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ABSTRACT OF THE DISSERTATION

Novel Insight into Triglyceride and Cholesterol Metabolism

by
Xuchen Hu
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2019

Professor Stephen G. Young, Chair

Lipids are a class of biomolecules that play an essential role in numerous biochemical
functions, including energy production and homeostasis, cellular communication, and plasma
membrane structure. However, lipids are also linked to many diseases and pathological
processes, the most common of which are heart disease, diabetes, and inflammation. In order to
maintain homeostasis, the body has an intricate and complex transport system to deliver
cholesterol and fatty acid from the diet to vital tissues and organs, as well as a method to
transport excess cholesterol from tissues and cells back to the liver where it can be excreted or
recycled. Disruption or dysregulation in any parts of this system results in life-threatening
diseases such as coronary artery disease. Utilizing a variety of biochemical, cell biology, and
imaging approaches, we describe several recent findings in two important aspects of lipid
metabolism —intravascular triglyceride metabolism and macrophage reverse cholesterol
transport.

In the first several sections, studies describe the protein GPIHBP1. GPIHBPI is a protein

of capillary endothelial cells that is responsible for capturing lipoprotein lipase (LPL) and
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transporting it to the capillary lumen where LPL functions in hydrolysis of triglyceride-rich
lipoproteins in the bloodstream, releasing fatty acids for use by surrounding tissues. Without
GPIHBP1, LPL never reaches the capillary lumen and triglyceride hydrolysis is deficient,
resulting in severe hypertriglyceridemia. In the following studies, we first developed and
characterized several monoclonal antibodies (mAbs) against human GPIHBP1, then utilized
these mAbs to better understand GPIHBP1’s role in hypercholesterolemia and cancer lipid
metabolism.

In the later sections, we investigated macrophages and their role in reverse cholesterol
transport. Macrophage have been known to internalize cholesterol and offload excess cholesterol
back to the bloodstream and the liver. Cholesterol efflux from macrophages have been studied
extensively and has generally been thought to involve direct transport of cholesterol from ATP-
binding cassette (ABC) transporters to acceptors in the plasma such as high density lipoproteins
(HDL). In these studies, we demonstrate that macrophages release ~20 to 100-nm particles
derived from the plasma membrane and that these particles are highly enriched in a pool of
accessible cholesterol. This release cholesterol-rich particles would greatly augment

macrophages’ ability to offload excess cholesterol in reverse cholesterol transport.
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Chapter 1
GPIHBP1 in Plasma Triglyceride Metabolism;

Macrophage Cholesterol Export



GPIHBP1 and Plasma Triglyceride Metabolism

For more than 60 years, it has been known that triglycerides in the plasma are hydrolyzed
by the enzyme lipoprotein lipase (LPL) along blood vessels (1, 2). Dietary fats are packaged into
chylomicrons by the intestines and very low-density lipoproteins (VLDLSs) are secreted by the
liver into the circulation (3, 4). After reaching the bloodstream the triglycerides in these
triglyceride-rich lipoproteins (TRLs) are hydrolyzed by LPL along the luminal surface of
capillaries, mainly in heart, skeletal muscle and adipose tissue (3, 4). For a long time, it was
assumed that LPL, secreted by myocytes and adipocytes, was attached to the surface of blood
vessels by electrostatic interaction with heparan-sulfate proteoglycan that line the surface of
endothelial cells (5, 6). However, how LPL reaches the luminal surface of capillaries remained a
mystery until recently. Glycosylphosphatidylinositol-anchored high density lipoprotein—binding
protein 1 (GPIHBP1) is a GPI-anchored protein of capillary endothelial cells that is responsible
for capturing LPL in the interstitial spaces and shuttling the enzyme across endothelial cells into
the capillary lumen (7). Mice lacking GPIHBP1 had severe hypertriglyceridemia, with plasma
triglycerides ranging from 2000-5000 mg/dl on a chow diet (7, 8). The hypertriglyceridemia was
due to defective processing of TRLs by LPL (7). It was quickly discovered that GPIHBP1 was
expressed on capillary endothelial cells and had the ability to bind LPL avidly (7). Subsequent
studies found that GPIHBP1 bound LPL and transported it to the capillary lumen and that
GPIHBP1 was essential for TRL margination along capillaries (Figure 1) (9, 10).
Structure of GPIHBP1

GPIHBP1 is a member of the Ly6/uPAR (LU) protein family (7). The hallmark of this
family is an ~80—amino acid “Ly6 domain” containing 8 or 10 cysteine, all in a characteristic

spacing pattern and all disulfide bonded to create a three-fingered fold (11, 12). The LU domain



of GPIHBP1 contains an N-linked glycosylation site that is important for the trafficking of
GPIHBP1 to the cell surface. Unlike other proteins in the Ly6 family, GPIHBP1 also contains an
“acidic domain” at its amino terminus, with 17 of 25 residues in mouse and 21 of 26 residues in
humans being aspartate or glutamate (7). It has been shown that GPIHBP1’s LU domain is
largely responsible for the high-affinity interaction with LPL while the acidic domain facilities
the initial binding event and subsequent stability of LPL (13—-15).
GPIHBP1 Transports LPL to the Capillary Lumen

GPIHBP1 is required for proper localization of LPL in tissues (9, 16, 17). GPIHBP1
binds LPL in the interstitial spaces and transports it into the capillary lumen. In wild-type mice
given an intravenous injection of heparin, LPL was discovered to be rapidly released into the
plasma (16). However, in Gpihbpl~ mice, this release was slowed, suggesting that LPL in wild-
type mice was located inside the blood vessel, whereas the slow entry of LPL into the plasma in
Gpihbpl™ suggested that LPL was mislocalized (16) This was indeed the case.
Immunohistochemical studies on wild-type mice showed that LPL perfectly colocalized with
GPIHBPI inside capillaries (Figure 2) (9, 17). However, in tissues of Gpihbpl”~ mice, LPL was
located within the interstitial spaces, bound to the outside surface of myocytes and adipocytes
(Figure 2) (9).
GPIHBP1 Expression in Tissues

GPIHBP1 is detectable in nearly every peripheral tissue, but is found in especially high
levels in brown adipose tissue and heart (7). This mirrors the high levels of LPL transcripts in
those sites (7). However, there are two tissues where there is a discrepancy in the expression of
GPIHBP1 and LPL. First, GPIHBP1 is completely absent from capillaries of the brain (7),

whereas LPL is expressed in select areas of the brain (e.g., hippocampus) (18, 19). The absence



of GPIHBP1 from the brain capillaries make sense because the brain relies exclusively on
glucose for fuel. However, the physiologic function of LPL in the brain remains unclear. Second,
GPIHBP1 is expressed at high levels in the lung, while LPL expression is very low (7, 20). The
GPIHBP1 in lung capillaries is functional in binding LPL as shown when bovine LPL
intravenously injected into a wild-type mouse bound to GPIHBP1 on lung capillaries (10). It is
likely that GPIHBP1 in lung capillaries appears to play a role in capturing LPL that escapes from
peripheral tissues, however the physiologic importance of GPIHBP1 expression in the lung
remains unclear (20, 21).

In mice, GPIHBP1 is present exclusively in capillaries and cannot be detected in larger
blood vessels (9). GPIHBP1 expression completely disappears as the size of capillary vessels
increase by even ~50% (9). How GPIHBP1 is regulated to be expressed solely in capillary
endothelial cells is unclear and remains an important topic for future research (21).
GPIHBP1-LPL Complex Required for Triglyceride-rich Lipoprotein Margination

For TRL processing to occur, TRLs must stop along the luminal surface of capillaries.
For years, the assumption was that TRLs stopped as a result of binding between TRLs and
HSPGs along the lumen of capillaries (1, 2). However, Fong and coworkers proved that that it
was GPIHBP1 that is crucial for the margination of TRLs to occur (10). Using confocal
microscopy, transmission electron microscopy, and NanoSIMS imaging, it was shown that TRLs
marginated along capillaries in wild-type mice, but TRL margination was completely absent in
sz’hbpl_/ “mice (Figure 3) (10). However, GPIHBP1 alone is insufficient for margination to
occur, as shown by the lack of TRL margination in the capillaries of the lung, where LPL is
absent (10). Therefore, the GPIHBP1-LPL complex is necessary for margination and binding of

TRLs in the capillary lumen (10).



GPIHBPI Mutations Cause Chylomicronemia

Mice lacking Gpihbp1 have defective TRL processing, resulting in extremely elevated
plasma triglycerides and chylomicronemia (7). In humans, several GPIHBP] mutations have
been identified in patients with familial chylomicronemia (22—-32). Most of these patients had
missense mutations in GPIHBPI involving a cysteine in the LU domain, including mutations
such as C65Y, C65S, C68Y, C68G, CO68R, C83R, and C89F (22-27, 31). Introducing an
unpaired cysteine into the LU domain (a S107C mutation) also causes chylomicronemia (28). In
addition, residues adjacent to cysteines have also been implicated in chylomicronemia patients
(29, 30). Q115P and T111P mutations, which introduce a proline adjacent to a conserved
cysteine, have also been observed in chylomicronemia patients. Chylomicronemia has also been
reported in association with mutations preventing N-linked glycosylation (T80K mutation) and
mutations preventing the addition of a GPI anchor (G175R) (32).

Recent studies have shown that most of these mutations in GPIHBP1 caused
chylomicronemia due to the decreased ability of GPIHBP1 to bind LPL, thus preventing LPL
from reaching the capillary lumen (14). Beigneux and coworkers found that these mutations in
GPIHBP1 (cysteine and non-cysteine mutations) caused GPIHBP1 to form dimers or mulitmers,
which do not have the ability to bind LPL (28, 33). Interestingly, Beigneux and coworkers found
an exception with the mutation in W109 (33). W109 mutations abolished binding of GPIHBP1 to
LPL, however it also had low propensities to dimerize or multimerize (33). This suggested that
W109 was directly involved in the binding of LPL to GPIHBP1 (33).

Conclusions
GPIHBP1 is crucial for LPL-mediated intravascular triglyceride metabolism. However,

most of our understanding of GPIHBP1 and LPL physiology had come from studies of mice. In



chapter 2, we created high-affinity monoclonal antibodies (mAbs) against human GPIHBP1 to
study interactions between GPIHBP1 and LPL in humans. Our goal was to use these mAbs to
elucidate the relevance of different GPIHBP1 domains in binding LPL. In addition, we wanted to
determine if GPIHBP1 in humans was expressed solely in capillary endothelial cells, like in
mice, or whether it might be expressed more broadly in all endothelial cells. Finally, we wished
to determine if GPIHBP1 was detectable in human plasma, and if so, could it be used in the
clinical setting to diagnose metabolic or vascular disease. In chapter 3, we expanded on our
findings of GPIHBP1 in humans by utilizing a monoclonal antibody—based immunoassay to
detect GPIHBP1 in human plasma. We discovered a patient with unexplained
hypertriglyceridemia lacking mutilations in LPL, GPIHBPI1, APOC2, LMF1, or APOA5 who’s
chylomicronemia was caused by GPIHBP1 autoantibodies. Finally, in chapter 4 we investigated
whether GPIHBP1 was expressed in capillary endothelial cells of human and mouse gliomas.
GPIHBP1 is expressed in almost all peripheral tissue, but is absent from capillaries of the brain,
which uses glucose for fuel. We reasoned that if GPIHBP1 was expressed in glioma capillaries,
it could be relevant to glioma metabolism. The GPIHBP1 might bind locally produced LPL,
facilitating TRL margination and TRL processing, thereby providing lipid nutrients for glioma

cells.



Macrophage and Atherosclerosis

Atherosclerosis is a progressive disease that is characterized by accumulation of fibrous
elements and lipids in large arteries (34). It is a chronic inflammatory disease that arises from an
imbalance in lipid metabolism and a maladaptive immune response driven by the accumulation
of cholesterol-laden macrophages in the artery wall (35). Macrophages play an essential role in
the initiation and progression of atherosclerosis (35). Lipoproteins such as LDL enter the intima
where they can undergo modification such as oxidation (36). Modified LDL incites an
inflammatory response characterized by chemokine secretion (35, 36). The modifications also
contribute to lipoprotein aggregation and further promote lipoprotein retention (35, 36). The
inflammatory signals lead to monocyte recruitment into the intima, where they differentiate into
macrophages and internalize native and modified lipoproteins, resulting in foam cell formation
(34-36). The inability of macrophages to efflux sufficient amounts of engorged cholesterol to the
reverse cholesterol transport pathway contributes significantly to foam cell formation (34-36).
Macrophage and Reverse Cholesterol Transport

Reverse cholesterol transport is the process by which cholesterol deposited in tissue is
returned to the liver for excretion or reutilization (37-39). Defects in the regulation of cholesterol
in a cell underlies many disorders, including atherosclerotic heart disease, which happens to be
the leading cause of mortality worldwide (35). An early step in reverse cholesterol transport is
cholesterol efflux from macrophages (35). Cholesterol in macrophages is initially stored in
cytosolic cholesterol ester droplets, but ultimately the cholesterol must be returned to the
bloodstream for uptake and excretion by the liver. Cholesterol export is essential for maintaining
cholesterol homeostasis in macrophages and for minimizing the inflammatory response caused

by cholesterol accumulation (37, 39—42). Extensive research has been done in this area, and it is



widely accepted that macrophages have four pathways for exporting cholesterol (39, 43, 44).
Two passive processes involve aqueous diffusion and facilitated transport by macrophage
scavenger receptor class B type I (SR-B1) (44). Two active transport pathways involve members
of the ATP-binding cassette (ABC) transporter family, ABCA1 and ABCG1 (39, 43, 44). In
cholesterol-loaded macrophages, two-thirds of the cholesterol efflux is mediated by active
transport by ABCA1 from the cell plasma membrane to high density lipoproteins (HDL) (44).
ABCA1 and ABCG]1 are both increased by the liver X receptor (LXR) transcription factor,
which is vital in modulating cholesterol efflux in macrophages (45). LXRs are activated by
oxysterols in cholesterol-loaded macrophages to increase transcription of several genes involved
in cholesterol efflux, including Abcal, Abcgl, and Apoe (39, 45).
Macrophages and Cholesterol Microdomains

Another potential mechanism for macrophage cholesterol efflux is the release of particles
containing cholesterol (43, 46—52). This was described previously as “microparticles,” or
“cholesterol microdomains” (43, 47-49). Phillips and coworkers proposed in 2007 that a
significant fraction of the cholesterol released by cultured macrophages is due to the release of
microparticles (43). They proposed that the particles originated from the plasma membrane (43).
Kruth and coworkers proposed that cultured macrophages released cholesterol microdomains
(47, 48, 52). These microdomains were detected by immunocytochemistry using a cholesterol-
specific monoclonal antibody (47, 48, 52). In contrast to Philip’s work, they proposed that the
cholesterol microdomains are not vesicles but irregularly shaped cholesterol deposits that
originate from the plasma membrane. They suggested that the release of cholesterol
microdomains could be important for reverse cholesterol transport (52). However, how these

microdomains or microparticles were formed remained a mystery,



Utilizing NanoSIMS Imaging to Visualize Lipids

To visualize lipids in cells and tissues, Young and coworkers developed a technique
utilizing nanoscale secondary ion mass spectrometry (NanoSIMS) (Figure 4) (53-55).
NanoSIMS uses a Cs" beam to bombard the surface of a cell or tissue, releasing secondary ions
(e.g., 2CUN, 2PN |, °H, P, 13C_) that are collected and used to create high-resolution
images of cells based solely on isotopic content. NanoSIMS images have ~40-nm lateral
resolution, greater than that of super-resolution microscopes, but lower than with transmission
electron microscopy. The NanoSIMS instrument records millions of secondary ions (10-2000
ions/pixel and >260,000 pixels/image); thus, secondary ion distributions can be quantified in
different cells and subcellular compartments. By obtaining NanoSIMS images and backscattered
electron images on the same surface, we are able to correlate the chemical information of a
NanoSIMS image (i.e., isotope distribution) with ultrastructural features of cells and tissues.

Young and coworkers further developed a method for cholesterol analysis by
incorporating a new probe for visualizing and quantifying “accessible cholesterol” (54).
Recently, studies of cholesterol distribution and metabolism have defined several pools of
cholesterol on the plasma membrane (56, 57). One pool of cholesterol in the plasma membrane is
“accessible” to cholesterol-binding proteins, whereas a second pool is “inaccessible” due to
sequestration by sphingomyelin. A third pool (“essential cholesterol”) is not detectable by
cholesterol-binding proteins (56, 57). “Accessible cholesterol” appears to be highly relevant to
cholesterol movement into and out of cells (58). Based on these biochemical studies, He and
coworkers used an °’N-labeled cholesterol-binding protein ([°NJALO-D4; a modified
anthrolysin O) along with NanoSIMS imaging to visualize and quantify “accessible cholesterol”

in the plasma membrane of CHO cells (54). This method allows investigators to both see and



quantify the metabolically active cholesterol pool at a spatial resolution of ~70 nm. They found
that this “accessible cholesterol” pool is enriched in the microvilli of cells (Figure 5) (54). They
also quantified that, by loading CHO cells with acetylated LDL, CHO cells preferentially put the
excess cholesterol on the microvilli rather than “non-villi” areas (Figure 5) (54). This was judged
by the fact that ["NJALO-D4 binding on the microvilli increased significantly but not on the
“non-villi” areas of the plasma membrane after cholesterol loading (54). In addition to utilizing
ALO-D4 to measure “accessible cholesterol”, He and cowrokers developed a method to measure
total cholesterol (all three pools) by loading the cells with uniformly labeled [*C]cholesterol and
detecting "°C signal by NanoSIMS (Figure 5) (54). They showed that the distributions of the total
cholesterol and the “accessible cholesterol” on the plasma membrane of CHO cells are similar
(54).
Conclusions

One of the reasons for the slow progress in the field of cholesterol export is due to the
absence of experimental approaches for visualizing the movement of cholesterol away from
macrophages. For several decades, the methods for studying cholesterol efflux have relied
largely on indirect studies of measuring extracted lipids or by tracing the movement of
radiolabeled or fluorescently labeled cholesterol away from cells. Although these techniques
have proven to be useful, they fell short of providing visual insights into cholesterol movement
by macrophages. In chapter 5, we utilized NanoSIMS imaging to determine a potential new
mechanism for macrophage cholesterol efflux by release of particles containing cholesterol. We
show that these macrophage-derived particles are enriched in an “accessible” pool of cholesterol
that can be increased by LXR agonists and depleted by HDL. These particles released from

macrophages in atherosclerotic plaques could be a mechanism for unloading cholesterol and
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promoting reverse cholesterol transport. In chapter 6, we further characterized these macrophage
particles by determining that macrophages release particles during filopodia/lamellipodia
projection and retraction. Additionally, we confirm that macrophage particles indeed derive from
the plasma membrane and contain plasma membrane—associated proteins. Finally, we
documented that macrophage particles were enriched in “accessible cholesterol” but not

sphingomyelin-sequestered cholesterol.
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Figure 1. Schematic of GPIHBP1’s role in plasma triglyceride metabolism. Lipoprotein lipase
(LPL) is produced by parenchymal cells (adipocytes) and secreted into the interstitial spaces. LPL
is first captured by heparan sulfate proteoglycans (HSPGs) but then is quickly transferred to
GPIHBP1 on the capillary endothelial cell. GPIHBP1 then transports LPL within vesicles across
the endothelial cell into the capillary lumen. In the capillary lumen, the GPIHBP1-LPL complex
is responsible for the margination of triglyceride-rich lipoproteins (TRLs) in the bloodstream
which allows hydrolysis of triglycerides to proceed. Following LPL-mediated triglyceride
hydrolysis, the remnant lipoprotein particles (remnants) are released back into the bloodstream.
Reproduced with permission from Fong ef al. 2016 (21).
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Figure 2. LPL is present in capillaries of skeletal muscle in wild-type mice but is mislocalized
in skeletal muscle of Gpihbpl knockout mice. Immunofluorescent confocal micrograph of
skeletal muscle from wild-type (Gpihbpl ") and Gpihbp1 knockout (Gpihbpl™") mice. LPL (red)
is largely bound to capillaries, colocalizing with CD31 (marker for endothelial cells, pu;;ple) in
wild-type mice, but is misolocalized to the interstitial spaces around myocytes in Gpihbpl~ ' mice,
colocalizing with B-dystroglycan (marker for skeletal myocytes, green). Reproduced with
permission from Davies et al. 2010 (9).
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Figure 3. GPIHBP1 is required for margination of triglyceride rich lipoproteins along the
capillary lumen. (A) Transmission EM showing triglyceride-rich lipoproteins (TRLs) along the
luminal surface of capillaries in the wild-type heart. No TRLs are present along the capillary of
Gpihbp1™ heart. Scale bar, 200 nm. (B) NanoSIMS imaging showing TRL binding to capillary
endothelial cells in the heart. A wild-type mouse was intravenously injected with "*C-labeled
TRLs. After 8 min, the mouse was perfused with PBS to remove any unbound lipoproteins. Heart
tissue was sectioned and analyzed by correlative NanoSIMS imaging and backscattered electron
(BSE) imaging. On the left is a *C/"C ratio image showing enrichment of [*C]TRLs at the
capillary lumen. *C/"*C natural abundance range appears blue, whereas an increased "*C/"*C signal
appears yellow-red. Arrow points to the [°C]TRLs visualized by backscatter electron imaging.
Modified with permission, from Goulbourne et al. 2014 (10).
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Figure 4. Schematic of the NanoSIMS instrument showing the focused primary ion beam
and the collection and detection of secondary ion signals. (A) Cs" or O beam is used to bombard
the surface of a sample (e.g., a tissue section or a cell), and secondary ions are released from the
surface. Charged secondary ions can be detected by a mass spectrometer (B) The secondary ions
from the surface of the sample pass through a secondary ion column and are analyzed by a
Mauttach-Herzog configuration mass analyzer. The mass analyzer detects secondary ions with
high resolution and high sensitivity, generating an image based on individual secondary ions.
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Figure 5. NanoSIMS imaging reveals total cholesterol and accessible cholesterol on the
plasma membrane of CHO cell. NanoSIMS images revealing increased cholesterol in microvilli
of a CHO cell that was loaded with [“C]cholesterol for 24 h and then incubated for 2 h with
["NJALO-D4. The *C"*N"image reveals cell morphology; the “C/"*C and N/"N ratio images
show distribution of total cholesterol and accessible cholesterol, respectively. Both were enriched
in microvilli. Reproduced with permission from He et al. 2017 (54).

