the presence
of 76-0079, HSL inhibitor as expected results in virtual no FFA release (Schweiger, Schreiber et
al. 2006). Whole body ablation of Atgl results in expansion of AT but early death due to massive
lipid accumulation in the heart which leads to heart failure (Haemmerle, Lass et al. 2006 ).
Ablation of Atgl in adipocytes, results in reduced mobilization of TG from fat and impairment in
the function of brown fat and thermogenesis (Ahmadian, Abbott et al. 2011). Thus far no studies
have examined ATMs from adipocyte-Atgl knockout to assess lipid accumulation in ATMs and

whether ATM lipid accumulation depends on adipocyte lipolysis.

Although foam cells in part use a lipophagy-dependent catabolic pathway, they also provide
an example of another pathway for lipid uptake and hydrolysis. In foam cells, cholesterol in the
form of modified low-density lipoproteins (LDL) is taken up by scavenger receptors into
endocytic vesicles that are delivered directly to lysosomes (Ouimet, Franklin et al. 2011). Free
cholesterol is released and esterified into cholesterol ester which is then stored in lipid droplets
(Ouimet, Franklin et al. 2011). A similar mechanism of lipid uptake into endocytic vesicles and

delivery to lysosomes for catabolism is possible in ATMs, since lipid droplets cannot fuse
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directly with lysosomes. Given that lipophagy did not contribute to lysosomal dependent lipid
catabolism in ATMs, we hypothesize that neutral lipid is present in ATMs in endocytic vesicles,
suggesting that the lipid cycle between ATMs and AT is not simply explained by FFA uptake

and esterification. We decided to explore neutral lipid populations in ATMs.

In summary, lipophagy does not contribute to lysosomal dependent lipid catabolism
suggesting that neutral lipid is not stored solely in lipid droplets but rather is present in endocytic
vesicles that are delivered to lysosomes for catabolism (Figure 1). This function of lipid uptake,
catabolism, and accumulation in ATMs helps differentiate them in a manner that is adaptive for a
lipid environment thus we hypothesize that AT provides factors that differentiate ATMs

specifically for the environment.

ATM

/ Lipid Vesicles
ATM lipid uptal> ‘

Lipid
Lipid vesicles  Droplets

\O
Figure 1: Lipid populations in ATMs. We hypothesize that adipocytes can release both
free fatty acids (FFAS) and lipid vesicles. ATMs take up FFAs and esterify them to store as

lipid droplets. ATMs also endocytose lipid vesicles. Therefore there are two pools of
neutral lipid in ATMs, lipid droplets and lipid vesicles.

81



Results

After observing that autophagy did not regulate lipid delivery to lysosomes in ATMs, we
explored how neutral lipid was stored in ATMs. Published data implicate lipid droplets in
storage of TG in ATMs given that genes related to lipid droplet formation and metabolism,
including CD36,Ms r 1 , LPL, DaBdAPTIN2/AdfpRire ubriegylated in ATMs with
increased lipid (Weisberg, Hunter et al. 2006, Kosteli, Sugaru et al. 2010, Xu, Grijalva et al.
2013, Aouadi, Vangala et al. 2014). Cholesterol ester lipid droplet storage is well documented in
foam cells (Paul, Chang et al. 2008, Schmitz and Grandl 2008). We compared Perilipin 2/ADFP
protein levels in BM-ATMs to BM-foam cells, which are bone marrow derived macrophages
cultured with acetylated LDL and store a portion of their neutral lipid in droplets. BM-ATMs had
significantly less ADFP levels compared to BM-foam cells (Figure 2A and 2B).
Immunofluorescence staining showed that in BM-foam cells the majority of BODIPY positive
structures were coated with an ADFP ring, suggesting neutral lipid is in lipid droplets (Figure 3).
In BM-ATMs there were two pools of BODIPY positive structures, one population surrounded
by an ADFP ring while another was not, suggesting there other lipid containing structures in
ATMs (Figure 3). Neutral lipid is hydrophobic therefore needs to be in stored in a vesicle to be
in a hydrophilic environment. In foam cells, modified LDL is taken up into endocytic vesicles
and delivered to lysosomes (Schmitz and Grandl 2008, Ouimet, Franklin et al. 2011). RAB5, a
mature endocytic protein marker, levels were not different between BM-ATMs and BM-foam
cells (Figure 2A and 2C). Early Endosome Antigen 1 (EEA1) trended to being higher in BM-
ATMs then BM-foam cells, suggesting there are more endocytic vesicles in BM-ATMs
compared to BM-foam cells (Figure 2A and 2D). Immunofluorescence staining showed

localization of EEAL near the membrane in BM-ATMs while in BM-foam cells staining was
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found mostly in more internal structures, suggesting a larger uptake/release of substrates into
vesicles is occurring in BM-ATMs (Figure 4). Small BODIPY positive structures were
surrounded by EEA1 staining, suggest lipid is in endocytic vesicles in BM-ATMs (Figure 4).
Using lysotracker, a dye that accumulates in acidic compartments, we visualized BODIPY co-
localized with lysotracker consistent with lipid being hydrolyzed in lysosomes, in addition we
noted BODIPY positive structures surrounded by a lysotracker ring, suggestive of lipid vesicles

that had recently fused with a primary lysosome (Figure 5). In BM-foam cells neutral lipid was
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Figure 2: BM-ATMs have alterations in lipid droplet protein, Perilipin 2 and
endosomal protein, EEA1 compared to BM-foam cells. BM-ATMs and BM-foam
cells were generated from BM-Macs. Bone marrow (BM) cells were isolated from
C57BL6J and differentiated with M-CSF1. A. Protein was extracted and western blot
analysis was done to detect Perilipin 2 (ADFP), EEA1, RABS5, and B-actin protein
levels. Quantification of proteins normalized to B-actin B. EEAL1 B. RAB5 C. ADFP
protein levels in BM-ATMs and BM-foam cells.
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Figure 3: Not all neutral lipid is in lipid droplets in BM-ATMs. BM-ATMs and BM-foam
cells were generated from BM-Macs. BM-Macs were generated from bone marrow (BM)
cells isolated from C57BL6J and differentiated with M-CSF1. Cells were stained with

BODIPY (lipid), DAPI (nuclei), anti-ADFP antibody (lipid droplet), and anti-F4/80 antibody
(macrophage marker).

® Bodipy's

Figure 4: Colocalization of BODIPY + structures with endocytic vesicles in BM-ATMs.
BM-ATMs and BM-foam cells were generated from BM-Macs. BM-Macs were generated from
bone marrow cells isolated from C57BL6J and differentiated with M-CSF1. BM-Macs were
further differentiated with adipose tissue to generate BM-ATMs or 150 pug/mL acyelated low
density lipoproteins to generate BM-foam cells. Immunofluorescence staining was done using
BODIPY (lipid), DAPI (nuclei), anti-EEAL antibody (endosomal marker), and anti-F4/80
antibody (macrophage marker).
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BM-ATMs

Figure 5: BODIPY + structures found in acidic structures, surrounded by acidic ring, or
cytosol. BM-Macs were generated from bone marrow cells isolated from C57BL6J and
differentiated with M-CSF1. BM-Macs were further differentiated with adipose tissue to generate
BM-ATMs or 150 ug/mL acyelated low density lipoproteins to generate BM-foam cells.
Immunofluorescence staining was done using BODIPY (lipid), DAPI (nuceli), Lysotracker
(lysosomes), and anti-F4/80 antibody (macrophage marker).

BM- ATMs BM-foam cells

bone marrow cells isolated from C57BL6J and differentiated with M-CSF1. BM-Macs were
further differentiated with adipose tissue to generate BM-ATMs or 150 pg/mL acyelated low
density lipoproteins to generate BM-foam cells. BM-ATMs and BM-foam cells were fixed in
2% paraformaldehyde and process for electron microscopy.
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Lean SVCs

Figure 7: Primary SVCs have neutral lipid not in lipid droplets. SVCs were isolated from
age matched C57BL/6J (lean) and Lep°®°® (obese) mice and cultured overnight.
Immunofluorescence staining was performed using BODIPY (lipid), DAPI (nuclei), anti-
ADFP antibodies (lipid droplet, Perilipin2), and anti-F4/80 antibodies (macrophage marker).