16



References

1.

Korn, E. D. 1955. Clearing factor, a heparin-activated lipoprotein lipase. II. Substrate

specificity and activation of coconut oil. J Biol Chem 215: 15-26.

Korn, E. D. 1955. Clearing factor, a heparin-activated lipoprotein lipase. 1. Isolation and

characterization of the enzyme from normal rat heart. J Biol Chem 215: 1-14.

Havel, R. J., and J. P. Kane. 2001. Introduction: Structure and metabolism of plasma
lipoproteins. /n The Metabolic and Molecular Bases of Inherited Disease. C. R. Scriver, A.
L. Beaudet, W. S. Sly, D. Valle, B. Childs, K. W. Kinzler, and B. Vogelstein, editors.
McGraw-Hill, New York. 2705-2716.

Havel, R. J. 2010. Triglyceride-rich lipoproteins and plasma lipid transport. Arterioscler

Thromb Vasc Biol 30: 9-19.

Wang, H., and R. H. Eckel. 2009. Lipoprotein lipase: from gene to obesity. Am J Physiol
Endocrinol Metab 297: E271-E288.

Lookene, A., R. Savonen, and G. Olivecrona. 1997. Interaction of lipoproteins with heparan
sulfate proteoglycans and with lipoprotein lipase. Studies by surface plasmon resonance

technique. Biochemistry 36: 5267-5275.

Beigneux, A. P., B. Davies, P. Gin, M. M. Weinstein, E. Farber, X. Qiao, P. Peale, S.
Bunting, R. L. Walzem, J. S. Wong, W. S. Blaner, Z. M. Ding, K. Melford, N. Wongsiriroj,
X. Shu, F. de Sauvage, R. O. Ryan, L. G. Fong, A. Bensadoun, and S. G. Young. 2007.
Glycosylphosphatidylinositol-anchored high density lipoprotein—binding protein 1 plays a

critical role in the lipolytic processing of chylomicrons. Cell Metab S: 279-291.

Weinstein, M. M., L. Yin, Y. Tu, X. Wang, X. Wu, L. W. Castellani, R. L. Walzem, A. J.
Lusis, L. G. Fong, A. P. Beigneux, and S. G. Young. 2010. Chylomicronemia elicits

atherosclerosis in mice—brief report. Arterioscler Thromb Vasc Biol 30: 20-23.

17



10.

11.

12.

13.

14.

15.

Davies, B. S., A. P. Beigneux, R. H. Barnes, 2nd, Y. Tu, P. Gin, M. M. Weinstein, C.
Nobumori, R. Nyren, I. Goldberg, G. Olivecrona, A. Bensadoun, S. G. Young, and L. G.
Fong. 2010. GPIHBP1 is responsible for the entry of lipoprotein lipase into capillaries. Cell
Metab 12: 42-52.

Goulbourne, C., P. Gin, A. Tatar, C. Nobumori, A. Hoenger, H. Jiang, C. Grovenor, O.
Adeyo, J. Esko, I. Goldberg, K. Reue, P. Tontonoz, A. Bensadoun, A. Beigneux, S. Young,
and L. Fong. 2014. The GPIHBP1-LPL complex is responsible for the margination of

triglyceride-rich lipoproteins in capillaries. Cell Metab 19: 849-860.

Galat, A. 2008. The three-fingered protein domain of the human genome. Cellular and

molecular life sciences : CMLS 65: 3481-3493.

Kjaergaard, M., L. V. Hansen, B. Jacobsen, H. Gérdsvoll, and M. Ploug. 2008. Structure

and ligand interactions of the urokinase receptor (UPAR). Front Biosci 13: 5441-5461.

Gin, P., L. Yin, B. S. J. Davies, M. M. Weinstein, R. O. Ryan, A. Bensadoun, L. G. Fong, S.
G. Young, and A. P. Beigneux. 2008. The acidic domain of GPIHBP1 is important for the

binding of lipoprotein lipase and chylomicrons. J Biol/ Chem 283: 29554-29562.

Beigneux, A. P., P. Gin, B. S. J. Davies, M. M. Weinstein, A. Bensadoun, L. G. Fong, and
S. G. Young. 2009. Highly conserved cysteines within the Ly6 domain of GPIHBP1 are
crucial for the binding of lipoprotein lipase. J Biol Chem 284: 30240-30247.

Beigneux, A. P., B. S. J. Davies, S. Tat, J. Chen, P. Gin, C. V. Voss, M. M. Weinstein, A.
Bensadoun, C. R. Pullinger, L. G. Fong, and S. G. Young. 2011. Assessing the role of the
glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1
(GPIHBP1) three-finger domain in binding lipoprotein lipase. J Biol Chem 286: 19735—
19743.

18



16.

17.

18.

19.

20.

21.

22.

Weinstein, M. M., L. Yin, A. P. Beigneux, B. S. J. Davies, P. Gin, K. Estrada, K. Melford, J.
R. Bishop, J. D. Esko, G. M. Dallinga-Thie, L. G. Fong, A. Bensadoun, and S. G. Young.
2008. Abnormal patterns of lipoprotein lipase release into the plasma in GPIHBP1-deficient

mice. J Biol Chem 283: 34511-34518.

Davies, B. S., C. N. Goulbourne, R. H. Barnes, 2nd, K. A. Turlo, P. Gin, S. Vaughan, D. J.
Vaux, A. Bensadoun, A. P. Beigneux, L. G. Fong, and S. G. Young. 2012. Assessing
mechanisms of GPIHBP1 and lipoprotein lipase movement across endothelial cells. J Lipid

Res 53: 2690-2697.

Vilaro, S., L. Camps, M. Reina, J. Perez-Clausell, M. Llobera, and T. Olivecrona. 1990.
Localization of lipoprotein lipase to discrete areas of the guinea pig brain. Brain Res 506:

249-253.

Ben-Zeev, O., M. H. Doolittle, N. Singh, C. H. Chang, and M. C. Schotz. 1990. Synthesis

and regulation of lipoprotein lipase in the hippocampus. J Lipid Res 31: 1307-1313.

Olafsen, T., S. G. Young, B. S. J. Davies, A. P. Beigneux, V. E. Kenanova, C. Voss, G.
Young, K.-P. Wong, R. H. Barnes, Y. Tu, M. M. Weinstein, C. Nobumori, S.-C. Huang, I. J.
Goldberg, A. Bensadoun, A. M. Wu, and L. G. Fong. 2010. Unexpected expression pattern
for glycosylphosphatidylinositol-anchored HDL-binding protein 1 (GPIHBP1) in mouse
tissues revealed by positron emission tomography scanning. J Biol Chem 285: 39239—

39248.

Fong, L. G., S. G. Young, A. P. Beigneux, A. Bensadoun, M. Oberer, H. Jiang, and M.
Ploug. 2016. GPIHBP1 and plasma triglyceride metabolism. Trends Endocrinol Metab 27:

455-469.

Franssen, R., S. G. Young, F. Peelman, J. Hertecant, J. A. Sierts, A. W. M. Schimmel, A.

Bensadoun, J. J. P. Kastelein, L. G. Fong, G. M. Dallinga-Thie, and A. P. Beigneux. 2010.

19



23.

24.

25.

26.

27.

28.

Chylomicronemia with low postheparin lipoprotein lipase levels in the setting of GPIHBP1

defects. Circ Cardiovasc Genet 3: 169—-178.

Olivecrona, G., E. Ehrenborg, H. Semb, E. Makoveichuk, A. Lindberg, M. R. Hayden, P.
Gin, B. S. J. Davies, M. M. Weinstein, L. G. Fong, A. P. Beigneux, S. G. Young, T.
Olivecrona, and O. Hernell. 2010. Mutation of conserved cysteines in the Ly6 domain of

GPIHBP1 in familial chylomicronemia. J Lipid Res 51: 1535-1545.

Charriére, S., N. Peretti, S. Bernard, M. Di Filippo, A. Sassolas, M. Merlin, M. Delay, C.
Debard, E. Lefai, A. Lachaux, P. Moulin, and C. Margais. 2011. GPIHBP1 C89F
neomutation and hydrophobic C-terminal domain G175R mutation in two pedigrees with

severe hyperchylomicronemia. J Clin Endocrinol Metab 96: E1675-E1679.

Yamamoto, H., M. Onishi, N. Miyamoto, R. Oki, H. Ueda, M. Ishigami, H. Hiraoka, Y.
Matsuzawa, and S. Kihara. 2013. Novel combined GPIHBP1 mutations in a patient with
hypertriglyceridemia associated with CAD. Journal of atherosclerosis and thrombosis 20:

T77-784.

Rios, J. J., S. Shastry, J. Jasso, N. Hauser, A. Garg, A. Bensadoun, J. C. Cohen, and H. H.
Hobbs. 2012. Deletion of GPIHBP1 causing severe chylomicronemia. Journal of inherited
metabolic disease 35: 531-540.

Coca-Prieto, 1., O. Kroupa, P. Gonzalez-Santos, J. Magne, G. Olivecrona, E. Ehrenborg, and
P. Valdivielso. 2011. Childhood-onset chylomicronaemia with reduced plasma lipoprotein
lipase activity and mass: identification of a novel GPIHBP1 mutation. Journal of internal

medicine 270: 224-228.

Plengpanich, W., S. G. Young, W. Khovidhunkit, A. Bensadoun, H. Karnman, M. Ploug, H.
Gardsvoll, C. S. Leung, O. Adeyo, M. Larsson, S. Muanpetch, S. Charoen, L. G. Fong, S.

Niramitmahapanya, and A. P. Beigneux. 2014. Multimerization of GPIHBP1 and familial

20



29.

30.

31.

32.

33.

34.

35.

chylomicronemia from a serine-to-cysteine substitution in GPIHBP1's Ly6 domain. J Biol

Chem 289: 19491-19499.

Beigneux, A. P., R. Franssen, A. Bensadoun, P. Gin, K. Melford, J. Peter, R. L. Walzem, M.
M. Weinstein, B. S. Davies, J. A. Kuivenhoven, J. J. Kastelein, L. G. Fong, G. M. Dallinga-
Thie, and S. G. Young. 2009. Chylomicronemia with a mutant GPIHBP1 (Q115P) that

cannot bind lipoprotein lipase. Arterioscler Thromb Vasc Biol 29: 956-962.

Gonzaga-Jauregui, C., S. Mir, S. Penney, S. Jhangiani, C. Midgen, M. Finegold, D. M.
Muzny, M. Wang, C. A. Bacino, R. A. Gibbs, J. R. Lupski, R. Kellermayer, and N. A.
Hanchard. 2014. Whole-exome sequencing reveals GPIHBP1 mutations in infantile colitis

with severe hypertriglyceridemia. J. Pediatr. Gastroenterol. Nutr. 59: 17-21.

Rabacchi, C., S. D'Addato, S. Palmisano, T. Lucchi, S. Bertolini, S. Calandra, and P. Tarugi.
2016. Clinical and genetic features of 3 patients with familial chylomicronemia due to

mutations in GPIHBP1 gene. J Clin Lipidol 10: 915-921 ¢914.

Ariza, M. J., P. L. Martinez-Hernandez, D. Ibarretxe, C. Rabacchi, J. Rioja, C. Grande-
Aragon, N. Plana, P. Tarugi, G. Olivecrona, S. Calandra, and P. Valdivielso. 2016. Novel
mutations in the GPIHBP1 gene identified in 2 patients with recurrent acute pancreatitis. J

Clin Lipidol 10: 92-100 e101.

Beigneux, A. P., L. G. Fong, A. Bensadoun, B. S. Davies, M. Oberer, H. Gardsvoll, M.
Ploug, and S. G. Young. 2014. GPIHBP1 missense mutations often cause multimerization

of GPIHBP1 and thereby prevent lipoprotein lipase binding. Circ. Res. 116: 624—632.
Lusis, A. J. 2000. Atherosclerosis. Nature 407: 233-241.

Moore, K. J., F. J. Sheedy, and E. A. Fisher. 2013. Macrophages in atherosclerosis: a

dynamic balance. Nat Rev Immunol 13: 709-721.

21



36.

37.

38.

39.

40.

41.

42.

Linton, M. R. F., P. G. Yancey, S. S. Davies, W. G. Jerome, E. F. Linton, W. L. Song, A. C.
Doran, and K. C. Vickers. 2000. The role of lipids and lipoproteins in atherosclerosis. In

Endotext. K. R. Feingold, B. Anawalt, A. Boyce, G. Chrousos, K. Dungan, A. Grossman, J.
M. Hershman, G. Kaltsas, C. Koch, P. Kopp, M. Korbonits, R. McLachlan, J. E. Morley, M.
New, L. Perreault, J. Purnell, R. Rebar, F. Singer, D. L. Trence, A. Vinik, and D. P. Wilson,

editors, South Dartmouth (MA).

Rosenson, R. S., H. B. Brewer, Jr., W. S. Davidson, Z. A. Fayad, V. Fuster, J. Goldstein, M.
Hellerstein, X. C. Jiang, M. C. Phillips, D. J. Rader, A. T. Remaley, G. H. Rothblat, A. R.
Tall, and L. Yvan-Charvet. 2012. Cholesterol efflux and atheroprotection: advancing the

concept of reverse cholesterol transport. Circulation 125: 1905-1919.

Fisher, E. A, J. E. Feig, B. Hewing, S. L. Hazen, and J. D. Smith. 2012. High-density
lipoprotein function, dysfunction, and reverse cholesterol transport. Arterioscler Thromb

Vasc Biol 32: 2813--2820.

Tall, A. R., P. Costet, and N. Wang. 2002. Regulation and mechanisms of macrophage
cholesterol efflux. J Clin Invest 110: 899-904.

Rothblat, G. H., and M. C. Phillips. 2010. High-density lipoprotein heterogeneity and

function in reverse cholesterol transport. Curr Opin Lipidol 21: 229-238.

Yvan-Charvet, L., N. Wang, and A. R. Tall. 2010. Role of HDL, ABCA1, and ABCGI
transporters in cholesterol efflux and immune responses. Arterioscler Thromb Vasc Biol 30:

139-143.

Westerterp, M., A. E. Bochem, L. Yvan-Charvet, A. J. Murphy, N. Wang, and A. R. Tall.
2014. ATP-binding cassette transporters, atherosclerosis, and inflammation. Circ Res 114:

157-170.

22



43.

44,

45.

46.

47.

48.

49.

Duong, P. T., H. L. Collins, M. Nickel, S. Lund-Katz, G. H. Rothblat, and M. C. Phillips.
2006. Characterization of nascent HDL particles and microparticles formed by ABCA1-

mediated efflux of cellular lipids to apoA-I. J Lipid Res 47: 832—-843.

Adorni, M. P., F. Zimetti, J. T. Billheimer, N. Wang, D. J. Rader, M. C. Phillips, and G. H.
Rothblat. 2007. The roles of different pathways in the release of cholesterol from
macrophages. J Lipid Res 48: 2453-2462.

Lee, S. D., and P. Tontonoz. 2015. Liver X receptors at the intersection of lipid metabolism

and atherogenesis. Atherosclerosis 242: 29-36.

He, C., X. Hu, T. A. Weston, R. S. Jung, J. Sandhu, S. Huang, P. Heizer, J. Kim, R. Ellison,
J. Xu, M. Kilburn, S. J. Bensinger, H. Riezman, P. Tontonoz, L. G. Fong, H. Jiang, and S.
G. Young. 2018. Macrophages release plasma membrane-derived particles rich in accessible

cholesterol. Proc Natl Acad Sci U S A 115: E8499-E8508.

Jin, X., D. Sviridov, Y. Liu, B. Vaisman, L. Addadi, A. T. Remaley, and H. S. Kruth. 2016.
ABCAL1 (ATP-binding cassette transporter A1) mediates apoA-I (apolipoprotein A-I) and
apoA-I mimetic peptide mobilization of extracellular cholesterol microdomains deposited

by macrophages. Arterioscler Thromb Vasc Biol 36: 2283-2291.

Jin, X., S. R. Freeman, B. Vaisman, Y. Liu, J. Chang, N. Varsano, L. Addadi, A. Remaley,
and H. S. Kruth. 2015. ABCA1 contributes to macrophage deposition of extracellular
cholesterol. J Lipid Res 56: 1720—1726.

Freeman, S. R., X. Jin, J. J. Anzinger, Q. Xu, S. Purushothaman, M. B. Fessler, L. Addadi,
and H. S. Kruth. 2014. ABCG1-mediated generation of extracellular cholesterol
microdomains. J Lipid Res 55: 115-127.

23



50.

51.

52.

53.

54.

55.

56.

57.

Ong, D. S., J. J. Anzinger, F. J. Leyva, N. Rubin, L. Addadi, and H. S. Kruth. 2010.
Extracellular cholesterol-rich microdomains generated by human macrophages and their

potential function in reverse cholesterol transport. J Lipid Res 51: 2303-2313.

Hafiane, A., and J. Genest. 2017. ATP binding cassette A1 (ABCA1) mediates microparticle

formation during high-density lipoprotein (HDL) biogenesis. Atherosclerosis 257: 90-99.

Jin, X., E. K. Dimitriadis, Y. Liu, C. A. Combs, J. Chang, N. Varsano, E. Stempinski, R.
Flores, S. N. Jackson, L. Muller, A. S. Woods, L. Addadi, and H. S. Kruth. 2018.
Macrophages Shed Excess Cholesterol in Unique Extracellular Structures Containing

Cholesterol Microdomains. Arterioscler Thromb Vasc Biol.

Jiang, H., C. N. Goulbourne, A. Tatar, K. Turlo, D. Wu, A. P. Beigneux, C. R. Grovenor, L.
G. Fong, and S. G. Young. 2014. High-resolution imaging of dietary lipids in cells and
tissues by NanoSIMS analysis. J Lipid Res 55: 2156-2166.

He, C., X. Hu, R. S. Jung, T. A. Weston, N. P. Sandoval, P. Tontonoz, M. R. Kilburn, L. G.
Fong, S. G. Young, and H. Jiang. 2017. High-resolution imaging and quantification of
plasma membrane cholesterol by NanoSIMS. Proc Natl Acad Sci U S A 114: 2000-2005.

He, C., L. G. Fong, S. G. Young, and H. Jiang. 2017. NanoSIMS imaging: an approach for

visualizing and quantifying lipids in cells and tissues. J Investig Med 65: 669—672.

Das, A., M. S. Brown, D. D. Anderson, J. L. Goldstein, and A. Radhakrishnan. 2014. Three
pools of plasma membrane cholesterol and their relation to cholesterol homeostasis. eLife 3:

€02882.

Das, A., J. L. Goldstein, D. D. Anderson, M. S. Brown, and A. Radhakrishnan. 2013. Use of
mutant 125I-perfringolysin O to probe transport and organization of cholesterol in

membranes of animal cells. Proc Natl Acad Sci U S A 110: 10580-10585.

24



58. Infante, R. E., and A. Radhakrishnan. 2017. Continuous transport of a small fraction of
plasma membrane cholesterol to endoplasmic reticulum regulates total cellular cholesterol.

elife 6.

25



Chapter 2

Monoclonal Antibodies That Bind to the Ly6 Domain of

GPIHBP1 Abolish the Binding of LPL

26



CrossMark
€clickfor updates

Monoclonal antibodies that bind to the Ly6 domain of
GPIHBP1 abolish the binding of LPL®

Xuchen Hu,* Mark W. Sleeman, Kazuya Miyashita, MacRae F. Linton,** Christopher M. Allan,*

Cuiwen He,* Mlkael Larsson,™ Yipi

Tu,* Norma P. Sandoval,* Rachel S.

* Alaleh Mapar,

Tetsuo Machida,’ Masa.ml Murakami,” Katsuyuki Naka‘]mm,§ Michael Ploug;m?Loren G. Fong, w0l
Stephen G. Young, wxxl and Anne P Belgneux""1

Departments of Medicine* and Human Genetics,*** David Geffen School of Medicine, University of
California Los Angeles, Los Angeles, CA; Monash Biomedicine Discovery Institute and Antibody

Technologies Fa‘ci]ity,T Monash University, Victoria, Australia; Department of Clinical Laboratory Medicine,

§

Graduate School of Medicine, Gunma University, Maebashi, Japan; Departments of Medicine and
Pharmacology,** Vanderbilt University Medical Center, Nashville, TN; Finsen Laboratory, Rigshospitalet,
Copenhagen, Denmark; and Biotech Research and Innovation Centre,® University of Copenhagen,

Copenhagen, Denmark

Abstract GPIHBPI1, an endothelial cell protein, binds LPL
in the interstitial spaces and shuttles it to its site of action
inside blood vessels. For years, studies of human GPIHBP1
have been hampered by an absence of useful antibodies. We
reasoned that monoclonal antibodies (mAbs) against human
GPIHBP1 would be useful for I) defining the functional rel-
evance of GPIHBPI’s Ly6 and acidic domains to the bind-
ing of LPL; 2) ascertaining whether human GPIHBPI1 is
expressed exclusively in capillary endothelial cells; and 3)
testing whether GPIHBP1 is detectable in human plasma Bl
Here, we report the development of a panel of human
GPIHBPI1 specific mAbs. Two mAbs against GPIHBP1’s Ly6
domain, RE3 and RG3, abolished LPL binding, whereas an
antibody against the acidic domain, RF4, did not. Also, mAbs
RE3 and RG3 bound with reduced affinity to a mutant
GPIHBP1 containing an Ly6 domain mutation (W109S) that
abolishes LPL binding. Immunohistochemistry studies with
the GPIHBP1 mAbs revealed that human GPIHBPI is ex-
pressed only in capillary endothelial cells. Finally, we created
an ELISA that detects GPIHBPI in human plasma. That
ELISA should make it possible for clinical lipidologists to
determine whether plasma GPIHBP1 levels are a useful bio-
marker of metabolic or vascular disease.—Hu, X., M. W.
Sleeman, K. Miyashita, M. F. Linton, C. M. Allan, C. He,
M. Larsson, Y. Tu, N. P. Sandoval, R. §. Jung, A. Mapar,
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LPL, a triglyceride hydrolase secreted by myocytes and
adipocytes, is crucial for the lipolytic processing of triglyc-
eriderich lipoproteins inside blood vessels (1-3). For de-
cades, the mechanism by which LPL reaches its site of
action inside blood vessels was mysterious. However, we
now know that GPIHBP1, a GPI-anchored protein of endo-
thelial cells, binds LPL in the subendothelial spaces and
transports it across endothelial cells to the capillary lumen
(4, 5). GPIHBP1 is a member of the Ly6/uPAR protein
family. The hallmark of this family is an ~80-amino acid
“Ly6 domain” containing 8 or 10 cysteines—all in a charac-
teristic spacing pattern and all disulfide bonded so as to
create a three-fingered fold (6). Unlike other Ly6 family
members, GPIHBP1 contains an acidic domain atits amino
terminus, with 21 of 26 consecutive residues in human
GPIHBPI being aspartate or glutamate (7). Surface plasmon
resonance (SPR) studies with purified proteins have
strongly suggested that GPTHBP1’s Ly6 domain is largely
responsible for high-affinity interactions with LPL, whereas
the acidic domain simply facilitates the initial binding
event and stabilizes LPL activity (8). It would be desirable
to confirm that finding by testing the capacity of monoclo-
nal antibodies (mAbs) against GPIHBP1’s Ly6 and acidic

Abbreviations: DAPI, 4 6-diamidino-2-phenylindole; mAb, mono-
clonal antibody; SPR, surface plasmon resonance; uPAR, urokinase-type
plasmmogen activator receptor; VWF, von Willebrand factor.
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domains to block the binding of LPL to GPIHBP1. Unfortu-
nately, mAb tools for studying GPIHBP1 have been lacking.

Thus far, most of our understanding of GPIHBP1/LPL
physiology has come from studies of mice, and the majority
of those studies have relied on a rat mAb against mouse
GPIHBP1, 11A12, that binds downstream from GPTHBP1’s
Ly6 domain (9). Experiments with mAb 11A12 were essen-
tial for proving that GPIHBP1 transports LPL to the capil-
lary lumen (4, 5, 10). Also, immunohistochemistry studies
with mAb 11A12 showed that GPTHBP1 was expressed in
endothelial cells of capillaries but not in endothelial cells
of larger blood vessels (e.g., venules) (5). The majority of
the LPL in mouse tissues was located on capillaries, mirror-
ing the expression of GPIHBP1. Currently, it is unclear
whether this peculiar pattern of GPIHBP1 expression (i.e.,
specificity for capillary endothelial cells) is unique to the
mouse or is also found in humans. Unfortunately, mono-
clonal antibody 11A12 was not helpful for resolving this is-
sue because it binds exclusively to mouse GPIHBP1.

In this study, our goal was to create high-affinity mAbs
against human GPIHBP1—for three reasons. First, we
wanted to generate mAbs against both the acidic and Ly6
domains of GPTHBP1 and then use the mAbs to elucidate
the relevance of those domains for LPL binding. Second,
we wanted to determine whether GPIHBPI is expressed
only in capillary endothelial cells in humans or whether it
might be expressed more broadly in all endothelial cells.
Studies of the domestic pig (11) and guinea pig (12) found
LPL along endothelial cells of large blood vessels, raising
the possibility that GPIHBP1 might be expressed in all en-
dothelial cells in some mammalian species. Third, we
wanted to determine whether GPTHBP1 is present in hu-
man plasma. We were not successful in detecting GPIHBP1
in mouse plasma by Western blotting, but we were intrigued
that another GPl-anchored Ly6 protein, urokinase-type
plasminogen activator receptor (uUPAR), is easily detectable
in human plasma with solid-phase immunoassays (ELISAs)
(13). For that reason, we wanted to test whether an ELISA
would be capable of detecting GPIHBP1 in human plasma.
We reasoned that the development of a GPTHBP1 ELISA
might allow clinical investigators to test whether GPTHBP1
levels are perturbed in the setting of metabolic or vascular
diseases.

MATERIAL AND METHODS

GPIHBP1 expression vectors

The production of human GPIHBPI in insect cells was de-
scribed previously (14). Briefly, a secreted version of human GPI-
HBP1 with an N-terminal uPAR epitope tag (detectable by mAb
R24) (15) and a carboxyl-terminal 11A12 epitope tag from the
mouse GPIHBP1 sequence (9) was expressed in Dyosophila S2
cells. The medium was concentrated 20fold with Amicon Ultra
10k MWCO centrifugal filters (Millipore), and the concentration
of human GPIHBPI1 in the medium was determined by Western
blotting using a highly purified GPTHBP1 standard (8). Point mu-
tations in GPIHBPI1 were introduced in expression vectors by PCR
with the QuickChange Lightning kit (Agilent Technologies).
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Deletions were introduced by linearizing the wild-type expression
vector by PCR (using 5-phosphorylated primers), followed by li-
gation. Expression vectors for S-protein-tagged CD59 and a
GPIHBP1-CD59 chimeric protein were described previously (16).
The integrity of all vectors was confirmed by DNA sequencing.

Monoclonal antibodies

Mice were immunized intraperitoneally with purified full-
length human GPIHBP1 (8). Antibody titers in the plasma of im-
munized mice were monitored by ELISA, and splenocytes were
fused with Sp2/0-Agl4 myeloma cells. Hybridomas were grown
under azaserine hypoxanthine selection, and ~20,000 hybridoma
supernatants were screened for high-affinity antibodies with a
high-throughput antigen microarray and an ELISA. The top 24
clones were expanded and subcloned by serial dilution. Monoclo-
nal antibodies were isotyped by commercially available assay kits
(IsoStrip, Roche) and adapted to serum-free medium. Antibodies
were purified from cell culture medium with a protein G-agarose
column. All monoclonal antibodies are available upon request.

‘Western blots

Purified GPIHBPI proteins or conditioned medium from GPI-
HBPI-expressing Drosophila S2 cells were size-fractioned on 12%
Bis-Tris SDS-PAGE gels in MES buffer (Thermo Fisher Scientific).
After transferring the proteins to a nitrocellulose membrane, the
membrane was incubated with GPTHBP1-specific mAbs (4 j.g/ml)
in blocking buffer (LI-COR). After washing, binding of primary
antibodies was detected with an IRDye800-labeled donkey anti—
mouse IgG (1:2,000; LI-COR). In other Western blots, we used an
IRDye6801abeled antibody 11A12 (1:500); an IRDye680-labeled
antibody R24 (1:500); or an IRDye800labeled V5 antibody
(1:500). Western blots were scanned—and band intensities quan-
tified—with an Odyssey infrared scanner (LI-COR).

Immunocytochemistry studies

CHO pgsA-745 cells (1 x 10° cells) were electroporated with
2 ng of plasmid DNA and then plated on coverslips in 24-well
plates. The next day, the cells were fixed in 100% methanol, per-
meabilized with 0.2% Triton X-100, and blocked in 10% donkey
serum. The cells were then incubated overnight at 4°C with
GPIHBP1-specific mAbs (diluted to 10 pg/ml in blocking buf-
fer), followed by an Alexa488-conjugated donkey anti-mouse
IgG (Thermo Fisher Scientific; 1:800), a goat polyclonal anti-
body against the S-protein tag (Abcam; 1:800), and an Alexab55-
conjugated donkey anti-goat IgG (Thermo Fisher Scientific;
1:800). DNA was stained with 4,6-diamidino-2-phenylindole
(DAPI). Images were recorded with an Axiovert 200M confocal
fluorescence microscope and processed with the Zen 2010 soft-
ware (all from Zeiss).

Kinetics for the interaction between mAbs and GPIHBP1
by SPR

Purified mAbs RG3 and RE3 in 10 mM of sodium acetate
(pH 5.0) were covalently immobilized on a CM5 sensor chip
that had been preactivated with NHS/EDC (N-ethyl-N’-[3-
dimethylaminopropyl] carbodiimide), with the goal of achieving
a surface density of 1,500 resonance units. mAb RF4 could be im-
mobilized by this procedure, but the immobilized RF4 did not
bind GPITHBP1. In hindsight, this was probably due to the fact that
this mAb binds the disordered acidic domain of GPIHBP1 con-
taining a high density of carboxylates. We suspect that mAb RF4
bound noncovalently to the carboxymethylated dextran matrix
on the sensor chip and that this binding event inactivated the
mAb. To circumvent this problem, we captured mAb RF4 on
the sensor chip via a high-affinity interaction with covalently
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immobilized rabbit anti-mouse IgG (GE Healthcare Life Science,
Uppsala, Sweden). Binding was recorded at 20°C, and the buffer
flow rate was 50 pl/min (10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, pH 7.4, containing 0.05% [v/v] surfactant P20). For mul-
ticycle kinetics, three-fold dilution series of GPIHBP1 (spanning a
concentration from 1 to 90 nM) were injected for 200 s, followed
by a 1,200 dissociation step. For single-cycle kinetic titration of
the RF4 x GPIHBPI interaction, five consecutive injections of
20 pl of purified GPTHBP1 (two-fold dilutions ranging from 12 to
200 nM) were recorded. In the between cycles, the sensor chip
was regenerated with two consecutive 10-pl injections of 0.1 M
acetic acid/HCI (pH 2.5) in 0.5 M NaCl and 20 mM H3PO,. For
multicycle analyses, the kinetic rate constants (k,, and kg) for the
mAb x GPIHBP1 interactions were derived by local nonlinear re-
gression fitting of the data after double-buffer referencing to a
simple bimolecular interaction model assuming pseudo first-
order reaction conditions with BIA evaluation 4.1 software (Bi-
acore, Uppsala, Sweden). For single-cycle kinetic analyses of the
interaction between captured mAb RF4 and GPIHBPI, the rate
constants were fitted to a simple bimolecular interaction model
with global fitting (T200 Evaluation Software 2.0, GE Healthcare
Life Science).

Epitope binning of GPIHBP1 mAbs was performed with a Bi-
acore3000 (GE Healthcare Life Science), as described (17).

Testing the ability of GPTHBP1-specific mAbs to block
LPL binding in a cell-free LPL-GPIHBP1 binding assay

Human GPIHBPI1 containing carboxyl-terminal sequences en-
coding the mAb 11A12 epitope (from Drosophila S2 cells) was first
incubated for 1 h at 4°C with mAb 11Al2-coated agarose beads
and then incubated for 30 min at 4°C with or without GPIHBP1-
specific mAbs (final concentration, 5 pg/ml) and Vb-tagged
human LPL (18). After washing the beads, the GPIHBPI (and
any GPIHBP1-bound LPL) were eluted from the agarose beads
by heating in SDS sample buffer for 5 min at 90°C. The amounts
of GPIHBP1 and LPL in the flow-through, washes, and elution
fractions were assessed by Western blotting with an IRDye680-
labeled mAb 11A12 and an IRdye800-labeled V5 antibody,
respectively.

Testing the ability of GPTHBP1-specific antibodies to
block LPL binding to GPTHBP1-expressing cells

CHO pgsA-745 cells (2 x 10° cells and 2 g plasmid DNA) were
electroporated with expression vectors for S-protein-tagged hu-
man wild-type GPIHBP1 (wt) or a mutant GPIHBP1 that cannot
bind LPL (GPTHBP1-W109S) (14). After 1 day, cells were washed
and subsequently incubated for 1 h at 4°C with mAbs RG3, RF4,
or RE3 (20 pg/ml). After washing, the cells were incubated for
1 h at 4°C with V5-tagged human LPL (200 ng /well). The cells were
then washed six imesin PBS and fixed in 100% methanol, and we
performed immunocytochemistry studies on nonpermeabilized
cells. After blocking with 10% donkey serum in PBS/Ca/Mg, the
cells were incubated with an Alexa488-conjugated donkey anti—
mouse IgG (Thermo Fisher Scientific; 50 ng/ml), a rabbit anti-
S-protein tag (Abcam; 1:1,000), an Alexa647-conjugated donkey
anti-rabbit IgG (Thermo Fisher Scientific; 2.5 pg/ml), and an
Alexabbb-conjugated mouse anti-V5 antibody (1:50). DNA was
stained with DAPI. Images were recorded with an Axiovert 200M
confocal fluorescence microscope.

Immunohistochemistry studies on human adipose tissue

Frozen sections (20 pm) of human cardiac adipose tissue
(from the Duke Human Heart Repository) were placed on glass
slides, fixed with 3% paraformaldehyde, permeabilized in 0.2%
Triton X-100, blocked in 10% donkey serum, and then incubated
overnight at 4°C with a mixture of mAbs RE3 and RF4 (10 j.g/ml
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each), a rabbit polyclonal antibody against human von Willebrand
factor (YWF) (Dako; 1:200), and a goat polyclonal antibody against
human collagen IV (Novus Biologicals; 1:200), followed by 1-h
incubations with an Alexa647-conjugated donkey anti-mouse IgG
(Thermo Fisher Scientific; 1:500), an Alexa488-conjugated don-
key anti-rabbit IgG (Thermo Fisher Scientific; 1:500), and an
Alexabbb-conjugated donkey anti-goat IgG (Thermo Fisher Sci-
entific; 1:500) . DNA was stained with DAPI. Images were recorded
with an Axiovert 200M microscope with a x20 objective and pro-
cessed with the Zen 2010 software (Zeiss).

Immunoperoxidase studies were performed with the ImmPRESS
Excel Staining Kit (Vector Laboratories). The sections were
quenched of endogenous peroxidase activity with the BLOXALL
buffer (Vector Laboratories) and blocked in 10% normal horse
serum. Next, the sections were incubated for 1 h with mAb RF4
(1 pg/ml) or a rabbit polyclonal antibody against VWF (Dako;
1:200), followed by a 15-min incubation with a goat anti-mouse
IgG (Vector Laboratories) or a goat anti-rabbit IgG (Vector Labo-
ratories), and a 30-min incubation with a horse anti-goat IgG
(ImmPRESS Excel Reagent, Vector Laboratories). Sections were
then stained with InmPACT DAB EqV (Vector Laboratories) un-
til color change was apparent (~10s). Finally, sections were coun-
terstained with hematoxylin and mounted with 90% glycerol in
PBS. Images were taken with a Nikon Eclipse E600 microscope
(Plan Fluor x20/0.50 NA or x60,/0.75 NA objectives) equipped
with a DS-Fi2 camera (Nikon).

An ELISA to detect the binding of LPL to human
GPIHBP1

We coated 96-well plates overnight at 4°C with mAb R24
(0.5 pug/well). On the next day, the plates were blocked for 4 h at
room temperature in Starting Block buffer (Pierce) and then in-
cubated overnight at 4°C with 0.5 jg/well of human GPIHBP1-
uPAR fusion protein from Drosophila S2 cells in the presence or
absence of mAbs RG3, RF4, and RE3. Serial dilutions of the mAbs
were tested in triplicate (from 20 to 0.1 pg/ml of mAb). After
washing, the wells were incubated with 200 ng/well of Vb-tagged
human LPL for 1 h at 4°C, then washed and subsequently incu-
bated for 1 h at 4°C with an HRP-labeled V5 antibody (Thermo
Fisher Scientific; 1:5,000) to detect bound LPL. The presence of
GPIHBP1 on the plates was verified in duplicate wells incubated
with HRP-labeled 11A12 (1:50,000). To document mAb binding
to GPIHBP1, we incubated replicate wells with HRP-labeled ver-
sions of RG3, RF4, and RE3. After washing the plates, 50 pl of
one-step ultra 3,3’,5,5"-tetramethylbenzidine (TMB) ELISA sub-
strate (Pierce) was added to each well. The plate was incubated
at room temperature for 5 min before stopping the reaction with
50 pl of 2 M sulfuric acid. The optical density was read imme-
diately at 450 nm on a Spectra Max 190 plate reader (Molecular
Devices).

An ELISA to detect GPTHBP1 in human plasma

We coated 96-well plates with 1 jg/well of mAb RF4 overnight
at 4°C. After blocking overnight at 4°C with PBS containing 1%
BSA and 0.05% NaNjs, the wells were incubated overnight at 4°C
with the plasma samples. Serial dilution of the plasma samples
(1:2 to 1:256) was performed in 1% BSA, 0.05% Tween 20, 0.05%
ProClin 300, 50 jg/ml normal mouse IgG, and 5g/L polyoxyeth-
ylene alkyl ether in PBS. On the next day, plates were washed, and
the captured GPIHBP1 was detected with 0.5 p.g/well of HRP-la-
beled mAb RE3 Fab’ (diluted in PBS containing 1% BSA, 0.05%
Tween 20, and 0.05% ProClin 300). After incubating for 30 min at
4°C, plates were washed, and 50 pl of TMB substrate (Kem-en-
Tec) was added per well. After 30 min, the reaction was stopped
by adding 50 pl of 2 M sulfuric acid. The optical density was read
at 450 nm.
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RESULTS

Defining the binding properties of the monoclonal
antibodies

By screening hybridoma culture supernatants with West-
ern blots, we identified 23 clones that secreted mAbs that
bound to GPIHBP1 (supplemental Fig. 81). Some of the
mAbs bound exclusively to nonreduced GPIHBP1; some
bound exclusively to GPIHBP1 monomers; others bound
both monomers and multimers. Several mAbs did not bind
toamutant GPTHBP1 lacking the acidic domain (GPTHBP1-
Aacidic) (supplemental Fig. S2). We chose five mAbs for
further study: RG3 (IgG2bk), RE3 (IgG2ax), RH1 (IgGlk),
RE6 (IgGlk), and RF4 (IgG2bk). RG3, RE3, and RHI1
bound to wild-type GPIHBP1 and GPIHBP1-Aacidic. RE6
bound to wild-type GPIHBP1 and weakly to GPIHBPI-
Aacidic. RG3 and RE3 bound preferentially to GPTHBP1
monomers, whereas RE6, RH1, and RF4 bound to both
monomers and dimers. RF4 did not bind to GPIHBPI-
Aacidic (Fig. 1) and bound avidly to a GPIHBP1-CD59 chi-
mera containing GPTHBP1’s acidic domain but CD59’s Ly6
domain (supplemental Fig. 83). All mAbs except RHI de-
tected GPIHBP1 on the surface of GPIHBPI-transfected
CHO cells (Fig. 2).