Lean SVCs

BODIPY

Figure 8: Primary obese SVCs have increased membrane associated EEAL staining. SVCs
were isolated from age matched C57BL/6J (lean) and Lep®°®(obese) mice and cultured
overnight. Immunofluorescence staining was performed using BODIPY (lipid), DAPI (nuclei),
anti-EEA1 antibodies (endosomal marker), and anti-F4/80 antibodies (macrophage marker).
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not colocalized with lysotracker nor detectably associated with lysosomes (Figure 5). Electron
microscopy images demonstrated lipid droplets (no bilayer membrane, unilocular membrane),
lipid vesicles (bilayer/single membrane), and lipid in autophagosome (double membrane) in BM-
foam cells (Figure 6). In stark contrast in BM-ATMs, we could detect some lipid droplets
(unilocular membrane) but many lipid-filled vesicles (single membrane) (Figure 6). We did not
observe lipid in autophagosomes in BM-ATMs (Figure 6). Consistent with these in vitro
observations we found in primary ATMs from lean and obese mice, lipid structures that lacked
an ADFP ring (Figure 7). Obese primary ATMs also increased EEAL expression compared to

primary lean ATMs (Figure 8).

Given the presence of lipid vesicles in ATMs we sought to understand from where the
lipid vesicles were derived. In foam cells, modified LDL are taken up by LDL receptors into
endocytic vesicles that are delivered to lysosomes (Schmitz and Grandl 2008). The body
transports fat through the circulation in lipoproteins in the form of chylomicrions or lipoprotein
particles such as very low-density lipoprotein (VLDL) originating mostly from the diet or liver
(Yu and Ginsberg 2005). apoEis an apolipoprotein gene involved in secretion and uptake of
lipoproteins and cholesterol efflux from cells (Yu and Ginsberg 2005). apoE is expressed in
3T3L1 adipocytes and human AT and is regulated by Pparg agonists, but thus far lipoprotein
secretion by adipocytes has not been observed (Yue, Rasouli et al. 2004, Yu and Ginsberg 2005).
Therefore there may exist a novel form of lipid release by adipocytes.

Extracellular vesicles including microvesicles and exosomes are released from most cells
and carry proteins and lipids (Raposo and Stoorvogel 2013). Exosomes were discovered during
reticulocyte maturation to be involved in shedding of cholesterol ester, suggesting exosomes can

carry neutral lipids (Carayon, Chaoui et al. 2011, Harding, Heuser et al. 2013). Adipocytes do
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release exosomes, although there are only a handful of published studies. Exosomes that are
released from large adipocytes carry proteins that have been implicated in signaling to
neighboring small adipocytes and may regulate lipid storage (Muller, Jung et al. 2009, Muller,
Jung et al. 2010, Muller, Wied et al. 2011). Besides signaling other adipocytes, adipose tissue
exosomes also have been proposed to regulate ATM activation (Deng, Poliakov et al. 2009). We
propose that adipocytes release neutral lipid containing vesicles that are taken up by ATMs
delivered to lysosomes for catabolism and can contribute to differentiation of ATMs into a

phenotype that is adaptive for survival in AT.

Our current understanding of the origin of ATMs argues that AT chemokines recruit bone
marrow-derived monocytes which upon arrival in AT differentiate into ATMs (Gordon and
Taylor 2005). We sought out to determine if AT conditioned medium could induce bone marrow
differentiation in a similar manner that AT does, and if there were neutral lipid filled vesicles
present in the fraction of AT-conditioned medium that induces ATM differentiation. The
differentiation of in vitro ATMs (BM-ATMs) is a multistep process modeled on in vitro
differentiation of osteoclasts. In the second step of BM-ATM differentiation, AT is added to the
cultures. To confirm that condition medium from AT is sufficient to induce differentiation we
tested condition medium side-by-side with whole AT co-culture. Unlike other macrophage
populations, lipid-filled ATMs express the classic dendritic cell marker CD11c. Both BM-Macs
differentiated with AT (BM-Macs+AT) and BM-Macs differentiated with conditioned medium
(BM-Macs+CM) doubled the percentages of CD11c expression compared to BM-Macs (Figure
9A). BM-Macs+AT and BM-Macs+CM had a reduction in F4/80+ CD11b+ cells (Figure 9B). A
lysosomal biogenesis program is upregulated during BM-Mac differentiation into BM-ATMs

(Xu, Grijalva et al. 2013). We assessed changes in a lysosomal program using western blot and
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immunofluorescence staining. BM-Macs +AT and BM-Macs+CM had increases in lysosome
proteins, Lysosomal associated membrane protein (LAMP2) and Lysosomal acid lipase (LIPA)
(Figure 10). Lysotracker staining was increased in BM-Macs +AT and BM-Macs + CM
compared to BM-Macs (Figure 11). We also observed lipid accumulation in BM-Macs +AT and
BM-Macs + CM (Figure 11). These data all suggest that condition medium from AT is
sufficient to induce ATM differentiation in vitro and differentiation does not require direct

communication between AT and the differentiating ATMs.

To further characterize some of the constituents of AT conditioned medium that induced
ATM differentiation, we precipitated proteins from conditioned medium collected from lean and
obese AT. We hypothesized that if adipocytes were secreting or shedding cytoplasmic vesicles,
we would detect “non-secreted” proteins in the medium. After one hour in cultured we found

ATGL and B-ACTIN in the conditioned medium ( Villena, Roy et al. 2004) (Figure 12A). As a
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Figure 9: Conditioned medium induces differentiation of BM-Macs similar to adipose
tissue differentiation. Bone marrow cells were isolated from C57BL/6J and were
differentiated in the presence of M-CSF1 (BM-Macs) for three days and further differentiated
with adipose tissue (BM- Macs +AT) or conditioned medium from adipose tissue (BM-Macs
+CM). A. Flow cytometry was utilized to assess macrophage content. A. Quantification of
FBC (F4/80+, CD11b+, CD11c+) from live cells population n=4 * P<0.05 ** P< 0.005 ***
P<0.0005 B. Quantification of FB (F4/80+, CD11b+) from live cells population n=4.
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Figure 10: Conditioned medium induces
lysosomal program in BM-Macs. Bone
marrow cells were isolated from C57BL6J
and were differentiated in the presence of
M-CSF1 to generate BM-Macs and further
differentiated with adipose tissue (BM-
Macs + AT) or conditioned medium from
adipose tissue (BM-Macs + CM). Protein
was extract from BM-Macs for western
blot analysis using antibodies against anti-
LAMP2, anti-LIPA, and anti-p-actin
antibodies.

Figure 11: Conditioned medium induces lysosomal program and lipid accumulation in BM-Macs.
Bone marrow cells were isolated from C57BL6J and were differentiated in the presence of M-CSF1 to
generate BM-Macs and further differentiated with adipose tissue (BM-Macs + AT) or conditioned
medium from adipose tissue (BM-Macs + CM). BM-Macs were fixed and immunofluorescence staining
was performed for lipid content (BODIPY), lysosomes (Lysotracker), macrophages (anti-F4/80), and

nucleus (DAPI).
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positive control, we detected adiponectin in conditioned medium with higher expression in lean
then obese AT. aP2 which has previously been reported to be “secreted” by adipocytes was also
detected (Figure 12A) (Cao, Sekiya et al. 2013). One possibility of the presence of adipocyte
proteins in the conditioned medium is lysis of the cell releasing intracellular proteins. However,
if this were the case we would also find other cellular proteins including mitochondrial proteins.
However, although we detected the mitochondrial protein, COXIV in adipocytes it was not in
conditioned medium (Figure 12A). This same pattern of proteins was also detected in

conditioned medium collected after sixteen hours of incubation with AT (Figure 12B).