The binding of three mAbs (RE3, RG3, RF4) was evalu-
ated by real-time surface plasmon resonance studies. All
three mAbs bound GPTHBP1 with high affinity (Kp = 5 nM)
Table 1, Fig. 3). The kinetics of RE3 and RG3 binding to
fulHength GPIHBP1 and GPIHBP1-Aacidic were virtually
identical, indicating that their epitopes are not dependent
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Fig. 1. Western blots with GPIHBP1-specific monoclonal antibod-
ies. Soluble versions of wild-type (wt) human GPIHBP1, GPIHBP1-
W109S, and GPIHBP1-Aacidic (in which GPIHBP1’s acidic domain
had been deleted) were expressed in Dryosophila S2 cells; all con-
structs had a carboxyl-terminal mAb 11A12 epitope tag (9). Western
blot analysis was performed on the conditioned medium of the
Drosophila S2 cell cultures under nonreducing conditions using
IRDye800-labeled GPIHBP1-specific mAbs RG3, RE3, RF4, RHI,
and RE6 (green) and an IRDye680-labeled mAb 11A12 (red).
Monomers are indicated by arrowheads.
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Fig. 2. Testing the ability of GPIHBP1-specific mAbs to bind to
GPIHBP1 on the surface of GPIHBP1-transfected cells. CHO pgsA-
745 cells were transiently transfected with empty vector or with an
expression vector for S-protein-tagged human GPIHBP1. After
1 day, the cells were fixed with methanol, and immunocytochemis-
try studies were performed on permeabilized cells with mAbs RG3,
RES3, RF4, RH1, and RE6 (10 j.g/ml; green) and a rabbit antibody
against the Sprotein tag (red). DNA was stained with DAPI (blue).
Scale bar (lower left panel), 20 pm.

on GPTHBP1’s acidic domain. Both RG3 and RE3 bound to
GPIHBP1-W1098 with reduced affinity—a consequence of
an increase in k. (Table 1, Fig. 3). The W109S mutation
eliminates LPL binding and does so without disrupting the
formation of disulfide bonds in the Ly6 domain (19).

Epitope binning by pair-wise comparison of antibody
binding to GPIHBP1 by SPR (Table 1, Fig. 3, supplemental
Fig. 84) revealed that the epitopes for RE3 and RG3 are
overlapping and distinct from that of RF4. This finding
suggested a strategy for developing a sandwich ELISA for
detecting GPIHBP1 (using mAb RF4 to capture GPIHBP1
and either RE3 or RG3 to detect GPTHBP1).

Testing the ability of GPIHBP1-specific mAbs to block
LPL binding to GPIHBP1

To determine whether any of the mAbs blocked the
binding of LPL to GPIHBP1, we initially utilized a cell-free
LPL-GPIHBP1 binding assay (9). Equimolar amounts of
LPL, recombinant human GPIHBP1 harboring the mAb
11A12 epitope, and GPIHBPl-specific mAbs were incu-
bated with agarose beads coated with mAb 11A12. After 1
h, the beads were washed, and the amount of GPIHBP1
(and GPIHBPI1-bound LPL) captured by the beads was as-
sessed by Western blotting. RG3 and RE3 abolished the
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TABLE 1.

Kinetic rate constants for GPIHBPl-specific mAbs by SPR

Nonoverlapping
mAb Analyte o (10° MY R (107%71) Kp (nM) n Epitopes
RE3 GPIHBP1 42+18 1.64+0.27 44+18 4 RF4
RE3 GPIHBP1-W109S 82+ 1.9 7.82 + 1.80 100+ 3.3 3
RE3 GPIHBPI-Aacidic 7627 1.34+0.11 2.0+ 0.6 3
RG3 GPIHBP1 0.64 + 0.22 0.17 + 0.04 31 +1.8 4 RF4
RG3 GPIHBP1-W109S 0.93+0.15 123+ 0.06 137+ 2.4 3
RG3 GPIHBPI-Aacidic 1.26 + 0.21 027+0.11 23+1.3 2
RF4 GPIHBP1 54+1.9 0.74 + 0.06 1.4+ 02 3 RE3, RG3

Kinetics rate constants were derived from data recorded with a BiacoreT200 for three-fold dilutions of various
purified GPTHBP1 proteins (8) and were fitted to a 1:1 binding model. GPIHBP1 is fulllength GPIHBP1; GPTHBP1-
W109S contains a serine for tryptophan mutation in a highly conserved region of the Ly6 domain; GPTHBP1-Aacidic
contains a deletion of the acidic domain (the first 31 amino acids of the mature protein). Data for mAbs RE3 and
RG3 were processed by a multicycle protocol with mAbs that had been directly immobilized on the chip (1,000 RU),
whereas the data for mAb RF4 were processed by a single-cycle protocol in which mAb RF4 was captured by an
immobilized rabbit antimouse IgG. Epitope mapping was performed with sequential injections, as is illustrated by Fig. 3.

binding of LPL to GPIHBPI1, whereas RH1, RE6, and RF4
did not (Fig. 4). The ability of GPIHBP1-specific mAbs to
block LPL binding was further tested with a cell-based
LPL-GPIHBP1 binding assay and an ELISA. Again, these
studies revealed that the binding of mAbs RG3 and RE3 to
GPIHBP1 abolished LPL binding (Figs. 5, 6). Of note,
mAb RF4 bound avidly to GPIHBP1 but did not block LPL
binding (Figs. 5, 6).

Detecting GPIHBP1 in capillaries of human adipose tissue

We tested the ability of RE3 and RF4 to detect human
GPIHBP1 in human adipose tissue by confocal immunofluo-
rescence microscopy and by immunoperoxidase staining.

RE3 and RF4 detected GPIHBPI in capillaries of epicardial
adipose tissue, colocalizing with vWF (Fig. 7, supplemental
Fig. S5). GPIHBP1 was found only in capillaries and not in
endothelial cells of venules, whereas vWF was found in en-
dothelial cells of both capillaries and venules (Fig. 7, sup-
plemental Fig. S5). Despite considerable effort, we were
unsuccessful in detecting GPIHBPI1 in capillaries of post-
mortem human heart tissue by confocal immunofluo-
rescence microscopy or immunoperoxidase staining. This
was not entirely surprising because the expression of
GPIHBP1 in human heart is much lower than in human
adipose tissue, as judged by RNA seq data (Human Protein
Atlas database; www.proteinatlas.org) (20). A caveat to our

Fig. 3. Kinetics for the interaction between mAb
RE3 and GPIHBPI by surface plasmon resonance.
The real-time kinetic interactions between immobi-
lized mAb RE3 and different GPIHBP1 proteins were
measured with a BiacoreT200 system. A threefold di-
lution series of wild-type GPIHBP1 (A); GPIHBPI1-
Aacidic (B); and GPIHBP1-W109S (C) were injected

between 100 and 300 s, followed by a dissociation phase
from 300 to 1,500 s. The concentrations analyzed were
90, 30, 10, 3, and 1 nM GPIHBP1 (black curves). One

T repeat measurement of 10 nM GPTHBP1 was performed
at the end of each analysis (red); a buffer control
curve is also shown (green). (D) Example of epitope
binning. RE3 was immobilized on the sensor chip and
100 nM GPIHBP1 was captured by injection at 300 s,
followed by a second injection of either buffer (red
curve) or 100 nM mAb RF4 (black curve). The sensor-
grams show that RE3 and RF4 belong to separate epit-
ope bins and that their binding to GPIHBP1 was not
mutually exclusive.
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Fig. 4. Monoclonal antibodies RG3 and RE3 block LPL binding
to GPIHBPI in a cell-free LPL-GPITHBP1 binding assay. Soluble
wild-type human GPIHBP1 with a carboxyl-terminal 11A12 epitope
tag was incubated with 11Al12-coated agarose beads and V5-tagged
human LPL, in the presence or absence of mAbs RHI1, RG3, RE3,
RES, RF4, or R24. After washing the beads, GPIHBP1 and any GPI-
HBPI-bound LPL was eluted from the beads by heating in SDS
loading buffer. Shown is a Western blot on the eluted proteins with
IRDye680-labeled mAb 11A12 (red) and an IRDye800labeled V5
antibody (green).

immunohistochemistry studies on human heart is that we
examined heart tissue that was harvested from patients
with devastating and irreversible disease after the heart had
stopped beating (“donation after cardiac death”), and we
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Fig. 5. RG3 and RE3, but not RF4, block the binding of LPL to
GPIHBPI on the surface of cultured cells. CHO pgsA-745 cells were
transfected with vectors for S-protein—tagged versions of wild-type
human GPIHBP1 (wt) or GPIHBP1-W109S. After 1 day, the cells were
washed and preincubated with mAbs RG3, RF4, or RE3 (20 j.g/ml)
or PBS alone. After washing, the cells were incubated with V5-tagged
human LPL (200 ng/well). The cells were washed and fixed with
methanol, and immunocytochemistry was performed on nonper-
meabilized cells with an Alexa488-conjugated donkey anti-mouse
IgG (green), a rabbit anti-S—protein tag (blue), and an Alexabbb-
conjugated mouse anti-V5 antibody (red). DNA was stained with
DAPI (yellow). Scale bar (lower left panel), 20 pm.
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Fig. 6. Dose-dependent inhibition of LPL binding to GPIHBP1 by
mAbs RE3 and RG3. We coated 96-well ELISA plates with the uPAR-
specific mAb R24, blocked, and then incubated them with uPAR-
tagged human GPTHBP1 (0.5 jug/well) in the presence or absence
of serial dilutions of mAbs RG3, RE3, or RF4. After washing, the
plates were incubated with V5-tagged LPL (200 ng/well). GPIHBP1-
bound LPL was detected with an HRPdabeled V5 antibody. The
binding of the GPIHBPIl-specific mAbs to GPIHBP1 was docu-
mented in an independent assay with HRP-labeled mAbs RG3, RES,
or RF4. (A) Inhibition of LPL binding to GPIHBP1 by mAbs RE3
and RG3. Antibody RF4 had no effect on LPL binding. (B) Amount
of mAb bound to GPIHBP1 for each amount of the GPIHBPI-
specific mAb added.

simply do not know how these circumstances affected GPI-
HBP1 expression in capillaries.

Detecting GPIHBP1 in human plasma

Because another GPI-anchored Ly6 protein, uPAR, can
be detected in human plasma by ELISA (13), we suspected
that it might be possible to detect GPIHBP1 in plasma. To
explore that possibility, we created a sandwich ELISA in
which mAb RF4 was used to capture the GPIHBPI in
plasma, and HRP-labeled mAb RE3 was used to detect the
captured GPIHBP1. This ELISA readily detected a recom-
binant GPTHBP1 standard and was able to detect GPTHBP1
in normal human plasma. In two normal subjects, the plasma
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Fig. 7. Detection of GPIHBPI in human tissues with GPIHBP1-
specific monoclonal antibodies. Sections of human cardiac adipose
tissue (20 pm) were fixed with 3% paraformaldehyde and pro-
cessed for confocal immunofluorescence microscopy (A) or light
microscopy (B, C). (A) Confocal microscopy images showing
GPIHBP1 (in this case, detected by a combination of mAbs RE3
and RF4, 10 pg/ml each; red) and von Willebrand Factor (vWF, a
marker for endothelial cells; green) in the capillaries of human car-
diac adipose tissue. (B) Consecutive HRP-stained sections showing
GPIHBP1 (left panel, mAb RF4, 1 jug/ml) and vWF (middle panel)
in capillaries of human cardiac adipose tissue. No primary antibody
was added in the control panel (right). (C) Consecutive HRP-stained
sections showing expression of yWE in both capillaries and a large
venule, whereas GPIHBP1 was expressed in endothelial cells of cap-
illaries but not in endothelial cells of the venule. In B and C, sec-
tions were counterstained with hematoxylin. Scale bar for A, 20 jum;
B, 50 pm; C, 100 pm.

GPIHBP1 levels were ~1 ng/ml (Fig. 8). As negative con-
trols, we included three subjects who were homozygous for
GPIHBPI mutations [a deletion of the entire GPIHBPI
gene in subject 3 (21), and a C89X nonsense mutation in
subjects 11 and 15 (supplemental Fig. S6)]. As was ex-
pected, the plasma levels of GPIHBP1 in those subjects
were essentially undetectable (Fig. 8).

DISCUSSION

We identified 23 mAbs against human GPIHBPI in our
initial screening efforts and selected five for further study—
four against GPIHBP1’s cysteine-rich Ly6 domain (RGS,
RE3, RH1, RE6) and one against the acidic domain (RF4).
These mAbs proved to be useful for three lines of investiga-
tion. First, we found that two mAbs against the Ly6 domain,
RG3 and RE3, blocked the binding of LPL to GPIHBPI,
whereas a mAb against the acidic domain (RF4) did not. Of
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Fig. 8. An ELISA to detect GPIHBP1 in human plasma. We coated
96-well plates with mAb RF4 (1 pg/well), blocked them with BSA,
and incubated them overnight at 4°C with dilutions of human
plasma (ranging from 1:2 to 1:256) or dilutions of purified human
GPIHBPI1. In the case of the purified GPIHBPI, the “1:2 dilution”
corresponds to 500 pg/ml of recombinant GPTHBP1, and the
“1:256 dilution” corresponds to buffer alone (no recombinant GPI-
HBP1). After washing the plates, GPTHBP1 captured by mAb RF4
was detected with HRPlabeled RE3 Fab’. Samples 8 and 17 were
normal control plasma samples; sample 3 was from a subject homo-
zygous for a deletion of GPIHBPI (21); samples 11 and 15 were
from subjects homozygous for a GPIHBPI nonsense mutation
(C89x). The plasma GPIHBPI levelsin samples 8 and 17 were 1,043
and 1,051 pg/ml, respectively. As expected, the GPIHBP1 levels in
the GPIHBP1-deficient subjects were essentially absent. (Note that
GPIHBP1-C89X is not bound by mAb RE3 [see supplemental Fig.
S6] and therefore cannot be detected by this ELISA.) The plot rep-
resents a log-transformation of the data.

note, both RG3 and RE3 bound preferentially to nonre-
duced GPIHBPI1, implying that the epitopes for those
mAbs depend on intact disulfide bonds in the Ly6 domain.
Also, by SPR, mAbs RG3 and RE3 bound with reduced af-
finity to GPIHBP1-W109S, an “Ly6 domain mutant” that
lacks the capacity to bind LPL (19). Those findings provide
strong support for recent SPR studies (8) that concluded
that GPTHBP1’s Ly6 domain is largely responsible for high-
affinity interactions with LPL. Second, immunohistochem-
istry studies of human adipose tissue with mAbs RE3 and
RF4 revealed that GPIHBP1 is expressed only in capillary
endothelial cells and not in venules—the same pattern ob-
served previously in mice (5). From the standpoint of lipo-
protein physiology, this pattern of expression makes sense.
LPL is secreted by adipocytes and is subject to local regula-
tion by ANGPTL4 (22). The fact that GPTHBP1 is expressed
specifically in capillaries—the blood vessels that are imme-
diately adjacent to adipocytes—facilitates the capture of lo-
cally produced LPL and serves to focus lipolytic activity,
according to the requirements of nearby parenchymal cells.
Third, we found, using a mAb-based ELISA, that GPTHBP1
can be detected in the plasma of normal subjects but not
subjects with GPIHBPI deficiency.

In our immunohistochemistry studies, we were able to
detect GPTHBP1 on capillary endothelial cells of human
adipose tissue by confocal immunofluorescence micros-
copy and by immunoperoxidase staining, but we could not
detect GPTHBP1 in capillaries of the heart. Our inability to
detect GPTHBP1 in heart capillaries was initially perplexing
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because we invariably observed robust GPIHBP1 expression
in mouse heart capillaries (4, 5). Follow-up studies revealed
that our inability to detect GPIHBP1 in heart capillaries
was probably related to lower amounts of GPTHBP1 ex-
pression in human heart.

One of our principal goals in creating GPTHBP1-specific
monoclonal antibodies was to develop an ELISA for the
detection of GPIHBP1 in human plasma, just as others
had done for uPAR, another GPl-anchored Ly6 protein
(13). The combination of mAb RF4 (to capture GPIHBP1
in the plasma) and HRP-labeled mAb RE3 (to detect cap-
tured GPIHBP1) proved successful. Our ELISA detected
GPIHBP1 in serial dilutions of plasma from normal sub-
jects but not from subjects with GPIHBPI deficiency. At this
point, we do not understand why GPTHBP1 circulates in
the plasma, but there are several possibilities. One is that
exosomes containing GPIHBP1 are shed from capillary en-
dothelial cells. Another is that GPTHBP1 is released into
the plasma by an enzyme that cleaves the GPI anchor or
cleaves GPIHBP1 downstream from the Ly6 domain. An-
other possibility is that soluble GPIHBP1 (GPIHBP1 lack-
ing a GPI anchor) is secreted from capillary endothelial
cells as a consequence of inefficiencies in the transamidase
reaction that ordinarily replaces GPIHBP1’s carboxyl-ter-
minal hydrophobic signal peptide with a GPI anchor (23).
We favor the latter possibility because cultured cells that
overexpress the GPI-anchored form of GPTHBP1 invariably
secrete large amounts of soluble GPIHBP1 (9). Regardless
of the mechanism, our discovery that GPIHBP1 can be de-
tected in human plasma is exciting. With the experimental
approaches described here and our new GPTHBP1-specific
mADbs, clinical lipidologists will now be able to test the util-
ity of plasma GPTHBP1 levels as a biomarker for metabolic
disease, vascular disease, or both Bl

We thank personnel at Finsen Laboratory for the purified
GPIHBP1 immunogen; the Monash Antibody Technologies
Facility for creating the monoclonal antibodies; and Helen H.
Hobbs for plasma samples from subjects with GPIHBPI deficiency.
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BACKGROUND: GPIHBPI, a glycolipid-anchored protein of capillary endothelial cells, binds
lipoprotein lipase (LPL) in the interstitial spaces and transports it to the capillary lumen. GPIHBP1
deficiency prevents LPL from reaching the capillary lumen, resulting in low intravascular LPL levels,
impaired intravascular triglyceride processing, and severe hypertriglyceridemia (chylomicronemia).
A recent study showed that some cases of hypertriglyceridemia are caused by autoantibodies against
GPIHBP1 (“GPIHBPI autoantibody syndrome”).

OBJECTIVE: Our objective was to gain additional insights into the frequency of the GPIHBP1
autoantibody syndrome in patients with unexplained chylomicronemia.

METHODS: We used enzyme-linked immunosorbent assays to screen for GPIHBP1 autoantibodies
in 33 patients with unexplained chylomicronemia and then used Western blots and immunocytochem-
istry studies to characterize the GPIHBP1 autoantibodies.

RESULTS: The plasma of 1 patient, a 36-year-old man with severe hypertriglyceridemia, contained
GPIHBP1 autoantibodies. The autoantibodies, which were easily detectable by Western blot, blocked
the ability of GPIHBP1 to bind LPL. The plasma levels of LPL mass and activity were low. The patient
had no history of autoimmune disease, but his plasma was positive for antinuclear antibodies.

CONCLUSIONS: One of 33 patients with unexplained chylomicronemia had the GPIHBP1 autoan-
tibody syndrome. Additional studies in large lipid clinics will be helpful for better defining the
frequency of this syndrome and for exploring the best strategies for treatment.
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Introduction

GPIHBP!1 is a glycolipid-anchored protein of capillary
endothelial cells that binds lipoprotein lipase (LPL) in the
subendothelial spaces and shuttles it across endothelial
cells to its site of action in the capillary lumen.' In the
absence of GPIHBP1, LPL remains stranded in the intersti-
tial spaces where it is unable to process triglyceride-rich li-
poproteins in the plasma.' ™ Homozygosity for mutations in
GPIHBPI, like homozygosity for mutations in LPL, causes
a chylomicronemia syndrome” associated with a substantial
risk of acute pancreatitis. A variety of different GPIHBP!
mutations have been dc:scribed,S’14 and most have been
missense mutations that result in a mutant GPIHBP1 pro-
tein that lacks the ability to bind LPL. A hallmark of ge-
netic forms of GPIHBP1 deficiency is low levels of LPL
in the preheparin and postheparin plasma (consistent with
reduced delivery of LPL to the capillary lumen).” "
Recent studies showed that it is possible to measure
GPIHBP1 in human plasma with a monoclonal antibody
(mAb)-based immunoassay.'® In the setting of GPIHBP1
mutations, the plasma levels of GPIHBP1 are very low.'*"”

Beigneux et al'” recently identified 6 patients with chy-
lomicronemia caused by autoantibodies against GPIHBP1
(“GPIHBP1 autoantibody syndrome”). They demonstrated
that GPIHBP1 autoantibodies interfere with the ability of
GPIHBP1 to bind LPL. Several patients with the GPIHBP1
autoantibody syndrome had clinical and/or serological evi-
dence of an autoimmune disease (eg, systemic lupus erythe-
matosus), but others did not. The plasma levels of LPL in
patients with the GPIHBP1 autoantibody syndrome were
low'” (again reduced delivery of LPL to the capillary
lumen). The levels of GPIHBP1 in the plasma were also
low, likely because the GPIHBP1 autoantibodies interfere
with the detection of GPIHBP]1 in an enzyme-linked immu-
nosorbent assay (ELISA)."

The frequency of the GPIHBP1 autoantibody syndrome
has not been clearly defined. Beigneux et al'” identified 6
cases of the GPIHBP1 autoantibody syndrome by screening
~200 miscellaneous plasma samples, including 130 pa-
tients with hypertriglyceridemia. In the current studies,
we screened for GPIHBP1 autoantibodies in 33 patients
with unexplained hypertriglyceridemia from the Academic
Medical Center in Amsterdam. Each of these patients had
undergone testing for LPL, GPIHBP1, APOC2, LMF1, or
APOAS mutations, and none were identified.

Materials and methods

Plasma samples

Plasma samples from 33 patients from the Academic
Medical Center (Amsterdam) were sent to the University of
California, Los Angeles (UCLA) for GPIHBP1 autoantibody
screening. All patients had been referred because of a
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suspicion of LPL deficiency; the mean plasma triglyceride
level in this group of patients was 1673 = 2310 mg/dL
(range: 171-11,327 mg/dL). All tested negative for mutations
in LPL, GPIHBPI, APOC2, LMFI, and APOAS. Samples
were taken under a protocol approved by the Academic Med-
ical Center in Amsterdam. Because the plasma samples sent
to UCLA were deidentified, the studies were exempt from
Institutional Review Board approval by the UCLA Office of
Human Use Protection.

Two GPIHBP1 autoantibody ELISAs

Recombinant human GPIHBP1 (thGPIHBP1) with an
amino-terminal urokinase plasminogen activator receptor
(uPAR) tag'® were expressed in Drosophila S2 cells.'®!®
The recombinant GPIHBP1 also contained a carboxyl-
terminal tag for the mouse GPIHBPl-specific mAb
11A12.%° To detect GPIHBP1 autoantibodies in plasma sam-
ples,"” 96-well plates were coated with uPAR-specific mAb
(R24)*! and then incubated with GPIHBP1 for 2 hours. After
washing the plates, human plasma samples (1:500 dilution)
were added to the wells and incubated overnight at 4°C. After
washing, binding of autoantibodies to GPIHBP1 was detected
with a horseradish peroxidase (HRP)-labeled goat anti-human
Ig(G + M). A second ELISA for GPIHBP1 autoantibodies
was identical except that the 96-well plates were coated
directly with purified, untagged GPIHBP1. To gauge levels
of GPIHBPI autoantibodies, we also added the HRP-labeled
goat anti-human immunoglobulin (Ig[G + M]) to wells that
had been coated with dilutions of purified human IgG. We
also used an ELISA to screen for autoantibodies against other
members in the Ly6 protein family (C4.4 A, CD39, and
CD177).17;18,22723

Detecting GPIHBP1 autoantibodies with Western
blots

The medium from Drosophila S2 cells expressing
rthGPIHBP1 was size fractionated on 12% Bis-Tris sodium
dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels, then transferred to a nitrocellulose membrane.
The membrane was blocked in Odyssey Blocking Buffer
(LI-COR). Membranes were then incubated with the
plasma from patient Al (20 AU of GPIHBP! autoanti-
bodies/mL). The binding of autoantibodies to GPIHBP1
was detected with an IRDye680-donkey anti-human
IgG (1:200). rthGPIHBP1 was also detected with an
IRDye800-conjugated mAb against human GPIHBP1
(RF4)'7 (1:500).

Western blots to detect LPL autoantibodies

The medium from V5-tagged human LPL—transfected
CHO cells was size fractionated by SDS-PAGE under
reducing and nonreducing conditions. Gels were then
transferred to a nitrocellulose membrane and blocked in
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Odyssey blocking buffer (Li-COR). Western blots were
performed with the plasma from patient Al (20 AU
GPIHBPI autoantibodies/mL) followed by an IRDye680-
labeled goat anti-human IgG (LI-COR; 1:200) and IR-
Dye800-labeled antibody against the V5 tag (1:500).

Measurements of LPL, hepatic lipase (HL),
endothelial lipase (EL), and GPIHBP1

Plasma levels of LPL, HL, and EL were measured with
mAb-based sandwich immunoassays.'”**** An ELISA
was also used to measure plasma levels of GPIHBP1.'
In the latter assay, 96-well plates were coated with the
GPIHBPI1-specific mAb RF4. Dilutions of human plasma
were then added and incubated at 4°C. After washing the
wells, GPIHBP1 was detected with HRP-labeled mAb
RE3. The amount of GPIHBP1 in the plasma was measured
against a recombinant GPIHBP1 standard curve. Levels of
LPL and HL activity in the plasma at baseline and 2, 3, 6, 9,
12, and 15 minutes after an intravenous injection of heparin
(50 IU/kg) were measured as described. ">

ELISA to test the ability of GPIHBP1
autoantibodies to prevent LPL binding to
GPIHBP1

To test the ability of GPIHBP1 autoantibodies to block
the binding of LPL to GPIHBP1, 96-well plates were
coated with mAb R24 and then incubated overnight at 4°C
with an uPAR-tagged GPIHBPI, either alone or with
various dilutions of human plasma samples. On the next
day, the plates were washed, and human LPL (200 ng/well)
was added to the wells and incubated for 2 hours at 4°C.
The plates were washed, and an HRP-labeled LPL-specific
mADb (5D2) was used to measure LPL binding. In other
wells, an HRP-labeled goat anti-human Ig(G + M) was
added to detect binding of GPIHBP1 autoantibodies to the
immobilized GPIHBP1. HRP-labeled mAb 11A12 was
used to confirm the presence of GPIHBPI on the plates.
A GPIHBPI-specific mAb (RE3) that blocks LPL binding
to GPIHBP1 was used as an experimental control.'®

Immunocytochemistry

CHO pgsA-745 2 X 10 cells were electroporated with
2 pg of plasmid DNA encoding S-protein—tagged versions
of human GPIHBP1, GPIHBP1-W109S, or CD59. After
24 hours, cells were washed in phosphate-buffered saline
and incubated with plasma samples for 1 h at 4°C. Cells
were washed and incubated for 1 h at 4°C with V5-tagged
human LPL (200 ng/well). After washing, cells were fixed
with methanol. Immunocytochemistry studies were per-
formed on nonpermeabilized cells with a rabbit antibody
against the S-protein tag (0.2 pg/mL) followed by an Alexa
Fluor 647-conjugated donkey anti-rabbit IgG (Thermo-
Fisher, 2.5 png/mL); Alexa Fluor 568—conjugated mouse
anti-V5 antibody (1:50); and Alexa Fluor 488—conjugated
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goat anti-human Ig(G + M) (50 ng/mL). Images were taken
with an Axiovert 200M microscope and processed with Zen
2010 software (Zeiss).

Results

We used an ELISA test with uPAR-tagged human
GPIHBP1 to screen plasma samples from 33 patients
with unexplained hypertriglyceridemia for autoantibodies
against GPIHBP1 (Fig. 1A). The plasma samples from 32
patients were negative for autoantibodies, but one (from pa-
tient Al) was positive. The presence of GPIHBP1 autoan-
tibodies in the plasma of patient Al was confirmed in a
separate ELISA with untagged, purified GPIHBPI
(Fig. 1B). In the latter assay, the level of GPIHBP1 autoan-
tibodies was measured against a standard curve of human
IgG, and the concentration was judged to be ~1 mg of
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Figure 1  Detecting GPIHBP1 autoantibodies with a solid-phase

ELISA. (A) Screening plasma samples for GPIHBP1 autoanti-
bodies. Plasma samples were added to 96-well plates that had
been coated with an anti-uPAR mAb and subsequently incubated
with conditioned medium from Drosophila S2 cells expressing
uPAR-tagged human GPIHBP1. After washing the plates, the bind-
ing of GPIHBP1 autoantibodies to immobilized GPIHBP1 was de-
tected with an HRP-labeled anti-hIgG. One patient (patient A1; pink
circle) had GPIHBP1 autoantibodies (dilution, 1:500), as did the
positive control patient (patient 102,'” dilution, 1:12,500) (green cir-
cle). Levels of IgG binding were lower in four normal controls
(black circles). (B) Testing the binding of plasma samples (1:500)
to wells coated with purified, untagged human GPIHBP1 and 3
other Ly6 proteins (CD177, C4.4 A, and CD59). The plasma
from patient Al (1:500; pink circle) bound to GPIHBP1 but not
to the other Ly6 proteins; the control plasma (1:500; open circles)
did not bind to any of the proteins. The level of antibody binding
to the GPIHBP1-coated wells was judged according to a human
IgG standard curve (top x-axis); wells of a 96-well plate were coated
with dilutions of normal human IgG, and the amount of IgG bound
to those wells was assessed by quantifying binding of the HRP-
labeled anti-human IgG (open squares). ELISA, enzyme-linked
immunosorbent assay; hIgG, human imuunoglobulin G; IgG, immu-
noglobulin G.
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GPIHBP1 autoantibodies/mL. The Ig’s in the plasma from
patient Al did not bind to other proteins of the Ly6 protein
family (CD177, C4.4 A, and CD59).

Patient Al is a 36-year-old male who was bom in
Eritrea. Screening revealed that he was free of LPL,
GPIHBPI, LMF1, APOC2, or APOA5 mutations. He was
obese (body mass index: 35.5 kg/m?) and was taking anti-
psychotic medications that had been prescribed by a psy-
chiatrist. He smoked marijuana daily. In 2011, he had
acute pancreatitis; at that time, the plasma triglyceride
and cholesterol levels were 2188 and 318 mg/dL, respec-
tively. Over the next year, the patient had 4 additional bouts
of pancreatitis. Plasma samples were taken and archived
during 2 hospitalizations for pancreatitis (in 2011 and
2012); the plasma triglyceride levels in those samples
were 580 and 1929 mg/dL, respectively. Those samples,
both positive for GPIHBP1 autoantibodies, were analyzed
at UCLA.

Western blots confirmed the presence of GPIHBP1
autoantibodies in the plasma samples from patient Al.
The autoantibodies in the plasma sample detected
GPIHBP1 produced in Drosophila S2 cells (Fig. 2).

We suspected that the GPIHBP1 autoantibodies would
block the ability of GPIHBPI to bind LPL. Indeed, the
plasma from patient Al blocked the binding of human LPL
to GPIHBP1 in an ELISA, whereas control plasma samples
lacking autoantibodies did not block (Fig. 3). Plasma Al
blocked LPL binding to GPIHBP1 on the surface of

GPIHBPI-transfected cells by immunocytochemistry,
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Figure 2 Western blot demonstrating the binding of GPIHBPI
autoantibodies in the plasma from patient A1 to human GPIHBP1
in the medium of transfected Drosophila S2 cells. The expression
human GPIHBP1'Y in Drosophila S2 cells was induced with
0.5 mM CuSO,. Proteins in the medium from copper-induced
and noninduced cells were size fractionated by SDS-PAGE and
then transferred to a sheet of nitrocellulose for western blots. The
membrane was incubated with the plasma from patient Al, fol-
lowed by an IRDye680-labeled donkey anti-human IgG (red), and
then with IRDye800-labeled human GPIHBP1-specific monoclonal
antibody RF4 (green).16 Both RF4 and the [gGs in the plasma of
patient Al bound avidly to GPIHBPI in the medium of cells that
had been induced with CuSO, (induced); GPTHBP1 was absent
from the medium of noninduced cells (noninduced). IgG, immuno-
globulin G.
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Figure 3 GPIHBPI autoantibodies in the plasma of patient Al
abolish the ability of GPIHBP1 to bind LPL. The 96-well plates
were coated with an anti-uPAR mAb and then incubated overnight
at 4°C with uPAR-tagged GPIHBP1, either alone or in the pres-
ence of dilutions of human plasma. After washing the plates, hu-
man LPL (200 ng) was added to each well and incubated for
2 hours at 4°C. The plates were then washed, and the binding
of LPL was detected with an HRP-labeled LPL-specific mono-
clonal antibody (5D2). The plasma of patient A1 blocked the bind-
ing of LPL to GPIHBPI (pink solid circles), whereas plasma
samples from 3 controls (184, 185, and 192) did not block. The
GPIHBP1-specific mAb RE3 (black open squares) also blocked
binding of LPL to GPIHBPI (the “1:1 dilution” of mAb RE3 rep-
resents 20 pg/mL of purified IgG). LPL, lipoprotein lipase.

whereas control plasma samples lacking GPIHBP1 autoan-
tibodies did not block (FFig. 4).

We predicted that the GPIHBP1 autoantibodies in
patient Al would be accompanied by low plasma levels
of LPL. Indeed, the LPL mass level in the plasma of Al
was very low, 23.1 ng/mL (normal range: 40-156 ng/mL;
mean, 84 ng/mL), consistent with reduced LPL binding to
GPIHBPI and reduced delivery of LPL to the intravascular
compartment. We suspected that the levels of hepatic
triglyceride lipase (HL) and EL, which do not bind
GPIHBPl,30 would not be low. Indeed, the HL level in
the plasma of Al, 59.8 ng/mL, was not low (normal range:
18-136 ng/mL; mean, 60 ng/mL). The EL level, 133.8 ng/
mL, was also not low (normal range: 41-141 ng/mL; mean,
77 ng/mL). After an intravenous injection of 5000 IU of
heparin, the LPL activity level in patient Al was less
than one-half of those in a pool of 6 normal control sub-
jects, whereas the HL activity was significantly higher
than the activity in the pooled plasma of normal subjects
(Fig. 5).

In the recent study by Beigneux et al,'’ several patients
with the GPIHBP1 autoantibody syndrome had systemic
lupus erythematosus, and their plasma tested positive for
antinuclear antibodies. Patient Al had no clinical evidence
of autoimmune disease, but testing revealed that his plasma
was positive for antinuclear antibodies. The plasma of pa-
tient Al did not have autoantibodies against LPL, as judged
by an ELISA' or a Western blot assay (Fig. 6).
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Figure 4 Immunocytochemistry studies showing that the GPIHBP1 autoantibodies in the plasma of patient Al bind to GPIHBP1 on the
surface of GPIHBP1-transfected CHO pgsA-745 cells and abolish binding of LPL. GPIHBP1 autoantibodies (green) in the plasma from
patient Al (1:20 dilution) bound to cells expressing S-protein—tagged human GPIHBP1 (column 2), but not to cells expressing S-pro-
tein-tagged CD59 (column 5). CD59 and GPIHBP1 expression on cells was detected with an antibody against the S-protein tag (blue).
V5-tagged wild-type human LPL (detected with a V5 tag—specific antibody; red) binds avidly and specifically to GPIHBP1-transfected cells
(column 1). The binding of GPIHBP1 autoantibodies (in the plasma of patient Al) to GPIHBP1 abolished LPL binding (column 2). In
contrast, control plasma samples 1 and 2 (which did not contain GPIHBP1 autoantibodies) did not block the binding of LPL to GPIHBP1
(columns 3 and 4, respectively). Cells expressing a mutant GPIHBP1 (GPTHBP1-W109S)'*?’ did not bind LPL (column 6). DNA was
stained with DAPI (yellow). LPL, lipoprotein lipase.

The plasma triglycerides in patient Al were 130 mg/dL in to bind LPL and transport it to the capillary lumen. When
2014, but no plasma samples were archived and available for GPIHBP1 is absent or functionally defective, LPL remains
analysis. The patient was subsequently lost to follow-up. stranded within the interstitial spaces and never reaches the

capillary lumen.'
In the initial description of the GPIHBP1 autoanti-

Discussion body syndrome, Beigneux et al'’ identified 6 patients
with GPIHBPI autoantibodies by screening ~200

We recently described autoantibodies against GPIHBP1, miscellaneous plasma samples, including many with hy-
the endothelial cell LPL transporter, as a cause of acquired pertriglyceridemia and a handful from patients with both
forms of chylomicronemia (“GPIHBP1 autoantibody syn- hypertriglyceridemia and autoimmune diseases. In that
drome™)."” In the present study, to increase our understand- study, the information about the patient population,
ing of the frequency of this syndrome, we screened 33 including genetic testing, was minimal. In the present
patients with unexplained chylomicronemia from the Am- study, we screened 33 hypertriglyceridemic patients in
sterdam Medical Center. Using a pair of ELISAs, we iden- whom extensive genetic screening had failed to identify
tified a single patient (patient Al) with the GPIHBP1 LPL, GPIHBPI1, APOC2, LMFI, or APOA5 mutations.
autoantibody syndrome. The GPIHBP1 autoantibodies The sole patient identified as having GPIHBP1 autoanti-
were identified in 2 plasma samples obtained during 2011 bodies (patient Al) did not have any clinical signs of
and 2012 hospitalizations for chylomicronemia and acute autoimmune disease, but his plasma tested positive for
pancreatitis. The GPIHBP1 autoantibodies in patient Al antinuclear antibodies. In the earlier study, 4 of the 6 pa-
interfered with the main function of GPIHBP1, which is tients with the GPIHBP1 autoantibody syndrome had
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Figure 5 Levels of LPL catalytic activity in the postheparin
plasma of patient Al were low, whereas levels of hepatic lipase
activity were high. Plasma samples were obtained from patient
Al at baseline, and at 6 time points after an intravenous injection
of heparin, and LPL (A) and HL. (B) activity levels were measured
(pink solid circles). As a control, LPL and HL activity levels were
also measured in a pool of plasma samples from 6 normal control
subjects at the 15-minute time point (black open circle). LPL,
lipoprotein lipase.

autoimmune diseases. At this point, the frequency of the
GPIHBP1 autoantibody syndrome in patients with
acquired forms of chylomicronemia remains incom-
pletely defined, but it would appear that it is not rare—
particularly in patients with clinical or serological evi-
dence of autoimmune diseases. Additional studies are
needed to gauge the overall frequency of GPIHBP1
autoantibodies in patients with acquired forms of
hypertriglyceridemia.

In the study by Beigneux et al,'’ the hypertriglyceride-
mia in 2 GPIHBP1 autoantibody syndrome patients (pa-
tients 157 and 164) responded to treatment with
immunosuppressive therapy (rituximab and mycophenolate
mofetil)."”*1*? In one of the patients, normalization of
plasma triglyceride levels during therapy was accompanied
by a complete disappearance of GPIHBP1 autoantibodies.'’
The identification of additional patients with the GPIHBP1
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Figure 6 The plasma of patient Al does not contain autoanti-
bodies against LPL. Medium from V5-tagged human LPL-trans-
fected CHO cells was size fractionated by SDS-PAGE under
reducing (R) and nonreducing (NR) conditions. Western blots
were performed with plasma from patient A1 (20 AU GPIHBP1
autoantibodies/mL) followed by IRDye680-labeled goat anti-
human IgG (red). V5-tagged LPL on the same membrane was de-
tected with an IRDye800-labeled V5 antibody (green). In the
Western blot with the plasma from patient Al, several bands
with a size roughly similar to that of LPL were detected. However,
the V5 antibody Western blot revealed that the bands in the
“plasma Al Western blot” were distinct from authentic V5-tagged
LPL. As a negative control (C), we tested medium from nontrans-
fected CHO cells. LPL, lipoprotein lipase.

autoantibody syndrome will help to define optimal strate-
gies for treatment. More patients would also help to define
the relationship, if any, between GPIHBP1 autoantibody ti-
ters and plasma triglyceride levels.

The plasma triglyceride levels in patient Al normalized
several years after the hospitalizations for pancreatitis,
raising the possibility that the GPIHBP1 autoantibody
syndrome can, at least in some cases, resolve spontane-
ously. The plasma triglyceride levels in another patient with
the GPIHBPI autoantibody syndrome (patient 38 in the
study by Beigneux et al'’) also normalized in the absence
of immunosuppressive drugs. In that case, however, the
normalization of plasma triglyceride levels occurred in
the setting of suboptimal nutritional status accompanying
exocrine pancreatic insufficiency (from recurrent bouts of
acute pancreatitis).