In our system we use whole AT to induce differentiation of ATMs, and therefore there are
cells other than adipocytes that could be the source of any protein in the conditioned medium.
To test whether the proteins were indeed released specifically from adipocytes we employed AT
from mice that lacked Atgl in adipocytes specifically. The specificity of the antibody was
confirmed using AT from whole body Atgl and the adipocyte-specific origin of ATGL confirmed

when we used conditioned medium from adiponectii€re+Atgl”

AT and again there was no
COXI1V detected (Figure 13 and 14A). There were very low levels of ATGL in the adipocyte-
Atgl knockout conditioned medium suggesting ATGL is being secreted from adipocytes (Figure
14A). ATGL was also detected in conditioned medium collected after sixteen hours from lean

and obese adipose tissue but not in adiponectitCre+Atgl” (Figure 14B).

We next sought out to determine whether ATGL was being “secreted” as part of a high
molecular weight vesicle/exosome complex. We filtered conditioned medium with filter that

retains molecules with a molecular weight greater than 100 kDa. ATGL has a molecular weight
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Figure 12: Conditioned medium contains adipocyte proteins. Perigonadal adipose tissue
was isolated from age matched C57BL6J (lean) and Lep®®® (obese) and cultured ex vivo.
After A. 1 hour and B. 16 hours conditioned medium was collected, centrifuged and syringe
filtered to remove cellular contamination. Protein was precipitated using trichloroacetic acid.
Western blot analysis using anti-Atgl, anti-p-actin, anti-adiponectin, anti-CoxIV, and anti-

aP2 antibodies.
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Figure 13 ATGL in conditioned medium is specific. Perigonadal adipose tissue was isolated
from Atgl ™ (lean), Lep®® (obese), Atgl -/- (Atgl KO). Conditioned medium was collected
after A. 1 hour or B. 16 hours centrifuged, filtered, and protein precipitated. Western blot
analysis was done against anti-Atgl, anti-adiponectin, anti-CoxIV, and anti-aP2 antibodies.
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Figure 14: ATGL in conditioned medium is adipocyte specific. Perigonadal adipose tissue
was isolated from C57BL/6J Atgl +/+ (lean), Lep®”°°(obese), and adiponectir CreAtgl "
(Atgl KO). Conditioned medium was collected after one hour centrifuged and filtered, protein
was precipitated using trichloroacetic acid. Western blot was performed against anti-Atgl,
anti-adiponectin, anti-CoxIV, and anti-aP2 antibodies.
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Figure 15: ATGL is present in a vesicle or high molecular weight complex. Perigonadal
adipose tissue was isolated from age matched C57BL/6J (lean) and Lep®®°® (obese) and after
A. 1 hour and B. 16 hours in culture conditioned medium was collected, centrifuged and
syringe filtered to remove cellular contamination. Cell-free conditioned medium was pass
through Millipore Amnicon® Ultra-100 kDa centrifugal filters producing concentrate (>100
kDa) and filtrate (<100 kDa). Protein lysis buffer was added to specific fractions and vortexed
to extract proteins. Western blot analysis was done against anti-Atgl, anti-p-actin, anti-CD63,

and anti-aP2 antibodies.
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of 54kDa and therefore in the absence of being part of a larger molecular complex should be
found in the filtrate. However, if it is released in a higher molecular weight vesicle it would be
detected in the concentrate fraction. ATGL was indeed found in the concentrate fraction only of
lean and obese AT conditioned medium but not adiponectitCre+Atgl” AT conditioned medium
(Figure 15A). B-ACTIN which in other cells is known to be released in exosomes was also only
detected in the concentrate fraction along with aP2 (Figure 15A). We also examined concentrate
and filtrate fraction in conditioned medium collected after sixteen hours and detected ATGL but

not COXIV (Figure 15B).

Given the findings of lipid uptake by ATMs and the high molecular weight nature of
cytosolic adipocyte proteins detected in adipocyte conditioned medium, we hypothesized that the
concentrate fraction from both lean and obese AT conditioned medium would have vesicles. We
examined AT conditioned medium using electron microscopy to detect vesicles. There were
vesicles around 40-110 nanometers in size in the concentrate fraction, suggesting they were
exosomes due to their size and of note appeared to be lacking electron density a characteristic of
lipid (Figure 16A). There were also microvesicle sized vesicles present (Figure 16B). The
vesicles’ size corresponded to the size of exosomes so we isolated exosomes from the
concentrate using exosome purification kit. We detected exosome sized vesicles in lean and
obese exosome purified concentrate fraction (Figure 17A). ATGL was present in the exosome
purified concentrate fraction from lean and obese AT but not adipocyte-Atgl knockout AT
(Figure 17B). To ensure we had exosomes we used exosome marker anti-CD63 antibody, which

we detected in our western blot even in adipocyte-Atgl knockout (Figure 17B).
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Figure 16: Vesicles are
present in concentrate
fraction. Conditioned medium
was collected after perigonadal
adipose tissue from age
matched C57BL6J (lean) and
Lep°?®® (obese) for one hour in
culture. Conditioned medium
was centrifuged, filtered, and
separated with Millipore
Amnicon® 100 kDa filters.
Concentrate fraction was fixed
with 2% paraformaldehyde,
dried on electron gold grid, and
uranyl acetate stained. Electron
microscope images of A.
Exosomes B. Microvesicle

Lean Obese

Figure 17: Vesicles present in
exosome precipitate fraction.
Perigonadal adipose tissue from age
matched C57BL/6J (lean) and Lep°®®®
(obese) was cultured for one hour.
Conditioned medium was collected,
centrifuged and filtered to remove
cellular contamination. Cell free
conditioned medium was separated
with Millipore Amnicon® 100 kDa
filters. Invitrogen ® Exo-quick-TC ™
Exosome purification reagent was
added to concentrate fraction.
Exosomes were collected by

—ATGL centrifuging conditioned medium. A.

~ Electron microscope images of
exosome precipitate fraction B. Protein
was extracted from exosome precipitate
fraction western blot analysis was done
with anti-Atgl and anti-CD63
antibodies.

Lean 100 mg
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Given the presences of electron poor vesicles in electron microscopy, lipid accumulation in BM-
Macs treated with conditioned medium, and lipid droplet associated protein ATGL in a vesicle or
high molecular weight complex, we sought to determine if vesicles carried neutral lipid and are
endocytzed by ATMs. Western blot analysis revealed lipid droplet proteins, ADFP and CGI-58
were present in lean and obese AT conditioned medium (Figure 18A and 18B). To determine if
these lipid droplet proteins are present as secreted proteins or in a vesicle/high molecular weight
complex, we separated conditioned medium into concentrate and filtrate using 100 kDa
centrifuge filters. The concentrate fraction of lean and obese AT conditioned medium had ADFP
and CGI-58 present (Figure 19A and 19B). ADFP was also present in filtrate fraction of both
lean and obese AT but very little CGI-58 was detected (Figure 19A). Because we did not see an
increase in CGI-58 similar to ATGL demonstrates CGI-58 is not bound to ATGL therefore
ATGL is not active. Electron microscope images revealed the presence of lipid like vesicles,
3000-4000 nanometers in size in concentrate from lean AT conditioned medium (Figure 20).
Confocal imagery using BODIPY showed BODIPY positive structures in concentrate and filtrate
from lean AT conditioned medium, while the BODIPY structures where larger in the concentrate
fraction (Figure 21A). At higher magnification there were BODIPY structures in concentrate
around 2000 nanometers (Figure 21B). These images and protein data suggest the present of

neutral lipid vesicles in conditioned medium.