A hallmark of both genetic GPIHBP1 deficiency and the
GPIHBP1 autoantibody syndrome is low plasma levels of
LPL.>”"'% In patient A1, both the preheparin LPL mass level
and the postheparin LPL catalytic activity levels were low.
These findings make sense, given that GPIHBP1 is solely
responsible for shuttling LPL to the capillary lumen.' In
the present study, we also examined plasma levels of 2
related lipases in the same protein family—HL and EL.
We suspected that the levels of HL and EL would not be per-
turbed by GPIHBP1 autoantibodies, given that neither lipase
binds to GPIHBP1.*" Indeed, HL and EL mass levels were
not reduced in the plasma of patient Al. In addition, after
an injection of heparin, HL activity levels in plasma Al
were higher than in the normal controls. High levels of HL
activity in postheparin plasma were noted previously in
Gpihbpl knockout mice” and in a chylomicronemia patient
who was homozygous for a p.Q115P missense mutation in
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GPIHBP1> These observations suggest that defective
GPIHBP!1 function, whether genetic or acquired, does not
reduce postheparin HL activity levels and in some cases
may lead to higher-than-normal plasma levels of HL.
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Abstract

GPIHBP1, a GPI-anchored protein of capillary endothelial cells, binds lipoprotein lipase (LPL)
within the subendothelial spaces and shuttles it to the capillary lumen. The GPIHBP1-bound LPL
is essential for the margination of triglyceride-rich lipoproteins (TRLs) along capillaries, allowing
the lipolytic processing of TRLs to proceed. In peripheral tissues, the intravascular processing of
TRLs by the GPIHBP1-LPL complex is crucial for generating lipid nutrients for adjacent
parenchymal cells. GPIHBPI is absent in capillaries of the brain, which uses glucose for fuel;
however, GPIHBP1 is expressed in capillaries of mouse and human gliomas. Importantly, the
GPIHBP1 in glioma capillaries captures locally produced LPL. We document, by NanoSIMS
imaging, that TRLs marginate along glioma capillaries and that there is uptake of TRL-derived
lipid nutrients by surrounding glioma cells. Thus, GPIHBP1 expression in gliomas facilitates TRL

processing and provides a source of lipid nutrients for glioma cells.

Keywords: endothelial cells, glioma, lipids, triglycerides, cancer metabolism
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Introduction

GPIHBP1, a GPI-anchored protein of capillary endothelial cells, is required for lipoprotein lipase
(LPL)-mediated processing of triglyceride-rich lipoproteins (TRLs) (3). GPIHBP1’s principal
function is to capture LPL within the interstitial spaces, where it is secreted by parenchymal cells,
and then shuttle the enzyme to the luminal surface of capillary endothelial cells (4). GPIHBP1 is
a long-lived protein (1, 5) that moves bidirectionally across endothelial cells, with each trip to the
abluminal plasma membrane representing an opportunity to capture LPL and bring it to the
capillary lumen (6). When GPIHBP1 is absent or defective, LPL is stranded within the interstitial
spaces, where it remains bound to sulfated proteoglycans near the surface of cells (1, 4, 7, 8). The
inability of LPL to reach the capillary lumen in the absence of GPIHBP1 expression profoundly

impairs TRL processing, resulting in severe hypertriglyceridemia (chylomicronemia) (3, 4, 9).

GPIHBP1 is expressed in capillary endothelial cells of peripheral tissues, with particularly high
levels of expression in heart and brown adipose tissue (3, 4, 8). Most of the LPL within those
tissues is bound to GPIHBP1 on capillaries (3, 4, 6-8, 10, 11), and the processing of TRLs is
robust, generating fatty acid nutrients for nearby parenchymal cells (8, 12, 13). In contrast,
GPIHBP1 is absent in capillaries of the brain (1, 4, 5), a tissue that depends on glucose for fuel
(14). When wild-type mice are injected intravenously with a GPIHBP1-specific antibody, the
antibody rapidly binds to GPIHBP1-expressing capillaries in peripheral tissues and disappears

from the plasma (4, 5). In contrast, there is no antibody binding to capillaries of the brain (4, 5).

For the lipolytic processing of TRLs to proceed, lipoproteins in the bloodstream must
marginate along the luminal surface of capillaries (9). TRL margination along capillaries depends
on GPIHBP1—and more specifically on GPIHBP1-bound LPL (9). In GPIHBP1-deficient mice,
TRLs never stop along heart capillaries and instead simply “flow on by” in the bloodstream (9).
In wild-type mice, TRLs marginate along heart capillaries, but TRL margination is absent along

capillaries of the brain (9).
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Even though GPIHBPI is not found in brain capillaries, there is ample evidence for LPL
expression within the brain (15-20). Several groups found LPL in the rat brain, specifically in
neurons of the dentate gyrus and hippocampus, pyramidal cells of the cortex, and Purkinje cells of
the cerebellum (15-18, 20). By single-cell RNA sequencing, Zhang and colleagues (21) found Lp/
transcripts in the resident macrophages of the brain (microglia), with lower levels in astrocytes,
neurons, and oligodendrocytes. Using the same approach, Vanlandewijck and coworkers (22)
found LPL expression in brain smooth muscle cells and in perivascular fibroblasts (at even higher
levels than in microglial cells). Given the absence of GPIHBP1 expression in brain capillaries and
the absence of TRL margination along brain capillaries, we have proposed that the LPL in the
brain likely has an extravascular function, presumably to hydrolyze glycerolipids within the

extracellular spaces (1, 2).

Despite the absence of GPIHBP1 expression in brain capillaries, we were curious about
whether GPIHBP1 might be expressed in capillaries of gliomas. Glioma capillaries are
morphologically distinct from normal brain capillaries (23-26), and the blood-brain barrier is
often defective (27). By electron microscopy, glioblastoma capillaries have been reported to

resemble capillaries in peripheral tissues (28).

If GPIHBP1 were to be expressed in glioma capillaries, it could be relevant to glioma
metabolism. The GPIHBP1 might capture locally produced LPL, allowing for TRL margination
and TRL processing, thereby providing a source of lipid nutrients for glioma cells. Interestingly,
Dong et al. (29) documented LPL expression in gliomas. Also, several studies have raised the
possibility that glioma cells use fatty acids for fuel (30—34) and that levels of free fatty acids are

higher in gliomas than in normal brain tissue (34, 35).

In the current study, we sought to determine if glioma capillaries express GPIHBP1 and if so,
whether it would bind LPL and facilitate TRL margination and lipolytic processing of TRLs. In
our study, we took advantage of NanoSIMS imaging, a high-resolution mass spectrometry—based

imaging modality that makes it possible to visualize TRL margination and TRL processing in
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tissue sections (13, 36—41). This imaging modality allowed us to visualize TRL margination in

glioma capillaries as well as the entry of TRL-derived nutrients into tumor cells.
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Results
GPIHBPI is expressed in endothelial cells of human gliomas

We sectioned 20 human gliomas (Table 1) and screened them for GPIHBP1 expression by

confocal microscopy with three GPIHBP1-specific monoclonal antibodies (mAbs) [RF4, which

Sample Tissue Diagnosis Location 1p/19q co- IDH1 GPIHBP1
ID deletion Mutation
1 GBM Right Frontal, Parietal No Negative Yes
2 GBM Left Temporal No Negative Yes
3 GBM Right Occipital No Negative Yes
4 GBM Left Frontal No Negative Yes
5 Oligodendroglioma Grade 11 Left Anterior Temporal, Left Yes Negative Yes
Posterior Temporal
6 Oligoastrocytoma Grade 111 Right Temporal No Negative Yes
7 GBM + oligodendroglial Left Frontal Yes Negative Yes
component
8 GBM + extensive Right Frontal No Negative Yes
oligodendroglial component

9 Oligodendroglioma Grade III Left Frontal Yes + R132H Yes
10 Oligodendroglioma Grade I11 Left Frontal Yes +R132H Yes
11 Oligoastrocytoma Right Parietal No Negative Yes
12 Oligodendroglioma Grade I11 Right Parietal Yes + R132H Yes
13 Oligodendroglioma Grade I11 Right Parietal Yes Negative Yes
14 Oligoastrocytoma Grade 111 Left Temporal No + R132H Yes
15 Oligoastrocytoma Grade 111 Right Temporal No +R132G No
16 Oligoastrocytoma Grade I11 Right Frontal No +R132H No
17 Oligodendroglioma Grade III Left Frontal Yes Negative No
18 Oligodendroglioma Grade I11 Left Frontal Yes +R132H No
19 Oligodendroglioma Grade I11 Left Temporal Yes Negative No
20 Oligodendroglioma Grade I11 Right Temporal Yes +R132H No

Table 1. Human glioma tumor specimens. Expression of GPIHBP1 was assessed by
immunohistochemistry with mAbs against human GPIHBP1 (RF4, RE3, RG3). Those conducting the
studies were blinded to diagnoses. The table details the tumor diagnosis, location, 1p/19q co-deletion,
and IDH1 mutation status, as well as the presence of GPIHBP1.
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binds to residues 27-44 downstream from GPIHBP1’s acidic domain (42); RE3 and RG3, which
bind to GPIHBP1’s LU (Ly6/uPAR) domain) (43)]. GPIHBPI in capillary endothelial cells was
detected in 14 of 20 gliomas (Table 1) and colocalized with von Willebrand factor, an endothelial

cell marker (Figure 1). GPIHBP1 expression in glioma capillaries did not appear to correlate with

GPIHBP1 vWF GFAP Merge + DAPI

Gliomas

Human
frontal lobe

Figure 1. GPITHBP1 expression in endothelial cells of several human gliomas. Immunohistochemical
studies on surgically resected gliomas (Gliomas 1, 5, 9; Table 1) and non-diseased human frontal lobe (n
=3), revealing GPIHBP1 expression in capillaries of gliomas but not in frontal lobe specimens. GPIHBP1
(detected with a combination of mAbs RE3 and RF4, 10 pg/ml each; red) colocalized with von Willebrand
factor (vWF, a marker for endothelial cells; green), but not with glial fibrillary acidic protein (GFAP, a
marker for astroglial cells; magenta). DNA was stained with DAPI (blue). Three sections of each tumor
and normal brain were evaluated; representative images are shown. Scale bar, 50 pum.

glioma grade, 1p/19q co-deletions, or IDHI mutations (Table 1). GPIHBP1 was not detectable in

capillaries of human brain specimens (Figure 1). The GPIHBP1 in glioma capillaries could be
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detected with all three GPIHBP1—specific mAbs (Figure 2A). To be confident in the specificity of

the antibodies, we performed studies in which recombinant human GPIHBP1 was added to the

A GPIHBP1 vWF GFAP Merge + DAPI

RF4

RE3

RG3

oy)

GPIHBP1 VWF GFAP Merge + DAPI

— hGPIHBP1

+ hGPIHBP1

Figure 2. Detecting GPIHBP1 in capillaries of human glioma specimens with three different
monoclonal antibodies (mAbs) against GPIHBP1. (A) Confocal fluorescence microscopy
studies on sections from glioma sample 1 (Table 1), demonstrating detection of GPIHBP1 with
three different human GPITHBP1—specific monoclonal antibodies (mAbs). Tissue sections were
fixed with 3% PFA and then stained with mAbs against human GPIHBP1 (RF4,RE3, or RG3, 10
pg/ml; red), an antibody against von Willebrand factor (VWF; green), and an antibody against
glial fibrillary acidic protein (GFAP; magenta). All three GPIHBPI1-specific mAbs detected
GPIHBPI in capillaries, colocalizing with von Willebrand factor. DNA was stained with DAPI
(blue). Scale bar, 50 um. (B) Immunofluorescence confocal microscopy studies on human glioma
sample 5, performed with mAbs RF4 and RE3 (10 pg/ml) in the presence or absence of 50 pg of
recombinant soluble human GPIHBP1 (hGPIHBP1). Adding recombinant hGPIHBP1 to the
antibody incubation abolished binding of the GPIHBP1-specific mAbs to GPIHBP1 on glioma
capillaries. Images show GPIHBPI (red), vWF (green), GFAP (magenta), and DAPI (blue). Three
sections of tumors were evaluated; representative images are shown. Scale bar, 50 pum.
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GPIHBP1-specific mAbs before incubating the solution with the glioma sections. As expected, the
presence of recombinant GPIHBP1 eliminated binding of the GPIHBP1-specific mAbs to glioma
capillaries (Figure 2B). GPIHBP1 expression in glioma capillaries could also be detected by

immunoperoxidase staining (Figure 1—figure supplement 1).

-
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Figure 3. GPIHBP1 is expressed by capillary endothelial cells in mouse gliomas. Confocal
microscopy images of a BFP-tagged CT-2A glioma implanted in a ROSA™V™C:: Pdgfb-iCreER™ mouse,
revealing expression of GPIHBP1 in capillary endothelial cells of the glioma but not normal brain.
Tamoxifen was administered prior to implantation of the glioma spheroid to activate membrane-targeted
EGFP in endothelial cells (green). After three weeks of glioma growth, mice were anesthetized and
injected via the tail vein with an Alexa Fluor 647-labeled antibody against mouse GPIHBP1 (11A12;
red). The mice were then perfused with PBS and perfusion-fixed with 2% PFA in PBS. Glioma and
adjacent normal brain were harvested, and 200-pum-thick sections were imaged by two-photon
microscopy. GPIHBP1 was present on endothelial cells of the glioma (b/ue) but was absent from normal
brain. High-magnification images of the boxed area are shown on the right. Three mice were evaluated;
representative images are shown. Scale bar, 50 um.
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GPIHBPI is present in the capillary endothelial cells of mouse gliomas

To determine if GPIHBP1 is expressed in a mouse model of glioblastoma, spheroids of syngeneic
C57BL/6 mouse CT-2A glioma cells (44, 45), modified to express a blue fluorescent protein (BFP)
(46), were engrafted into brains of mice harboring an endothelial cell-specific Pdgfb-iCreER™?
transgene (47) and a ROSA™TmG reporter allele (48). ROSA™T™G is a two-color fluorescent,
membrane-targeted Cre-dependent reporter allele. In the absence of Cre, all cells express a
membrane-localized tdTomato and fluoresce red. In the setting of Cre expression, cells express
membrane-localized EGFP (rather than tdTomato) and fluoresce green. Before tumor
implantation, mice were injected with tamoxifen to induce Pdgfb-driven Cre expression in
endothelial cells; thus, the endothelial cells of the mice expressed EGFP and fluoresced green.
Mice harboring gliomas (after three weeks of growth) were injected intravenously with an Alexa
Fluor 647—conjugated antibody against mouse GPIHBP1 (11A12) (49). Mice were perfused with
PBS and then perfusion-fixed with 2% PFA, and tumor sections were processed for two-photon
immunofluorescence microscopy. GPIHBP1 was detected in endothelial cells of the gliomas,
colocalizing with EGFP (brain endothelial cells), but GPIHBP1 was absent in capillaries in the
adjacent normal brain (Figure 3, Figure 3—figure supplement 1). By transmission electron
microscopy, we observed large and irregularly shaped capillaries in gliomas, with numerous villus-
like structures on the luminal surface of endothelial cells (Figure 3—figure supplement 2), similar

to findings reported for capillaries in human gliomas (28, 50, 51).

The factors that regulate GpihbpI expression in capillary endothelial cells of peripheral tissues
and gliomas are incompletely understood. However, a recent study found that Gpihbp1 transcript
levels in rat aortic endothelial cells are upregulated by vascular endothelial growth factor (VEGF)
(52), an angiogenic factor known to be expressed at high levels by glioma cells (53-55). We found
that Gpihbpl expression in the mouse brain endothelial cell line bEnd.3 is upregulated by

recombinant VEGF (Figure 3—figure supplement 3).

GLUTI is expressed in capillaries of gliomas and normal brain
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We used immunofluorescence microscopy to examine the expression of GPIHBP1 and GLUTI1
[the main glucose transporter in brain capillaries (56, 57)] in mouse gliomas and adjacent normal
brain. GPIHBP1 expression was detected in gliomas but was absent in the normal brain; the signal

for GLUT1 was strong in endothelial cells of the normal brain and was easily detectable in

GPIHBP1

Y

GPIHBP1 GLUT Merge

Figure 4. Expression of GPIHBP1 and GLUT1 in endothelial cells of mouse gliomas.
Immunohistochemical studies of a BFP-expressing CT-2A glioma (after three weeks of growth). Mice
were injected via the tail vein with an Alexa Fluor 647—labeled antibody against mouse GPIHBP1 (11A12;
green), then perfused with PBS and perfusion-fixed with 2% PFA. Glioma and adjacent normal brain
tissue were harvested; 200-um thick sections cut; fixed with 4% PFA; and stained with an antibody against
GLUTI1 (red). GPIHBP1 was present in capillaries of mouse gliomas (b/ue) but absent in capillaries of
the normal brain. High-magnification images in the boxed region are shown below. Three mice were
evaluated; representative images are shown. Scale bar, 50 pm.

capillaries of gliomas (Figure 4, Figure 4—figure supplements 1-2). Consistent findings were
observed in single-cell RN A-seq studies on vascular cells of gliomas [Ken Matsumoto, manuscript
in preparation (58)] and normal brain vascular cells (22, 59). Endothelial cells of gliomas (high

vWF expression) exhibit high expression of Gpihbpl and somewhat lower levels of Glutl
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expression (e.g., Endothelial cell cluster 5; Figure 4—figure supplement 3). In normal brain, Glut/
was expressed highly in endothelial cells, whereas Gpihbpl expression was absent (Figure 4—
figure supplement 3). In GpihbpI-deficient mice, GLUT1 expression was detectable in capillaries

of gliomas and normal brain (Figure 4—figure supplement 4).
LPL is present on GPIHBP I-expressing capillaries of mouse gliomas

Most of the LPL in peripheral tissues (e.g., heart, brown adipose tissue) is bound to GPTHBP1 on
capillaries; consequently, LPL. and GPIHBP1 colocalize in tissue sections (1, 4, 68, 10, 11). We
hypothesized that GPIHBP1-expressing endothelial cells of gliomas could capture LPL. Several
observations prompted us to consider this hypothesis. First, as noted earlier, there is ample
evidence for LPL expression in the brain (15-19, 21), and it seemed reasonable that some of that
LPL would reach high-affinity GPIHBP1 binding sites on endothelial cells. Second, gliomas
contain large numbers of macrophages (F4/80-expressing cells; Figure 5—figure supplement 1),
and macrophages are known to express LPL (60). We found that LPL could be detected in
peritoneal macrophages from wild-type mice but not in macrophages harvested from Lp/~~ mice
carrying a skeletal muscle—specific human LPL transgene (Lp/~~-MCK-hLPL) (61) (Figure 5—
figure supplement 2). Also, we found that LPL could be detected in some of the macrophages in
mouse gliomas and normal brain of wild-type mice, but not in the brain of Lp/~~MCK-hLPL mice
(Figure 5—figure supplement 3). These findings were consistent with single-cell RNA-seq data
from glioma and normal brain, where Lp/ transcripts were found in macrophages of gliomas and
microglia of normal brain (Figure 4—figure supplement 3). Lpl/ transcripts are not present in
capillary endothelial cells. Third, the most highly upregulated fatty acid metabolism gene in human
gliomas, compared to normal brain tissue, is LPL (Figure 5—figure supplement 4). The second
most perturbed gene in gliomas is CD36, which encodes a putative fatty acid transporter (Figure

S5—figure supplement 4).

To determine if LPL is bound to GPIHBP1-expressing capillaries of gliomas, we performed

immunohistochemical studies, taking advantage of an affinity-purified goat antibody against
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mouse LPL (62). These studies revealed colocalization of GPIHBP1 and LPL in glioma capillaries

(Figure 5, Figure 5—figure supplement 5). LPL was not present in capillaries of the normal brain
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Figure 5. Lipoprotein lipase colocalizes with GPIHBP1 in glioma capillaries. Confocal
immunofluorescence microscopy studies on glioma and normal brain from wild-type and Gpihbpl"
mice, along with the brain from an Lp/”~ mouse carrying a skeletal muscle—specific human LPL transgene
(MCK). Glioma and brain sections (10-um-thick) were fixed with 3% PFA and then stained with a mAb
against mouse GPIHBP1 (11A12; green), a goat antibody against mouse LPL (red), and a rabbit antibody
against CD31 (white). LPL colocalizes with GPIHBP1 and CD31 in capillaries of gliomas; GPIHBP1 and
LPL were absent in normal brain capillaries and absent in glioma capillaries in Gpihbpl~~ mice. DNA
was stained with DAPI (blue). No LPL was detected in the capillaries the Lpl-deficient mice (MCK) or
when the incubation with primary antibodies was omitted (“Secondary Only”). Staining of all tissue
sections was performed simultaneously, and all images were recorded with identical microscopy settings.
Three mice per genotype were evaluated; representative images are shown. Scale bar, 50 um.
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or in capillaries of gliomas from Gpihbpl-~ mice (Figure 5, Figure 5—figure supplement 5). As
expected, the binding of the goat LPL antibody to tissues of Lp/~"MCK-hLPL mice was low
(Figure 5, Figure 5—figure supplement 5), whereas mouse LPL was easily detectable in heart
capillaries of wild-type mice (colocalizing with GPIHBP1) (Figure 5—figure supplement 6).
Consistent with earlier publications (15, 18), we observed a strong mouse LPL signal in
hippocampal neurons of wild-type mice but not Lp//"MCK-hLPL mice (Figure 5—figure
supplement 7). Of note, LPL was undetectable in “secondary antibody—only” experiments (i.e.,
when the incubation of the primary antibody with tissue sections was omitted) (Figure 5, Figure

S5—figure supplement 5-7).