To observe if neutral lipid in vesicles from adipocytes was contributing to lipid
accumulation in ATMs, we differentiated our BM-Macs with adiponectitCre+Atgl™ AT and
conditioned medium. BM-Macs + ATGL KOCM had lipid accumulation but less compared to

control BM-Macs + control CM (Figure 22). Interestingly, BM-Macs +ATGL KOCM was also
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Figure 18: Conditioned medium contains lipid droplet proteins. Perigonadal adipose
tissue was isolated from age matched C57BL6J (lean) and Lep®® (obese) and cultured ex
vivo. After 1 hour conditioned medium was collected, centrifuged and syringe filtered to

remove cellular contamination. Protein lysate buffer was added to extract proteins. Western
blot analysis using anti-ADFP and anti-CGI-58 antibodies.
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Figure 19:Lipid droplet proteins are present in a vesicle or high molecular weight
complex. Perigonadal adipose tissue was isolated from age matched C57BL/6J (lean)
and Lep®"°° (obese) and after 1 hour in culture conditioned medium was collected,
centrifuged and syringe filtered to remove cellular contamination. Cell-free conditioned
medium was pass through Millipore Amnicon® Ultra-100 kDa centrifugal filters
producing concentrate (>100 kDa) and filtrate (<100 kDa). Protein lysis buffer was

added to specific fractions and vortexed to extract proteins. Western blot analysis was
done against anti-Adfp and anti-CGI-58 antibodies.
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able to induce CD11c expression in BM-Macs much more then BM-Macs + control CM,
although the data may be skewed because BM-Macs + ATGL KOCM had higher levels of
F4/80+CD11b+ cells (Figure 23). Our data from these differentiation experiments show that
even without FFAs, lipid is accumulating in ATMs suggesting adipocytes release lipid as FFAs

and in vesicles.

We have demonstrated adipocyte proteins and lipid is present in the vesicle rich fraction,
we wanted to determine if this fraction could differentiation BM-Macs into a phenotype similar
to AT and conditioned medium. BM-Macs were differentiated with AT (BM-Macs+AT),
conditioned medium (BM-Macs+CM), concentrate with filtrate which should mimic conditioned
medium (BM-Macs+Con+Fil), concentrate fraction (BM-Macs+Con), or filtrate fraction (BM-
Macs+Fil). CD11c expression significantly increased in all treated BM-Macs (Figure 24A).
Compared to BM-Macs+AT, BM-Macs+ Con+ Fil and BM-Macs+Con had higher percentage of
CD11c expressing macrophages (Figure 24A). Even though BM-Macs+Fil had higher
percentage of CD11c macrophages then BM-Macs there was no significant difference from BM-
Macs + AT, suggest there are differentiation factors smaller than 100 kDa that also regulate BM-
Macs differentiation (Figure 24A). The difference in CD11c expression was not due to
differences in macrophage percentages amongst all BM-Macs (Figure 24B). There was an
increase in lysosome proteins, LAMP2 and LIPA in BM-Macs +AT, BM-Macs + CM, BM-Macs
+ Con + Fil, BM-Macs + Con, and BM-Macs + Fil compared to BM-Macs (Figure 25). BM-
Macs + Fil did not have such high lysosome protein expression as BM-Macs + Con (Figure 25).
Increased lysotracker staining was present in BM-Macs +AT, BM-Macs + CM, BM-Macs + Con
+ Fil, BM-Macs + Con, and BM-Macs + Fil compared to BM-Macs as observed in western blot

analysis (Figure 26). Lipid accumulation mimicked lysosome program regulation, where there
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was presence of numerous BODIPY positive structures in BM-Macs +AT, BM-Macs + CM,
BM-Macs + Con + Fil, BM-Macs + Con and very few BODIPY structures in BM-Macs +Fil
(Figure 26). This data suggest the AT vesicle rich fraction, which contains lipid and proteins can

induce lipid accumulation in BM-Macs and differentiation of BM-Macs into an ATM like cell.

Figure 20: Lipid droplet like vesicles present in concentrate fraction.
Perigonadal adipose tissue from age matched C57BL6J (lean) and Lep®®°® (obese)
was cultured for one hour. Conditioned medium was collected, centrifuged, and
filtered to remove cellular contamination. Conditioned medium was separated with
Millipore Amnicon® 100 kDa filters. Concentrate fraction was fixed with 2%
paraformaldehyde, dried on electron gold grid, and uranyl acetate stained. Electron
microscope images.
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Figure 21: Neutral lipid particles found in concentrate and filtrate. Perigonadal adipose
tissue from age matched C57BL6J (lean) and Lep®”°P(obese) was cultured for one hour.
Conditioned medium was collected, centrifuged and filtered to remove cellular
contamination. Cell free conditioned medium was separated with Millipore Amnicon® 100
kDa filters. Concentrate and filtrate were stained with BODIPY and then visualized using
Nikon Confocal Microscope. A. Concentrate and filtrate B. Concentrate at higher
magnification.
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BM-Macs + control conditioned medium

Bodipy

Figure 22: ATGL knockout conditioned medium induces lipid accumulation in BM-Macs
similar to control conditioned medium. FFA containing conditioned medium Atgl knockout
adipose tissue conditioned medium induces lipid accumulation in BM-Macs. BM-Macs where
differentiated with conditioned medium from control or adiponectitCre+Atgl” adipose tissue.
Immunofluorescence staining using BODIPY for lipid content, anti-F4/80 antibody for
macrophage, and DAPI for nuclei.
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Figure 23: ATGL knockout conditioned medium induces differentiation in BM-Macs
similar to control conditioned medium. Bone marrow cells were isolated from C57BL/6J
and were differentiated in the presence of M-CSF1 (BM-Macs) for three days and further
differentiated adiponectit©re-Atgl™ (control) or adiponectitCre+Atgl™ (Atgl KO) adipose
tissue or conditioned medium. Flow cytometry was utilized to assess macrophage content. A.
Quantification of FBC (F4/80+, CD11b+, CD11c+) from live cells population n=4 *+"\#
P<0.05 **++"## P< 0.005 ***+++ N P< 0.0005 B. Quantification of FB (F4/80+,
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Figure 24: Concentrate fraction induces differentiation of BM-Macs similar to adipose
tissue differentiation. Bone marrow (BM) cells were isolated from C57BL/6J and were
differentiated in the presence of M-CSF1 (BM-Macs) for three days and further
differentiated with adipose tissue (BM-Macs + AT), conditioned medium (BM-Macs +
CM), concentrate and filtrate (BM-Macs + Con + Fil), concentrate (BM-Macs + Con), and
filtrate (BM-Macs + Fil). Flow cytometry was utilized to assess macrophage content. A.
Quantification of FBC (F4/80+, CD11b+, CD11c+) from live cells population n=4-8 *+"#
P<0.05 **++ M## P< 0.005 *** +++MA#HP< 0.0005 B. Quantification of FB (F4/80+,
CD11b+) from live cells population n=4-8 * Compared to BM-Mac, + Compared to BM-
Macs + AT, * Compared to BM-Macs + CM, # Compared to BM-Macs + Con+Fil
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Figure 25: Concentrate fraction induces lysosomal program in BM-Macs. Bone marrow
cells were isolated from C57BL/6J and were differentiated in the presence of M-CSF1 (BM-
Macs) for three days and further differentiated with adipose tissue (BM-Macs +AT),
conditioned medium (BM-Macs +CM), concentrate and filtrate (BM-Macs + Con +Fil),
concentrate (BM-Macs + Con), and filtrate (BM-Macs + Fil). Protein was extracted from BM-
Macs and western blot analysis was done against anti-LAMP2, anti-LIPA, and anti-p-actin
antibodies.
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Figure 26: Concentrate fraction induces lysosomal program and lipid accumulation in
BM-Macs

Bone marrow cells were isolated from C57BL/6J and were differentiated in the presence of
M-CSF1 (BM-Macs) for three days further differentiated with adipose tissue (BM-Macs
+AT), conditioned medium (BM-Macs +CM), concentrate and filtrate (BM-Macs + Con
+Fil), concentrate (BM-Macs + Con), and filtrate (BM-Macs + Fil). BM-Macs were fixed
and immunofluorescence staining was performed for lipid content (BODIPY), lysosomes
(Lysotracker), macrophages (anti-F4/80 antibody), and nucleus (DAPI).
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Conclusion

A novel non-classical release of lipids from adipocytes was discovered. Ablation of Atgl
in adipocytes results in increase body weight due to adiposity and an impairment in
thermogenesis and energy expenditure (Ahmadian, Abbott et al. 2011). Thus far no studies have
examined ATMs from AT lacking Atgl to further elicit lipid accumulation in ATMs and the
source of neutral lipid. In our data, lipid was found to be stored in lipid droplets as well as lipid
vesicles in ATMs (Figure 2-8). The presence of lipid vesicles would suggest lipid was
phagocytosed and processed through the endocytic pathway similar to how modified LDL is
catabolized into free cholesterol in foam cells (Ouimet, Franklin et al. 2011) (Figure 6). There
are various receptor mediated processes in which lipid vesicles can enter ATMs including
clathrin dependent, caveolin dependent, or clathrin, caveolin independent receptor mediated
phagocytosis(Schmitz and Grandl 2008). Examination of phagocytosis in BM-ATMs is still
necessary to confirm this mechanism but given phagocytosis is a main property of macrophages
this mechanism is probable. Given that there are lipid vesicles present in ATMs then are these
derived from phagocytosis of lipid filled vesicles? In our BM-Macs we could inhibit
phagocytosis and then co-culture with lipid vesicle filled fraction to see if we observed both
decreases in lipid accumulation and lysosomal lipid catabolism. If so then this would be evidence
that the majority of lipid is from lipid vesicle and this is the lipid pool that is being catabolized.

When we looked for the source of lipid vesicles the obvious answer was the lipid storing
neighboring cells, adipocytes. First we determined if AT secreted lipid filled vesicles by looking
for vesicles in the concentrate fraction of conditioned medium from lean and obese AT. There
were large amounts of exosome sized vesicles but we also found the presence of large

micorvesicles (Figure 16). The components of the exosomes were electron poor similar to lipid
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in cells and the large vesicle appeared to be lipid droplet. Using confocal microscopy, we did
observe the presence of neutral lipid vesicles in both concentrate and filtrate although the
BODIPY staining was more common in concentrate and resembled the large lipid droplet like
vesicles we observed in electron microscopy images (Figure 21). The large neutral lipid positive
structures seen were not visualized in electron microcopy images and could be non-specific
staining or coalescence of lipid vesicles (Figure 20 and 21). Further visualization of lipid in
vesicles by staining for lipids is necessary. We will also use lipidomics to uncover what lipid
species are present in the vesicle rich fraction.

In further characterizing the vesicles, we found adipocyte/lipid droplet proteins ATGL,
aP2, ADFP, and CGI-58 suggesting these proteins are shuttled into vesicles for release or they
are present on lipid droplets (Figure 12-15, 18, and 19). Given that ATGL is localized to lipid
droplets in adipocytes, it is probable that they will both be found in the same vesicles. We need
to observe both ATGL and lipid in adipocyte vesicles. This can be done by immunogold staining
of ATGL along with lipid staining of vesicles using electron microscopy. The results of the
western blot also showed there is higher ATGL in lean AT conditioned medium then in obese
AT conditioned medium. There are more ATMs in obese AT therefore if they do take up the
lipid filled vesicles then depleting them in our AT explants would increase vesicles in the

conditioned medium that we could detect.

Our data also lead use to explore the question of how macrophages can differentiation in
a tissue specific manner. The neutral lipid containing fraction had unique abilities to differentiate
BM-Macs into an ATM like cell, suggesting the lipid filled vesicles can be an AT specific
macrophage differentiation factor. ATMs are different than other macrophages like foam cells.

For example, lipophagy regulated lipid catabolism in foam cells but not ATMs and we detected
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differences in lipid droplet and endocytic vesicle proteins amongst ATMs and foam cells
(Chapter 2 and Figure 2-6). We first observed that differentiation of BM-Macs with ex vivo
cultured AT conditioned medium resulted in an ATM like cell, suggesting there are specific AT
factors that regulate bone marrow monocyte differentiation (Figure 9-11). These factors are
unique for ATM differentiation since BM-Macs + CM had increase lipid accumulation, Cd11c
expression, and lysosomes like BM-ATMs. The ATM like cell differentiation factors that
resulted in lipid accumulation and BM-Mac differentiation we observed is not solely due to
secreted proteins given that the greatest effects in BM-Macs differentiation was observed with
BM-Macs + Con (Figure 24-26). BM-Macs + Con had more lipid accumulation, higher CD11C
expression, and increase LAMP2 and LIPA protein levels compared to BM-+Fil (Figure 24-26).
The filtrate fraction had the ability to cause some differentiation properties consistent with BM-
ATMs suggesting there are other AT factors that are secreted proteins smaller than 100 kDa that
are important for differentiation. Our data suggest that adipocytes release lipid filled vesicles that

contribute to differentiation and lipid accumulation in ATMs.

Research Design and Methods

Animals and Animal Care

Male C57BL/6J (lean) and B6.V-Lep/obJ Lep°°(obese) were obtained from The Jackson
Laboratory (Bar Harbor, ME) at age of 10-14 weeks old. Mice were housed in pathogen-free
barrier facility, in ventilated cages with free access to autoclaved water and either low fat pellet
diet about 5% calories from fat (PicoLab Rodent Diet 20; Purina Mills Inc). Mice were
maintained on a 12-hour light/dark cycle and housed with 3-5 male mice per cage. Animal
procedures were approved by Columbia University International Animal Care and Use

Committee.
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Isolation and Culturing of Stromal Vascular Cells (SVC)

Mice were subjected to CO, asphyxlation and cervical dislocation. Perigonadal adipose tissue
(PGAT) was removed and placed into FACS buffer (PBS (GIBCO), 0.2% bovine serum albumin
(BSA, Sigma-Aldrich), and 5mM Ethylenediaminetetracetic acid (EDTA, Sigma-Aldrich)).
PGAT was minced into fine (<10 mg) pieces and centrifuged at 500g from 5 minutes at room
temperature to remove erythrocytes. For digestion, PGAT was transferred into Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen) with 10 mg/mL BSA and digestive enzymes (0.14
units/mL of Liberase TM (Roche Applied Science) and 50U/mL of DNasse | (Sigma-Aldrich))
in a 37°C orbital shaker at 185 rpm for 30 minutes. Following digestion, medium was passed
through a sterile 250-um nylon mesh (Sefar Filtration Inc). The suspension was centrifuged at
500 g for 5 minutes. The stromal vascular cells (SVCs) pellet was resuspended in FACS buffer
and centrifuged once more at 500 g for 5 minutes. SVCs were cultured in culture medium
(DMEM, 10% fetal bovine serum (FBS, Invitrogen), and 1% Penicillin-Streptomycin (P/S,
Invitrogen) at a concentration of 500,000 cells/mL overnight at 37°C in 4 well chamber slides

(LabTek) in 5% at CO..