There is little reason to suspect that expression of LPL influences the expression of GPIHBP1
in capillaries. The overexpression of human LPL in the skeletal muscle of Lp/~~MCK-hLPL mice

did not alter levels of Gpihbpl expression (Figure 5—figure supplement 8).
Margination of TRLs along glioma capillaries and uptake of TRL-derived nutrients in glioma cells

Given the presence of GPIHBP1-bound LPL on glioma capillaries, we suspected that we might
find evidence for TRL margination and processing in gliomas. To test this idea, TRLs that were
heavily labeled with deuterated lipids ([2H]TRLs) (13) were injected intravenously into mice
harboring CT-2A gliomas (after three weeks of glioma growth). After allowing the [?2H]TRLs to
circulate for either 1 min or 30 min, the mice were euthanized, extensively perfused with PBS, and
perfusion-fixed with carbodiimide/glutaraldehyde. Heart, brain, and glioma specimens were
harvested and processed for NanoSIMS imaging. *C“N- or 'H- images were used to visualize
tissue morphology, and 2H/'H images were used to identify regions of 2H enrichment. The scale in
?H/'H images for brain and glioma specimens ranges from 0.00018 to 0.0003 (i.e., from levels
slightly above 2H natural abundance to levels twice as high as 2H natural abundance). The scale in
the heart 2H/'H images ranges from 0.00018 to 0.0006. In mice euthanized 1 min after the
[2H]TRLs injection, [2H]TRL margination was visualized along the luminal surface of glioma and

heart capillaries, but not along capillaries of normal brain (Figure 6A—B). After 1 min, deuterated
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Figure 6. NanoSIMS imaging reveals margination of [)H]TRLs along glioma capillaries and *H
enrichment in adjacent glioma cells. Four-month-old C57BL/6 mice harboring CT-2A gliomas were fasted
for 4 h and then injected intravenously with 200 pl of [2H]TRLs. After | min, mice were euthanized,
perfusion-fixed with carbodiimide/glutaraldehyde; and tissue sections were processed for NanoSIMS
imaging. (A) NanoSIMS images showing margination of [?H]TRLs in glioma capillaries. '"H- images were
created to visualize tissue morphology (upper panels). Composite 2H/'H (red) and 'H- (blue) images reveal
[PH]TRLs (white arrows) in glioma and heart capillaries (middle and lower panels). The lower panels are
close-up images of regions outlined in the middle panels. 2H/'H ratio scales were set to show marginated
TRLs. Scale bars, 4 pm. (B) NanoSIMS images showing 2H-enrichment in glioma tissue. '>C'*N- images
were generated to visualize tissue morphology. 2H/'H ratio images reveal margination of [?H]TRLs within
the capillary lumen and ?H-enriched lipid droplets in gliomas and heart. There was no 2H enrichment in
normal brain. Scale bars, 4 um. The bar graph shows the average fold change + SD in the ?H/'H ratio above
natural abundance. The experiment was performed in two mice with a minimum of seven images analyzed
for each sample. Differences were assessed using a Student’s #-test with Welch’s correction.
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lipids from the [2H]TRLs had already entered glioma cells and were even found in cytosolic neutral

lipid droplets of those cells (Figure 6B). In contrast, 2H enrichment was virtually absent in normal
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Figure 7. NanoSIMS imaging showing 2H enrichment in gliomas 30 min after an intravenous injection
of [2H]TRLs. Four-month-old C57BL/6 mice harboring CT-2A gliomas were fasted for 4 h and then
injected intravenously with 200 pl of [2H]TRLs. After 30 min, mice were euthanized and perfusion-fixed
with carbodiimide/glutaraldehyde. Sections of glioma, brain, and heart were processed for NanoSIMS
imaging. '?C'*N- images were created to visualize tissue morphology. 2H/'H ratio images reveal margination
of [2H]TRLs along the capillary lumen (white arrows) and 2H enrichment in glioma and heart, including in
cytosolic lipid droplets. Images of normal brain revealed slight 2H enrichment in capillary endothelial cells.
Scale bars, 4 um. The bar graph shows the average fold change + SD in the 2H/'H ratio above natural
abundance. The experiment was performed in two mice, with a minimum of seven images analyzed for each
sample. Differences were assessed with a Student’s ¢-test with Welch’s correction.
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brain. As expected (13), we observed substantial amounts of [*H]TRL-derived lipids in
cardiomyocytes, including in cytosolic lipid droplets. In gliomas harvested 30 min after the
injection of [2H]TRLs, we observed similar findings: TRL margination along capillaries of gliomas
and heart and the uptake of TRL-derived nutrients by glioma cells and cardiomyocytes (Figure 7).
Again, [?H]TRL margination was absent in capillaries of the normal brain at the 30-min time point,
and we did not find ?H enrichment in the parenchymal cells of the normal brain. However, we did
observe very low levels of 2H enrichment in capillary endothelial cells of normal brain. Given the
absence of TRL margination in normal brain capillaries, we speculate that the very low amounts
of 2H enrichment in brain capillary endothelial cells may relate to [2H]TRL processing in the

periphery, followed by uptake of unesterified [2H]fatty acids by endothelial cells of the brain.

At both the 1- and 30-min time points, we observed heterogeneity in 2H enrichment in glioma
cells, with occasional perivascular cells exhibiting striking ?H enrichment. We do not know the
identity of the highly enriched perivascular cells (i.e., whether they are tumor cells, pericytes, or
macrophages), nor do we understand why some cells within the glioma took up more [2H]TRL-

derived lipids than other cells.

As an experimental control, we injected a mouse with PBS alone rather than [?H]TRLs. As

expected, there was no 2H enrichment in the tissues of that mouse (Figure 7—figure supplement
1).

We performed an additional study in which [2H]TRLs were injected intravenously into a wild-
type mouse and a Gpihbpl-~ mouse. After 15 min, the heart and brain from these mice were
harvested and processed for NanoSIMS imaging. The 2H/'H ratio images revealed 2H enrichment
in the heart of the wild-type mouse but negligible 2H enrichment in the heart of the Gpihbpl--
mouse (*H enrichment in cardiomyocyte lipid droplets was only ~10% greater than natural
abundance) (Figure 7—figure supplement 2). In hindsight, the negligible amounts of *H
enrichment in the heart of the Gpihbp -~ mouse was probably not surprising, given the very large

pool of unlabeled triglycerides in the bloodstream of Gpihbp -~ mice (~50—-100-fold higher than
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in wild-type mice). At the 15-min time point, we were unable to detect 2H enrichment in the brain

of either the wild-type mouse or the Gpihbp -~ mouse (Figure 7—figure supplement 2).

BC enrichment in gliomas following administration of 3C-labeled fatty acids or 3C-labeled

glucose by gastric gavage

In addition to studies of gliomas after an intravenous injection of [2H]TRLs, we performed
NanoSIMS imaging after administering *C-labeled fatty acids or '3C-labeled glucose by gastric
gavage (three doses over 36 h) (Figure 8). In the case of the *C-labeled fatty acid experiments, it

is likely that most of the '3C-labeled lipids entered the bloodstream in chylomicrons. Once again,
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Figure 8. Tissue uptake of fatty acid and glucose-derived nutrients by mice harboring CT-2A gliomas.
(A) NanoSIMS images showing '*C enrichment in mouse tissues (brain, glioma, heart) after oral
administration of '3C-labeled mixed fatty acids to mice (three 80-mg doses administered 12 h apart). '>C"N-
images were generated to visualize tissue morphology; '*C/'2C ratio images were used to visualize '3C
enrichment in tissues. Scale bars, 4 pm. (B) NanoSIMS images revealing '3C enrichment in tissues following
oral administration of 13C-labeled glucose to mice (three 75-mg doses given 12-h apart). 2C'*N- images were
generated to visualize tissue morphology; 3C/!2C ratio images were generated to assess 3C enrichment in
tissues. Scale bars, 4 um. The bar graphs show the average '*C/'2C ratio +£ SD multiplied by 10,000 for fatty
acids (/eft) and glucose (right). Each experiment was performed in two mice, with a minimum of seven images
analyzed for each sample. Differences were assessed using a Student’s #-test with Welch’s correction.
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2C14N- images were useful for tissue morphology, and the '3C/!?C ratio images were useful to
identify regions of 1*C enrichment. The scale for the 3C/!2C images ranges from 0.0115 to 0.0150
(from slightly above 3C natural abundance to ~36% greater than natural abundance). After
administering '*C-labeled fatty acids, 3C enrichment was observed in both glioma cells and
capillary endothelial cells of gliomas (Figure 8A). In some images, '*C-enriched cytosolic lipid
droplets were visible in glioma cells (Figure 8—figure supplement 1). 13C enrichment was virtually
absent in normal brain (Figure 8A). However, after adjusting the scale of the NanoSIMS images,
a small amount of 3C enrichment was observed in capillary endothelial cells within the brain
parenchyma (Figure 8—figure supplement 2). As expected (13), we observed substantial amounts

of 13C enrichment in cardiomyocytes (Figure 8A).

After administering ['3C]glucose to mice, '3C enrichment was easily detectable in normal brain
but was even ~20% higher in gliomas (Figure 8B). We also observed '*C enrichment in
cardiomyocytes (Figure 8B). As expected, there was no *C enrichment in tissues of a mouse that

was administered PBS alone (Figure 8—figure supplement 3).

To determine whether an absence of GPIHBP1 expression would influence the growth of
glioma tumors, CT-2A glioma cells that had been stably transfected with a Gaussia luciferase
reporter were injected into the brain of wild-type and Gpihbpl-~ mice (n = 11/group). Tumor
burden was assessed in live animals by measuring luciferase activity in blood (63, 64). We
observed no statistically significant differences in tumor growth, tumor size, or survival between
wild-type and Gpihbp I~ mice (Figure 8—figure supplement 4). This result was not particularly
surprising, given that gliomas have a robust capacity to utilize glucose-derived nutrients (Figure

8B).
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Discussion

We sought to determine whether GPIHBP1, despite its complete absence from capillaries of the
brain, might nevertheless be expressed in capillaries of gliomas. Using standard
immunohistochemistry procedures, we documented GPIHBP1 expression in capillary endothelial
cells of human gliomas and CT-2A-derived mouse gliomas. The expression of GPIHBP1 in glioma
capillaries was intriguing, but the crucial issue is whether LPL would be bound to the GPIHBP1.
Additional immunohistochemistry studies on mouse gliomas revealed that LPL colocalizes with
GPIHBP1 on glioma capillaries, just as LPL colocalizes with GPIHBP1 in capillaries of heart and
brown adipose tissue (1, 4, 68, 10, 11). The binding of LPL to GPIHBP1 was specific; the LPL-
specific goat antibody did not detect LPL in the capillaries of gliomas in Gpihbp -~ mice, nor did
it detect any LPL in macrophages or hippocampal neurons of Lp/”-MCK-hLPL mice. Finding
colocalization of GPIHBP1 and LPL in capillaries of gliomas implied that we might find evidence
for TRL margination and processing in the tumors. Indeed, we observed [2H]TRL margination
along glioma capillaries and the entry of TRL-derived nutrients into glioma cells. Consistent with
results of earlier studies (9, 13), TRL margination was absent in capillaries of normal brain, and
we did not find any ?H enrichment in the brain parenchyma. We did, however, find very low levels
of 2H enrichment in capillary endothelial cells of normal brain, perhaps due to the uptake of fatty
acids derived from TRL processing in peripheral tissues. We observed consistent findings after
administering [*C]fatty acids to mice by gastric gavage. In those experiments, we observed strong
13C enrichment in gliomas but no 3C enrichment in the normal brain (except for low levels of
enrichment in capillary endothelial cells). After administering ['*C]glucose by gavage, 3C
enrichment was observed in both gliomas and normal brain. It is important to note that the
[3Cl]fatty acids and the ['3C]glucose were administered in three doses over 36 h before harvesting
tissues for NanoSIMS analyses, allowing ample time for labeled nutrients to be utilized as fuel or

to be converted into other nutrients (e.g., nonessential amino acids) (13, 65, 66). Thus, after
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administering 3C-labeled fatty acids or glucose to mice, the 3C in glioma cells was likely present

in a variety of macromolecules (e.g., glucose, lipids, proteins, nucleic acids).

Documenting GPIHBP1 and LPL in glioma capillaries, combined with the discovery that TRL-
derived nutrients are taken up and utilized by glioma cells, opens a new chapter in glioma

metabolism research (Figure 9). Laboratories interested in glioma metabolism have typically
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Figure 9. Intravascular lipolysis as a source of lipid nutrients for gliomas. In normal brain (/ef? panel),
LPL is produced by astrocytes, neurons, oligodendrocytes, and fibroblasts. Because GPIHBP1 is not
expressed in capillaries of the brain parenchyma, we have proposed that LPL remains within the interstitial
spaces of the brain (i.e., that it has an extravascular function) (1, 2). In gliomas (right panel), GPIHBP1 is
expressed in capillary endothelial cells, allowing GPIHBP1 to capture locally produced LPL and shuttle it
to the capillary lumen. Intravascular processing of triglyceride-rich lipoproteins in gliomas provides a
source of lipid nutrients for glioma cells.

focused on the intrinsic metabolic properties of glioma cells and how metabolic pathways in
gliomas differ from those in normal brain (30, 32-35, 67, 68). There have been suggestions, based
on indirect observations of substrate utilization, that glioma tumors are capable of utilizing fatty
acids for fuel and for anabolic processes (30, 34, 69-71). However, in those studies, the assumption
has been that the fatty acids probably originated from the tumor cells by de novo lipogenesis (31—
33). No one, as far as we are aware, had ever considered the possibility that gliomas might be

capable of taking up and utilizing nutrients from LPL-mediated intravascular processing of TRLs.
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In an ultrastructural study of human gliomas, Vaz et al. (28) commented that the morphology
of endothelial cells in gliomas resembles that of capillary endothelial cells in peripheral tissues,
with euchromatin-rich nuclei, occasional fenestrations, and numerous pinocytotic vesicles within
the cytoplasm. The expression of GPIHBP1 (a hallmark of capillary endothelial cells in peripheral
tissues) in gliomas provides biochemical support for the notion that glioma capillaries resemble
capillaries in peripheral tissues (28). Our electron microscopy studies confirmed that the

morphological features of glioma capillaries and normal brain capillaries differ substantially.

We have relatively few insights into the molecular basis for GPIHBP1 expression in glioma
capillaries. One possibility is that the absence of a blood—brain barrier in glioma capillaries (72—
75) permits exposure of endothelial cells to a paracrine factor that activates GPIHBP1 expression.
Another possibility is that GPIHBP1 expression is stimulated by the expression of VEGF produced
by glioma cells (53-55). In our studies, VEGF increased GPIHBP1 expression in the mouse brain

endothelial cell line bEnd.3.

In the past, other laboratories have reported that glioma tumor cells can transdifferentiate into
endothelial cells, thereby augmenting the vascular supply to tumors (76-78). For example,
endothelial cells in human glioblastomas were reported to harbor the same genetic alterations as
the tumor cells, implying that at least some of the glioblastoma endothelial cells originate from
stem cells within the tumor (76, 77). In another model (78), a Cre recombinase (Cre)-loxP—
controlled lentiviral vector encoding activated forms of H-Ras and Akt was injected into the
hippocampus of GFAP-Cre p53 mice, eliciting glioblastomas. In that model, the oncogenes were
expressed in the GFAP+ cells, and the resulting tumors expressed GFP, H-Ras, and Akt and the
loss of p53. Some GFP+ endothelial cells were observed in tumors, implying that those endothelial
cells had originated from tumor cells. Furthermore, implanting a tumor cell line (generated from
tumors induced with the same lentiviral vector) into the brain of immunocompromised mice was
reported to yield tumors containing GFP+ endothelial cells. In our current studies, we did not

observe evidence for differentiation of glioma cells into capillary endothelial cells. The glioma
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cell line that we used expressed blue fluorescent protein (BFP), but we did not find BFP expression

in capillary endothelial cells of gliomas.

Mass spectrometry—based analyses of homogenized tissue extracts from mouse gliomas and
normal brain tissue, along with similar observations in tumors from human patients, suggested
differences in acetate oxidation in gliomas vs. normal brain (69). While these studies of tissue
extracts have been useful, they obviously cannot provide anatomical insights into metabolism. We
have argued that NanoSIMS imaging studies are particularly useful when the goal is to understand
metabolism at an anatomic level (cellular or subcellular) (13). In the current studies, NanoSIMS
imaging provided anatomic insights into glioma metabolism. For example, we observed TRL
margination along capillaries of gliomas but not in capillaries of adjacent normal brain tissue. We
also showed that the transport of TRL-derived nutrients across glioma capillaries and into glioma
cells is rapid, occurring within 1 min, and that there is heterogeneity in nutrient uptake by different
cells within the tumor. We found no uptake of TRL-derived nutrients by normal brain 1 or 15 min
after the injection of [2H]TRLs and only very small amounts after 30 min (confined to capillary
endothelial cells). Also, following the administration of ['*C]glucose, we found more 3C
enrichment in gliomas than in normal brain. As far as we are aware, our study is the first to use
NanoSIMS analyses to investigate cancer metabolism in vivo. As we look to the future, we have
little doubt that NanoSIMS imaging will be an important tool for understanding tumor metabolism,
making it possible to investigate metabolic heterogeneity in tumor cells along with the metabolic
properties of vascular cells, fibroblasts, and macrophages within the tumor. However, it is
important to point out that NanoSIMS imaging is not high-throughput, at least with the current
instruments, and for that reason NanoSIMS imaging is best used (as in this study) for addressing
discrete anatomic issues in metabolism. Examining large numbers of tumors or large numbers of

mice would be difficult. Also, NanoSIMS imaging is very expensive.

Our studies provided fresh insights into the uptake of lipid nutrients by gliomas, but many

issues remain to be investigated. For example, in the current studies, we found numerous
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macrophages within gliomas, but we did not address differences in nutrient uptake by macrophages
and glioma cells. In future studies, it should be possible to examine the uptake of TRL-derived
nutrients into tumor cells, macrophages, and other immune cells within gliomas [identifying
specific cell types with 'SN-labeled monoclonal antibodies or antibodies tagged with different
lanthanide metals (79—82)]. It would also be desirable to determine if the uptake of TRL-derived
nutrients in gliomas correlates with levels of GPIHBP1 and LPL in glioma capillaries (quantified
with LPL- and GPIHBP1-specific antibodies tagged with different lanthanide metals). Finally, it
would be desirable to investigate whether the presence of GPIHBP1 and LPL in glioma capillaries
could be exploited for patient care. For example, it is conceivable that fluorescently labeled
GPIHBP1 antibodies or Dil-labeled TRLs could guide surgical resection of tumors. Also, a
localized injection of GPIHBP1-specific monoclonal antibodies conjugated to chemotherapeutic
agents into gliomas might be useful in targeting tumor vasculature (83). A localized injection of
gold-conjugated GPIHBP1-specific monoclonal antibodies could augment the efficacy of external

beam radiotherapy (84—86).
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Methods