Differentiation of BM-Macs

Bone marrow (BM) cells were collected from femurs of 6-10 week old C57BL/6J. Femurs were
flushed with BM culture medium (Minimum Essential Medium Alpha (MEM-a, Invitrogen),
10% FBS, 1% Non-essential amino acids (NEAA, Invitrogen), 1% P/S). Cells were cultured at a
density of 50-60x10° cells/200mL in 175 mL tissue culture flask at 37°C and 5% CO,. On Day 2
of the protocol, non-adherent cells were collected, centrifuged at 500 g for 5 minutes and grown

in 12 well cell culture plates (BD Bioscience) or 4 well coated chamber slides (LabTek) at a
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concentration of 1.5x10° cells/well/2 mL of BM culture medium supplemented with 30 ng/mL of
human macrophage colony stimulating factor (M-CSF, R&D systems) to generate BM-Macs.
On day 5 of the protocol, medium was removed from cells and fresh M-CSF supplemented BM
culture medium was added. For BM-Macs, cells were cultured in BM culture media
supplemented with MCSF (30 ng/mL) alone for three more days. For differentiation of BM-
Macs with adipose tissue (BM-Macs +AT), 100 mg of PGAT from lean C57BL/6J was put into
porous tissue inserts (BD Bioscience) in wells with fresh BM culture medium with 30 ng/mL M-
CSF. Differentiation of BM-Macs +AT continued for three more days. For differentiation of
BM-Macs with conditioned medium (BM-Macs + CM), 100 mg of PGAT from lean C57BL/6J
was cultured in BM culture medium with M-CSF. Conditioned medium was collected
centrifuged 500 g for 5 minutes to remove cellular debris. Medium from BM-Macs was removed
and conditioned medium was added fresh every 24 hours for three days. For differentiation of
BM-Macs with concentrate + filtrate (BM-Macs+ Con+Fil), BM-Macs with concentrate (BM-
Macs + Con), and BM-Macs with filtrate (BM-Macs + Fil), 100 mg of PGAT from lean
C57BL/6J was cultured in BM culture medium with M-CSF. Conditioned medium was collected,
centrifuged at 500 g for 5 minutes and pass through syringe filter to remove cellular
contamination. Cell free conditioned medium was filtered using Millipore Amnicon® 100 kDa
centrifuge filter to separate into concentrate (>100 kDa) and filtrate (<100 kDa) fractions.
Medium from BM-Macs was removed and concentrate and/ or filtrate was added fresh every 24
hours for three days. On the eighth day of differentiation, cells were either isolated for flow
cytometry or protein extraction. Cells were washed with phosphate buffered saline (PBS,
GIBCO) and detached from plate using 0.02% Ethylenediaminetetracetic acid (EDTA, Sigma-

Aldrich)). Cells were washed with PBS and centrifuged at 1600 g for 10 minutes at 4°C. Pellets
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were resuspended in cold FACS buffer for flow cytometry analysis or cold lysis buffer for

protein extraction.

Ex Vivo Adipose tissue Culture

10-14 week old C57BL/6J, B6.V-Lep/obJ, whole body Atgl knockout, adiponectiCre-Atgl”,
and adiponectiiCre+Atgl " mice were used. Different amounts of perigonadal adipose tissue was
placed in Opti-Mem medium (Invitrogen), centrifuged at 400 g for 1 minute to wash. PGAT was
minced and centrifuged again to wash once more. In 6 well plates, 2 mL of Opti-Mem and 1%
Penicillin/Streptomycin was added and PGAT was transferred into wells. After one hour
conditioned medium was collected and centrifuged for 10 minutes at 1600 rcf. PGAT was
washed with PBS 3 times 3 minutes each. Fresh Opti-Mem was added and after 16 hours

conditioned medium as collected.

Flow Cytometry (FACYS)

After BM-Macs were pelleted they were resuspended in FACS buffer with 2% Fc Block (BD
Bioscience) and placed on rotator for 30 minutes at 4°C in dark. Fluorophore-conjugated
antibodies were added for 30 minutes at 4°C on rotator: 1:20 v/v anti-F4/80-APC macrophage
marker (AbD Serotec), 1:100 v/v anti-CD11b macrophage marker (Invitrogen), and 1:100 v/v
anti-CD11c-PE-TR macrophage marker (Invitrogen). Cells were washed twice with FACS
buffer centrifuged at 1600 rcf for 3 minutes and resuspended in FACS buffer with (4',6-
Diamidino-2-Phenylindole, Dihydrochloride) (DAPI , Invitrogen). Cells were analyzed using

LSRII flow cytometer (Becton Dickson). Data analysis was done on FlowJo software.
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Immunofluorescence (IF) Microscopy

To observe neutral lipids and lysosomes in cells, 1:300 v/v BODIPY (Invitrogen, neutral lipids)
and 5mM of Lysotracker (Invitrogen, lysosomes) was added and placed in 37 °C for 30 minutes.
BM-Macs were washed with PBS for 5 minutes, fixed in Zinc formaldehyde (Z-Fix, Anatech
Ltd) for 10 minutes, and washed three times with PBS. BM-Macs were permeabilized using
0.01% Trition-X100 (Sigma-Aldrich) Blocking buffer (PBS, 10% goat serum (Sigma-Aldrich))
was added for 1 hour at room temperature. Antibodies were diluted in blocking buffer at specific
concentrations: 1:100 v/v L anti- F4/80 macrophage marker (Invitrogen), 1:100 v/v anti-EEAL,
early endosome antigen marker (Cell Signaling), 1:500 v/v anti-ADFP, lipid droplet antibody,
Perilipin 2 (Abcam), for one hour room temperature or overnight at 4°C. BM-Macs were washed
three times with PBS. Secondary antibody 1:400v/v Cy5 and Cy3 was added for 2 hours at room
temperature (Invitrogen). BM-Macs were washed three times with PBS and incubated with
1:4000 v/v DAPI for 10 minutes to visualize nuclei. Finally, BM-Macs were then washed three
times with PBS and glass coverslips were mounted using Fluoro-gel mounting solution (Electron

Microscopy Sciences). Slides were imaged using Nikon A1R MP confocal microscope.

Western Blots

BM-Macs were resuspended in tissue extraction reagent | (Invitrogen) with protease inhibitor
cocktail (Sigma-Aldrich). BM-Macs were sonicated and centrifuged at maximum speed for 30
minutes. Proteins from conditioned medium were precipitated using tricholoroacetic acid and
acetone wash. Tissue extraction reagent with protease inhibitor cocktail was added into
concentrate and filtrate fractions and samples were vortexed to extract proteins. Exosome

purified pellets were resuspended in tissue extraction reagent and vortexed to extract proteins.
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Protein concentrations were measured using BIO-RAD Protein Assay (BIO-RAD). 20-50 ug of
protein were denatured at 96°C for 10 minutes in LI-COR Biosciences 4X protein sample buffer
and loaded on 14% SDS-polyacrylamide gels (Invitrogen). Gels were run at 100-120 volts for 2-
3 hours. Blots were transferred on polyvinylidene difluoride (PVDF, Fisher Scientific) using
Biorad wet transfer system for 50 minutes. Membranes were blocked with 5% non-fat milk
solution and incubated with primary antibodies at 4°C overnight: anti-Atgl (Cell Signaling), anti-
EEA1 (Cell Signaling), anti-Rab5 (Cell Signaling), anti-CoxIV (Cell signaling), anti-ADFP
(Abcam), anti-B-actin (Sigma-Aldrich), anti-adiponectin (Pro-Sci), anti- Lamp2 (Abcam), anti-
Lipa (Abcam), anti-aP2 (Abcam), anti-CD63 (Santa Cruz Biotech), anti-CGI-58 (Abcam). The
following day, membranes were washed with Tris-buffered Saline with Tween20 (TBST) and
incubated with fluorescent secondary antibodies (Rockland Immunochemicals). Membranes
were developed using LICOR odyssey system (LICOR). Band intensities were determined using

image analysis Quantity One (BIO-RAD)

Electron Microscopy

BM-ATMs and BM-foam cells pellets were fixed with 2% paraformaldehyde. Cells were
embedded, sectioned, stained with Osmium tetroxide and uranyl acetate. After collecting the
concentrate fraction from lean and obese adipose tissue conditioned medium, 2%
paraformaldehyde was added to concentrate fraction to fix. Samples were air dried on electron
microscopy grids, negative stained with uranyl acetate, and washed. Grids examined under a
JEOL JEM-1200 EXII electron microscope. Images were captured with an ORCA-HR digital

camera and recorded with an AMT Image Capture Engine.
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Exosome Purification
After collection of concentrate fraction, System bio Exoquick-TC™ exosome precipitation kit

and protocol was used according to manufacture protocol.

Statistical analysis
Data is presented as mean +SEM. All significance values are presented at p-values and
calculated using a Student’s T-test (two-tailed distribution, two-sample unequal variance).

Statistics were determined using Microsoft Excel and Graphpad Prism.
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Chapter 1V: Future Directions
Conclusions

Obesity results in metabolic alterations including insulin sensitivity, hepatic steatosis, and
lipotoxicity in non-lipid storing tissues (van Herpen, 2008). During the onset of obesity,
macrophages accumulate in adipose tissue (AT) compromising more than 40% of cells in most
obese individuals (Weisberg, McCann et al. 2003, Xu, Barnes et al. 2003). Studies to understand
the function of macrophages have linked their inflammatory phenotype to insulin resistance
(Lumeng, Deyoung et al. 2007, Solinas, Vilcu et al. 2007, Saberi, Woods et al. 2009, Chawla,
Nguyen et al. 2011). However, adipose tissues macrophages (ATMs) have a lipid buffering role
by phagocytosing lipids and free fatty acids (FFAS). During weight loss, our lab showed ATMs
accumulate lipid (Kosteli, Sugaru et al. 2010). ATMs from genetic and diet induced obese AT
also accumulate lipid and localize around what are thought to be dead adipocytes (Prieur, Mok et
al. 2011, Cinti, Mitchell et al. 2005).

While trying to determine non-inflammatory functions of ATMs, our lab found a
lysosomal dependent lipid catabolism process (Xu, Grijalva et al. 2013). Our question then
became how is lipid delivered to lysosomes for catabolism. Lipid droplets cannot fuse directly
with lysosomes therefore need to be delivered in a vesicle such as an autophagosome (Liu and
Czaja 2013). Given that autophagy of lipid droplets (lipophagy) contributes to cholesterol ester
lipid droplet hydrolysis in foam cells, which are lipid laden macrophages similar to ATMs, we
hypothesized that lipophagy would regulate lipid droplet metabolism in ATMs (Ouimet, Franklin
et al. 2011). In chapter two, we observed increases in autophagy in lipid filled ATMs but to our
surprise lipophagy did not contribute to lysosomal lipid catabolism in ATMs. The questions that

arose from our data include:

118



1. Inwhat form is lipid stored in ATMS?

2. Is lipid delivered to lysosomes in an endocytic vesicle?

3. What makes ATMs different from foam cells?

4. Does the lipid species in lipid droplets determining the role lipophagy has in cells?

5. What happens to lipid after lysosomal catabolism?

We explored how neutral lipid is present in ATMs in chapter 3 after we hypothesized
that neutral lipid was not stored solely in lipid droplets but was also present in endocytic
vesicles. After observing neutral lipid in early endosome antigen 1 (EEAL) positive vesicles,
primary lysosomes, and single membrane vesicles in EM images we explored the source of the
lipid vesicles and found lipid vesicles in AT conditioned medium suggesting these lipid vesicles
are phagocytozed by ATMs (Chapter 3).

Mac™9%° mice had no increases in lipid content compared to control mice making us
wonder why lipophagy is important in foam cells but not ATMs even though they are both lipid
filled macrophages. Tissue macrophages have functions including clearance of apoptotic cells,
clearance of erythrocytes, bone turnover, and pathogen clearance (Davies, Jenkins et al. 2013).
Along with differing tissue functions, each tissue macrophage population expresses different
phenotypic markers and this diversity could be controlled in a tissue/niche-specific manner
(Davies, Jenkins et al. 2013). Each macrophage population arises in different tissue
environments suggesting there are tissue specific factors that contribute to macrophage
differentiation and determining their function. In our search for a source of lipid vesicles in
ATMs, we found AT conditioned medium vesicles also had the ability to induce surface antigen
CD11c expression and upregulate a lysosomal program, making us hypothesize these vesicles

are potential AT specific differentiation factors (Chapter 3).
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Foam cells are cholesterol filled while ATMs are proposed to be triglyceride filled
therefore is the lipid species in the cells regulating cellular progresses in each tissue macrophage
population (Koga, Kaushik et al. 2010, Mei, Ni et al. 2011,Prieur, Mok et al. 2011). Lipophagy
contributes to triglyceride (TG) lipid droplet catabolism in hepatocytes (Singh, 2009). In
hepatocytes, unsaturated fatty acid, oleic acid induces autophagy while saturated fatty acids,
palmitic acid decreases autophagy therefore different FFAs species can also regulate autophagy
(Koga, Kaushik et al. 2010, Mei, Ni et al. 2011). FFAs can regulate autophagy differently in
ATMs than in hepatocytes. (Koga, Kaushik et al. 2010, Mei, Ni et al. 2011). Determining the

lipid species in Mac™'9™©

and control ATMs can be done by isolating droplets and vesicles to see
if Mac™9™° ATMs have a different lipid pool then control ATMs. Lipid species can also
regulate lipophagy by altering the lipid membrane of autophagosomes decreasing
autophagosome and lysosome fusion (Koga, Kaushik et al. 2010, Mei, Ni et al. 2011). After
chronic lipid stimuli or long term high fat diet feeding, autophagy was inhibited in hepatocytes
because of decreased fusion rates between autophagosomes and lysosomes (Singh, Kaushik et al.
2009). It is probable that in the lean state, basal autophagy contributes to lipid catabolism in
ATMs. In obese ATMs, autophagy could have been induced for lipid catabolism but due to the
high lipid environment of AT, there could be decreased autophagosome lysosome fusion.
Alternatively autophagy of other cellular components, but not lipid droplets, is activated by
obesity in ATMs.

Lysosomal lipid catabolism would result in elevations of FFAs and glycerol in ATMs.
FFAs can be toxic to cells, inducing reactive oxygen species and apoptosis, therefore FFAs are

esterified and safely stored in lipid droplets from which they can undergo B-oxidation or be

released from ATMs. The lipid droplets we observed in ATMs could have been formed from the
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catabolism byproducts or from FFAs that were taken up from adipocyte release. To find out we
could use tracer experiments to observe labeled FFA uptake, catabolism, and storage. The
potential high energy demands of ATMs in an obese environment may require a large amount of
energy therefore FFAs may enter f-oxidation and provide the required ATP. Obesity increases
mitochondrial fatty acid oxidation protein, CPT1A in ATMs (Malandrino, Fucho et al 2014). We
can test this by measuring B-oxidation in obese and lean ATMs. Decades ago, J774
macrophages were shown to release FFAs (von Hodenberg, Khoo et al. 1984). In our published
work, lysosomal inhibition using chloroquine in ex vivoAT culture and in vivoshowed that FFA
levels decreased, suggesting the byproducts are being released from ATMs (Xu, Grijalva et al.
2013). A proposed ATM function is short term storing of FFAs so they do not produce tissue
toxicity and allow for healthy tissue function to occur.

Circulating monocytes are recruited to AT by chemokines and cytokines like MCP-1and
CX3CL1 (Gordon and Taylor 2005). Once in the AT, monocytes differentiate into macrophages
(Gordon and Taylor 2005). Obese ATMs express both M1 and M2 antigens causing a
discrepancy with the M1 and M2 classification model (Bourlier, Zakaroff-Girard et al. 2008,
Shaul, Bennett et al. 2010, Xu, Grijalva et al. 2013). We observed that lipophagy contributes to
lipid catabolism in foam cells but not ATMs, suggesting there are tissue specific differentiation
factors that regulate monocyte differentiation and function (Chapter 2). Our search for an answer
to what form neutral lipid was present in ATMs in Chapter 3 lead us to searched for AT
differentiation factors that could contribute to the phenotype observed in obese ATMs. We found
AT lipid vesicles contributed to bone marrow derived macrophage differentiation and resulted in
lipid accumulation in BM-ATMs. Our findings raise further questions:

1. What regulates lipid vesicles release from adipocytes?
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2. Do released vesicles induce macrophage tissue specificity?

3. Where do lipid vesicles end up besides ATMs ie circulation, lymph nodes, or other
immune cells?

4. What are the metabolic consequences of blocking lipid vesicle release?

5. Are there different types of vesicles released in adipose tissue depending on

metabolic status?

Adipocytes store TG for use during times of energy deficits. When lipolysis is activated
adipocytes convert TG into glycerol and FFAs that are utilized by tissues as metabolic substrates
(Nielsen, Jessen et al. 2014). TG is converted into FFAs and glycerol in three steps regulated by
ATGL, HSL, and MGL (Nielsen, Jessen et al. 2014). Lipolysis is inhibited by insulin and
activated by counter regulatory signals including catecholamines and glucagon (Nielsen, Jessen
et al 2014). Adipocytes ability to secrete vesicles could be a regulated process to release lipid in
a different form than FFAs or a non-regulated process occurring when cells are undergoing cell
death. However, vesicles released by dying cells are typically much larger and heterogeneous
than the exosome sized vesicles we observed. In addition, we did not observe COXIV, a
mitochondrial protein, suggesting there is no cell lysis. Lean and obese AT conditioned media
have similar quantities of vesicles although lean conditioned medium vesicles are more
homogenous in size and appearance whereas obese vesicles are more heterogeneous.
Surprisingly, conditioned medium from lean AT had higher a concentration of ATGL protein

compared to obese conditioned medium.

Some of these observations suggest vesicle release is a regulated process that is altered
during obesity. To determine whether vesicle release is regulated, ex vivoAT culture could be

treated with insulin or B3 agonist and vesicle content analyzed with electron microscopy and
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western blots. We would predict that if lipid vesicles are regulated the key regulators of lipolysis
are likely to play a role. During these experiments we could also characterize whether there are
different vesicles released during different metabolic states beyond the morphologically distinct
vesicles released by AT from obese and lean adipose tissue. We could characterize vesicles
further by extracting proteins to examine by western blots, lipid and analyzing using a lipidomic
study, and mRNA to profile gene expression in vesicles released due to different metabolic

stimuli.

Exosomes are released by cells and can be detected in body fluids including blood, urine,
bile, lymphatic fluid, and spinal fluid (Raposo and Stoorvogel 2013). Exosomes can provide cell
to cell communications, both in a paracrine and autocrine way (Urbanelli, Magini et al. 2013).
Paracrine signaling occurs when source cells release exosomes and neighboring cells respond by:
1. Activation of receptors on target cells in classic ligand-cell surface receptor interaction 2.
Cleavage by extracellular proteases of exosome membrane proteins into soluble ligands that bind
to target cell receptors 3. Fusion of exosomes with target cell membranes and release of content
directly into the cytoplasm 4. Uptake of exosomes into endocytic compartment (Urbanelli,
Magini et al. 2013). Each of these exosome signaling pathways could provide the metabolic
status of the origin cell and cause an appropriate response in neighboring cells allowing them to
have an expression profile that ensures they work in a synergistic manner. Previous reports of
adipocyte-derived exosomes suggest that ATM uptake adipocyte derived exosomes and cause
M1 polarization (Muller, Jung et al. 2009, Muller, Jung et al. 2010, Muller, Wied et al. 2011).
Our findings are not consistent with these observations, perhaps in part because a 3T3 cell-line
was used in several of these studies. One study, however, suggested that large adipocyte release

exosomes that are taken up by neighboring adipocytes and increase lipid storage in these
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neighboring cells (Muller, Jung et al. 2009, Muller, Jung et al. 2010, Muller, Wied et al. 2011).
Our data in chapter 3 would suggest AT exosomes could be taken up by ATMs and regulate their
metabolic function. However, our studies were performed in vitro. In vivowe could label
exosomes and tracing them to see whether they end up in ATMs. We could isolate primary
ATMs and co-culture them with labeled AT exosomes to observe if ATMs phagocytoze

exosomes directly.

Beyond paracrine effects, exosomes have been implicated in hormone-like actions. After
determining local effects of AT exosomes, we need to determine whether adipocyte-derived
ATGL vesicles are also present in circulation. Serum proteins can be extracted to see if we
observe adipocyte specific proteins that we know are present in AT exosomes and not present in
other characterized tissue exosomes. We can confirm the origin of the exosomes by assess the
effects of adipocyte-specific deletion of proteins, eg ATGL. We would also determine whether
AT exosomes are present in the lymph and travel to lymph nodes. Compelling work suggests
that exosomes are critical signals in the developing immune system. Similar to the studies we
propose to do on serum, we could isolate exosomes from AT lymph nodes and analyze protein
content. In a complementary approach we could inject label exosomes into AT and then isolate
lymphatic fluid and AT draining lymph nodes. If as we hypothesize exosomes do travel through
the lymph we would detect uptake of labeled material by lymph node cells. An assay would have
to be developed to determine the percentages of exosomes that are taken up by ATMs, lymphatic
cells, or released into the circulation. Other AT immune cells or adipocytes can take up lipid
vesicles this also needs to be observed in vivo. An intriguing question is what would happen if
we block the ability of ATMs to take AT exosomes by using clodronate depletion studies would

they increases the percentages in other cells, lymph nodes, or circulation.
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We need to determine whether there are metabolic consequences if adipocytes cannot
release vesicles. If this is a non-regulated process then it seems likely to be occurring because of
adipocyte stress. We would test this by treating in vivoand ex vivoAT culture with
pharmacological agents that induce stress or apoptosis. If exosome release is caused by
adipocyte stress then we would induce release and compare the proteomic and lipidomic profiles

of these and authentic AT derived exosomes.

The mechanism of regulated exosome release are largely unknown and indeed debated.
If AT exosome release is a regulated process then we would predict there would need for
cytoskeleton and endocytic regulated pathways. Inhibiting these pathways, both
pharmacologically and genetically, we could identify pathways involved and determine whether
metabolic phenotypes including adiposity, body weight, and insulin resistance directly modulate
exosome release.

The main remaining question for our future direction is what happens if ATMs do not
have a lipid buffering capability. Macrophages are recruited to tissues during infection or injury
to maintain tissue homeostasis (Davies, Jenkins et al. 2013). ATMs are probably no different
and enter AT during obesity due to lack of tissue homeostasis. Monocyte recruitment factors
include cytokines, adipokines, and FFAs from which macrophages then differentiate into a
phenotype to help them elicit their functions. ATM conditioned medium co-cultured with AT-
derived progenitor cells increased angiogenesis suggesting that ATMs are important in healthy
AT expansion (Bourlier, Zakaroff-Girard et al. 2008). If one of the main function of ATMs is to
take up FFASs and lipids to remove these toxic substrates from AT then if they don’t what
happens to the AT. Will the toxic substrates causes increase hypoxic effects that do not allow for

healthy adipose tissue expansion? The lipid buffering role of ATMs is important for maintenance
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of healthy adipose tissue expansion. Whole body lysosomal acid lipasd_{pa) knockout mice
lose their AT as they age, suggesting Lipa contributes to AT expansion (Du, Heur et al 2001).
The metabolic consequences of the Lipa knockout mice are corrected by expressing Lipa in
hematopoietic cells (Qu, Yan et al. 2011 and Yan, Lian et al. 2006). So does lipa in ATMs
maintain healthy adipose tissue? These mouse model could suggest that the lipid buffering
capability of ATMs is important in maintain healthy adipose tissue and whole body metabolic
state. Our model for ATM function in maintaining AT homeostasis is that adipocytes release
lipid as FFA through lipolysis as well as lipid/protein containing vesicles. Both of these lipid
substrates are taken up by ATMs. FFAs are esterified as lipid droplets while lipid vesicles are
catabolized in a lysosomal dependent manner releasing FFA. Catabolism byproducts, FFAs can
be reesterified as lipid droplets, oxidized in mitochondria, or secreted from ATMs. Secreted
FFAs can be released into circulation or recycled back to adipocytes. This lipid cycling pathway
between adipocytes and ATMs helps maintain an AT environment sufficient for healthy AT

expansion (Figure 1).
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Figure 1: Lipid cycling in adipose tissue Adipocytes release FFAs and lipid vesicles that
contribute to monocyte differentiation into ATMs. ATMs take up FFAs and lipid vesicles. FFAs
are esterified into lipid droplets and lipid vesicles are catabolized through lysosomal dependent
manner. FFASs are utilized for f-oxidation and released from ATM. This process of lipid buffering
and utilization in ATMs allows for maintenance of healthv AT.
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