Key resources table

Reagent Designation Source or | Identifiers Additional information
type reference
(species)
or
resource
Genetic Gpihbpl-"~ PMID: RRID: Dr. Stephen G. Young (UCLA)
reagent (M. 17403372 MGI:3771172
musculus)
Genetic Lpl"MCK- PMID: RRID: Dr. Rudolph Zechner (Graz
reagent (M. | hLPL 7635990 MGI:3624988 | University)
musculus)
Genetic ROSAMT/mG PMID: Dr. Holger Gerhardt (VIB KU-
reagent (M. | Pdgfb-iCreT? 29038312 Leuven)
musculus)
Cell line | CT-2A PMID: Dr. Thomas Seyfried (Boston
(M. 1418222 College)
musculus)
Cell line | CT-2A-BFP PMID: Dr. Holger Gerhardt (VIB KU-
(M. 24658686 Leuven)
musculus)
Cell  line | bEnd.3 ATCC Catalog No.
(M. CRL-2299
musculus) RRID:
CVCL 0170
Transfected | plenti-GLuc- Targeting Catalog No.
construct IRES-EGFP Systems GL-GFP
(lentiviral
plasmid)
Antibody Rat monoclonal | PMID: Dr. Stephen G. Young (UCLA);
anti-mouse 19726683 IHC (10 pg/ml)
GPIHBP1
(11A12)
Antibody Mouse PMID: Dr. Stephen G. Young (UCLA);
monoclonal 27875259 IHC (10 pg/ml)
anti-human
GPIHBP1
(RE3)
Antibody Mouse PMID: Dr. Stephen G. Young (UCLA);
monoclonal 27875259 IHC (10 pg/ml)
anti-human
GPIHBP1
(RF4)
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Antibody Mouse PMID: Dr. Stephen G. Young (UCLA);
monoclonal 27875259 IHC (10 pg/ml)
anti-human
GPIHBP1
(RG3)
Antibody Rabbit Dako Catalog No. | IHC (1:200)
polyclonal anti- A0082
vWE RRID:
AB 2315602
Antibody Goat polyclonal | Abcam Catalog No. | IHC (1:200)
anti-GFAP ab53554
RRID:
AB 880202
Antibody Rabbit Millipore- Catalog No. | IHC (1:200)
polyclonal anti- | Sigma 07-1401
GLUTI RRID:
AB 1587074
Antibody Rabbit Abcam Catalog No. | IHC (1:50)
polyclonal anti- ab28364
CD31 RRID:
AB 726362
Antibody Rat monoclonal | Abcam Catalog No. | IHC (10 pg/ml)
anti-F4/80 ab6640
RRID:
AB 1140040
Antibody Goat polyclonal | PMID: Dr. André Bensadoun (Cornell);
anti-mouse 16517593 IHC (12 pg/ml)
LPL
Antibody Alexa Fluor | ThermoFisher IHC (1:500)
488, 568, 647 | Scientific
secondaries
Commercia | ImmPRESS Vector Catalog No.
1 assay or | Excel Staining | Laboratory MP-7602
kit Kit
Sequence- | Mouse 5'-
based Gpihbpl AGCAGGGACAGAGCACCT
reagent primers CT-3"and 5'-
AGACGAGCGTGATGCAGA
AG-3'
Sequence- | Mouse Cd31 5'-
based primers AACCGTATCTCCAAAGCCA
reagent GT-3"and 5'-
CCAGACGACTGGAGGAGA
ACT-3'
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Sequence- | Mouse Angpt? 5'-
based primers AACTCGCTCCTTCAGAAGC
reagent AGC-3"and 5'-
TTCCGCACAGTCTCTGAAG
GTG-3'
Sequence- | Mouse Dusps 5'-
based primers TCGCCTACAGACCAGCCTA
reagent TGA-3"and 5'-
TGATGTGCAGGTTGGCGAG
GAA-3'
Sequence- | Mouse Cxcr4 5'-
based primers GACTGGCATAGTCGGCAAT
reagent GGA-3"and 5'-
CAAAGAGGAGGTCAGCCA
CTGA-3'
Sequence- | Mouse Lpl 5'-
based primers AGGTGGACATCGGAGAAC
reagent TG-3"and 5'-
TCCCTAGCACAGAAGATG
ACC-3'
Sequence- | Human  LPL 5'-
based primers TAGCTGGTCAGACTGGTGG
reagent A-3"and 5'-
TTCACAAATACCGCAGGTG
-3
Recombina | ALO-D4 PMID: Dr. Arun Radhakrishnan (UT
nt  DNA | plasmid 25809258 Southwestern)
reagent
Chemical N-(3- Millipore- Catalog No.
compound, | Dimethylamino | Sigma 03449
drug propyl)-N'-
ethylcarbodiimi
de
hydrochloride
(carbodiimide)
Chemical Glutaraldehyde | Electron Catalog No.
compound, | 25% solution Microscopy 16220
drug Sciences
Chemical Osmium Electron Catalog No.
compound, | tetroxide 4% | Microscopy 18459
drug solution Sciences
Chemical Paraformaldeh | Electron Catalog No.
compound, | yde 16% | Microscopy 15170
drug solution Sciences
Chemical EMbed 812 Electron Catalog No.
compound, Microscopy 14120
drug Sciences
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Chemical Sodium Electron Catalog No.

compound, | cacodylate Microscopy 12300

drug trihydrate Sciences

Chemical Uranyl acetate | SPI-Chem Catalog No.

compound, 02624AB

drug

Chemical DAPI ThermoFisher | Catalog No. | IHC (3 pg/ml)

compound, Scientific 1306

drug

Chemical Mouse VEGF Millipore- Catalog No.

compound, Sigma V4512

drug

Software, LIMMA PMID: RRID:

algorithm 25605792 SCR_010943

Other D-GLUCOSE Cambridge Catalog No.
(U-13C6, 99%) | Isotope CLM-1396-

Laboratories | PK

Other Mixed fatty | Cambridge Catalog No.
acids (U-D, 96— | Isotope DLM-8572-
98%) Laboratories | PK

Other Mixed fatty | Cambridge Catalog No.
acids (13C, | Isotope CLM-8455-
98%+) Laboratories | PK

Immunohistochemical studies on human glioma specimens

Frozen surgical glioma specimens were obtained from the UCLA Department of Neurosurgery.
Frozen autopsy control brain samples (frontal lobe, occipital lobe, and cerebellum) were obtained
from the UCLA Section of Neuropathology. Samples were sectioned to 8 pum and placed on glass
slides. All samples were fixed with 3% paraformaldehyde (PFA) in PBS/Ca/Mg and permeabilized
in 0.2% Triton X-100 in PBS/Ca/Mg. Tissues were blocked with PBS/Ca/Mg containing 5%
donkey serum and 0.2% bovine serum albumin (BSA) and incubated overnight at 4°C with one or
more mouse monoclonal antibodies (mAbs) against human GPIHBP1 (RF4, RE3, RG3; 10 pg/ml)
(43), a rabbit polyclonal antibody against von Willebrand factor (vWF) (Dako; 1:200), and a goat
polyclonal antibody against human glial fibrillary acidic protein (GFAP) (Abcam; 1:500). In some
experiments, recombinant soluble human GPIHBP1 (50 pg) was added to the primary antibody
incubation. After washing the slides, 1-h incubations were performed with an Alexa Fluor 647—

conjugated donkey anti-mouse IgG (ThermoFisher Scientific; 1:500), an Alexa Fluor 488—
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conjugated donkey anti-rabbit IgG (ThermoFisher Scientific; 1:500), and an Alexa Fluor 568—
conjugated donkey anti—goat IgG (ThermoFisher Scientific; 1:500). DNA was stained with 4',6-
diamidino-2-phenylindole (DAPI). Images were taken with an LSM700 confocal microscope with

an Axiovert 200M stand and processed with Zen 2010 software (Zeiss).

Immunoperoxidase staining was performed with the InmPRESS Excel Staining Kit (Vector
Laboratories). Endogenous peroxidase activity was quenched with BLOXALL Blocking Solution
(Vector Laboratories). After incubating sections in 10% normal horse serum, they were incubated
for 1 h with mAb RF4 (5 pg/ml), followed by a 15-min incubation with a goat anti-mouse IgG (10
png/ml, Vector Laboratories). Slides were then incubated for 30 min with a horseradish peroxidase—
conjugated horse anti—goat I[gG (ImmPRESS Excel Reagent, Vector Laboratories). After washing,
the slides were incubated with InmPACT DAB EqV (Vector Laboratories) until a color change
was evident (~30 sec). Finally, sections were counterstained with hematoxylin and mounted with
Vectashield Mounting Media (Vector Laboratories). Images were recorded with a Nikon Eclipse
E600 microscope (Plan Fluor 40%/0.50 NA or 100%/0.75 NA objectives) equipped with a DS-Fi2

camera (Nikon).
Genome dataset and gene-expression analyses

Cohorts for RNA-seq analysis were obtained from two databases—The Cancer Genome Atlas
(TCGA) for tumor samples and Genotype-Tissue Expression (GTEx) for normal brain samples.
Samples from TCGA (n = 157) and GTEx (n = 283) were processed with the TOIL pipeline as
described (87). Differential expression analysis of fatty acid metabolism genes was carried out
with a linear model RNA-seq analysis software (LIMMA) (88). Genes were considered
differentially expressed if the p-values were <0.05 and the log, changes were >twofold. A

heatmap was generated with the software R (89).

Animal procedures and glioma implantation
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Mice on a C57BL/6 background expressing both the ROSA™T'mG Cre-reporter (48) and tamoxifen-
inducible Pdgfb-iCreER™ alleles (47) were generated by breeding. In those mice, the
administration of tamoxifen induces Cre recombinase expression in Pdgfb-positive cells. The
recombination event results in the expression of EGFP in endothelial cells; all other cells express
TdTomato. For the glioma implantation studies, mice (8—12-weeks-old) were injected
intraperitoneally with tamoxifen (65 pg/g body weight, 4 injections in 2 weeks) before surgery.
Mice were anesthetized with ketamine/xylazine, and a craniotomy was performed by drilling a 5-
mm hole between the lambdoid, sagittal, and coronal sutures. A blue fluorescent protein (BFP)-
tagged CT-2A glioblastoma spheroid (250-um in diameter) (44, 45) was injected into the cortex
and sealed by cementing a glass coverslip on the skull. The CT-2A cell line was generated by
Seyfried and coworkers through chemical induction with 20-methylcholanthrene in the brain of
C57BL/6 mice and was extensively characterized (44). In other experiments, CT-2A glioblastoma
spheroids were implanted into the cortex in C57BL/6 wild-type mice and Gpihbpl-- mice (3).

Those procedures were performed as described previously (90).
Immunohistochemical studies on mouse gliomas

Mice harboring BFP-expressing CT-2A gliomas (44, 45) were anesthetized with
ketamine/xylazine and then injected intravenously (via the tail vein) with 100 pg of an Alexa Fluor
647—conjugated antibody against mouse GPIHBP1 (11A12) (49). After 1 min, the mice were
perfused through the heart with 15 ml of PBS, followed by 10 ml of 2% PFA in PBS. Brain and
glioma tissues were harvested and fixed overnight in 4% PFA. Tissue sections (200-um-thick)
were prepared with a vibratome. For immunofluorescence microscopy studies, the sections were
fixed with 4% PFA in PBS and blocked and permeabilized in TNBT (0.1 M Tris, pH 7.4, 150 mM
NacCl, 0.5% blocking reagent from Perkin Elmer, 0.5% Triton X-100) for 4 h at room temperature.
Tissues were incubated with an antibody against GLUT1 (Millipore; 1:200) diluted in TNBT
buffer overnight at 4°C, washed in TNT buffer (0.1 M Tris pH 7.4; 150 mM NaCl, 0.5% Triton

X-100) and incubated with an Alexa Fluor 488—conjugated donkey anti—rabbit IgG (ThermoFisher
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Scientific; 1:200). Tissues were washed and mounted in fluorescent mounting medium (Dako).

Images were obtained with a Leica TCS SP8 confocal microscope.

For the analysis of tissues from mice not injected with anti-GPIHBP1 antibodies, tissues were
embedded in OCT medium, and 10-um sections were cut with a cryostat. Sections were fixed with
3% PFA in PBS/Ca/Mg, permeabilized with 0.2% Triton X-100 in PBS/Ca/Mg, and blocked with
PBS/Ca/Mg containing 5% donkey serum and 0.2% BSA. Tissue sections were incubated
overnight at 4°C with a rabbit antibody against CD31 (Abcam; 1:50), a goat antibody against
mouse LPL (12 pg/ml) (62), an Alexa Fluor 488—conjugated antibody against F4/80, or an Alexa
Fluor 647—conjugated antibody against mouse GPIHBP1 (11A12, 10 pg/ml) (49). After removing
non-bound antibodies and washing the sections, unlabeled primary antibodies were detected with
an Alexa Fluor 488—conjugated donkey anti—rabbit IgG (ThermoFisher Scientific; 1:500) or an
Alexa Fluor 568—conjugated donkey anti—goat IgG (ThermoFisher Scientific; 1:500). DNA was
stained with DAPI, and tissues were mounted with ProLong Gold mounting media (ThermoFisher

Scientific). Images were recorded on an LSM 800 confocal microscope (Zeiss).
Immunocytochemistry studies on mouse peritoneal macrophages

Macrophages were collected by peritoneal lavage of C57BL/6 wild-type and Lp/~~-MCK-hLPL
mice. Cells were centrifuged at 400 x g for 5 min at 4°C, washed with 5 ml of red blood cell lysing
buffer (Sigma) for 5 min, washed two times with cold PBS, and then plated onto FBS-coated Petri
dishes. Cells were cultured overnight in macrophage medium (Dulbecco Modified Eagle Medium
with 10% FBS, 1% glutamine, and 1% sodium pyruvate). On the next day, macrophages were
lifted with cold PBS containing 5 mM EDTA for 30 min at 4°C. Cells were then plated onto poly-
D-lysine—coated glass coverslips (75,000 cells/coverslip) and incubated overnight in macrophage
media. On the following day, the cells were washed three times for 10 min in PBS/Ca/Mg
containing 0.2% BSA and then incubated with Alexa Fluor 568—labeled ALO-D4 (a modified
cytolysin that binds to “accessible cholesterol” in the plasma membrane) (91-93) for 2 h at 4°C.

Samples were washed three times for 1 min with PBS/Ca/Mg, fixed with 3% PFA in PBS/Ca/Mg,
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permeabilized with 0.2% Triton X-100 in PBS/Ca/Mg, and blocked with PBS/Ca/Mg containing
5% donkey serum and 0.2% BSA. Cells were then incubated with a goat antibody against mouse
LPL (12 pg/ml) (62) for 1 h at room temperature followed by a 30-min incubation with an Alexa
Fluor 647-labeled donkey anti—goat IgG (ThermoFisher Scientific; 1:500). DNA was stained with
DAPI, and coverslips were mounted onto glass slides in ProLong Gold mounting media

(ThermoFisher Scientific). Images were recorded with a Zeiss LSM700 confocal microscope.
Administration of [3C]fatty acids, [’C]glucose, and [?H]TRLs to mice

C57BL/6 mice with CT-2A gliomas (three-week duration) were given 80 ul of [1*C]fatty acids (~1
mg/ul; Cambridge Isotope Laboratories) or 80 pl of [*Clglucose (3 mg/kg body weight;
Cambridge Isotope Laboratories) by oral gavage every 12 h for 36 h (three doses). To study TRL
metabolism, mice were injected intravenously with a single bolus of [2ZH]TRLs (40 pg triglycerides
in 100 pl) via the tail vein. The [2H]TRLs were isolated from the plasma of Gpihbp - mice after
administering deuterated fatty acids by gastric gavage (13). After allowing the [?H]TRLs to
circulate for 1 min or 30 min, the mice were perfused through the heart with 15 ml of ice-cold
PBS/Ca/Mg at 3 ml/min (10 ml though the left ventricle and 5 ml through the right ventricle).
Next, the mice were perfusion-fixed through the left ventricle with 10 ml of ice-cold 4% N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (“‘carbodiimide;” Sigma-Aldrich)
(mass/vol) and 0.4% glutaraldehyde (Electron Microscopy Sciences) (vol/vol) in 0.1 M phosphate
buffer. The heart, brain, and glioma tumors were collected and placed in 0.1 M phosphate buffer
containing 4% carbodiimide and 2.5% glutaraldehyde for 2 h at 4°C. Tissues were cut into 1-mm?
pieces and fixed overnight in 2.5% glutaraldehyde, 3.7% PFA, and 2.1% sucrose in 0.1 M sodium
cacodylate (pH 7.4).

Preparation of tissue sections for NanoSIMS imaging and electron microscopy

After fixation, 1-mm? pieces of tissue were rinsed three times (10 min each) in 0.1 M sodium

cacodylate buffer (pH 7.4) and fixed with 2% OsO4 (Electron Microscopy Sciences) in 0.1 M
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sodium cacodylate on ice for 90 min. The samples were rinsed three times (10 min each) with
distilled water and stained overnight with 2% uranyl acetate at 4°C. On the following day, the
samples were rinsed three times for 10 min each with distilled water and then dehydrated with
increasing amounts of ethanol (30, 50, 70, 85, 95, and 100%; 3 x 10 min) before infiltration with
Embed812 resin (Electron Microscopy Sciences) diluted in acetone (33% for 2 h; 66% overnight;
100% for 3 h). The samples were embedded in polyethylene molds (Electron Microscopy
Sciences) with fresh resin and polymerized in a vacuum oven at 65°C for 48 h. The polymerized

blocks were then removed from the molds, trimmed, and sectioned.

For transmission electron microscopy, 65-nm sections were cut and collected on freshly glow-
discharged copper grids (Ted Pella) that were coated with formvar and carbon. Sections were then
stained with Reynold’s lead citrate solution for 10 min. Images were acquired with an FEI T12
transmission electron microscope set to 120 kV accelerating voltage and a Gatan 2K x 2K digital

camera (Electron Imaging Center).

For NanoSIMS analyses, 500-nm sections were cut with a Leica UC6 ultramicrotome and
collected on silicon wafers. Sections of tissue were coated with ~5-nm of platinum and analyzed
with NanoSIMS 50L or NanoSIMS 50 instruments (CAMECA). Samples were scanned with a 16-
KeV 133Cs* beam, and secondary electrons (SEs) and secondary ions ("H-, 2H-, 12C-, 3C-, 12C“N-
) were collected. A 50 x 50-um region of the section was pre-sputtered with a ~1.2-nA beam
current (primary aperture D1=1) to reach a dose of ~1 x 10'7 ions/cm? to remove the platinum
coating and implant '33Cs* to ensure a steady state of secondary ion release. A ~40 % 40-um region
was imaged with an ~3-pA beam current (primary aperture D1=2) and a dwell time of ~10 ms/pixel
per frame for multiple frames. Both 256 x 256—and 512 x 512—pixel images were obtained. Images
were prepared using the OpenMIMS plugin in ImageJ. For image quantification, 2H/'H and 3C/12C
ratios of regions-of-interests were calculated with the OpenMIMS plugin and processed by

GraphPad Prism 7.0.

Tumor studies in wild-type and Gpihbpl-deficient mice
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3-month-old C57BL/6 wild-type (5 females, 6 males) and GpihbpI~- mice (6 females, 5 males)
were injected intracranially with CT-2A glioma cells stably expressing a Gaussia luciferase
reporter gene (4 % 103 cells/mouse). Cells were injected 1 mm posterior and 2 mm lateral to the
bregma at a depth of 2 mm. Tumor burden was monitored every three days by measuring Gaussia
luciferase in the blood (63, 64). Mice were weighed at weekly intervals and were euthanized when
they lost >20% of their body weight. After the mice were euthanized, tumors and brains were

weighed. All studies were approved by UCLA’s Animal Research Committee.
Gaussia luciferase measurements

To measure the levels of secreted Gaussia luciferase (sGluc), blood was obtained from the tail vein
of mice and mixed with 50 mM EDTA to prevent coagulation. 5 pl of blood was transferred to a
96-well plate, and sGluc activity was measured by chemiluminescence after injecting 100 pl of

100 uM coelentarazine (Nanolight) (63, 64). Data were plotted as relative light units (RLU).
Quantifying mouse and human transcripts by gRT-PCR

C57BL/6 wild-type mice and Lp/~~MCK-hLPL mice were anesthetized with isoflurane and
perfused with PBS. Heart, brown adipose tissue (BAT), and quadricep were harvested and flash-
frozen in liquid nitrogen. RNA was isolated with TRI reagent (Molecular Research), and
quantitative (q)RT-PCR measurements were performed in triplicate with a 7900HT Fast real-time
PCR system (Applied Biosystems). Gene expression was calculated with a comparative CT
method and normalized to levels of cyclophilin A expression. Primers for mouse Gpihbp I, mouse

Lpl, and human LPL are described in the Key Resources Table.
VEGF treatment of brain endothelial cells

Mouse brain microvascular endothelial cells (bEnd.3; ATCC #CRL-2299) were plated into 6-well
plates and grown in DMEM media containing 10% FBS, 1% glutamine, and 1% sodium pyruvate
overnight. On the next day, cells were rinsed with PBS and incubated in medium containing

recombinant mouse VEGF (100 ng/ml; Sigma) for another 24 h. RNA was isolated with TRI
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reagent (Molecular Research), and qRT-PCR measurements were performed in triplicate with a
7900HT Fast real-time PCR system (Applied Biosystems). Gene expression was calculated with a
comparative CT method and normalized to cyclophilin A expression. Primers for mouse Gpihbp1,

Cd31, Angpt2, Cxcr4, and Dusp5 are described in the Key Resources Table.
Cell lines

CT-2A cells were obtained originally from the Seyfried laboratory and has been extensively tested
and characterized (44). These cells also robustly expressed GFAP. bEnd.3 cells were obtained
from ATCC with proper "certificate of analysis". All cell lines were negative for mycoplasma

contamination.
Statistics

Statistical analyses of data were performed with GraphPad Prism 7.0 software. All data are shown
as the means+ standard deviations. Differences were assessed using a Student’s z-test with

Welch’s correction.
Study approval

All tissue samples from patients were obtained after informed consent and with approval from the
UCLA Institutional Review Board (IRB; protocol 10-000655). Animal housing and experimental
protocols were approved by UCLA’s Animal Research Committee (ARC; 2004-125-51, 2016-
005) and the Institutional Animal Care and Research Advisory Committee of the KU Leuven
(085/2016). The animals were housed in an AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care International)-approved facility and cared for according
to guidelines established by UCLA’s Animal Research Committee. The mice were fed a chow diet

and housed in a barrier facility with a 12-h light-dark cycle.
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Macarophages are generally assumed to unload surplus cholesterol
through direct interactions between ABC transporters on the
plasma membrane and HDLs, but they have also been reported
to release dholesterol-containing particles. How macrophage-
derived particles are formed and released has not been clear. To
understand the genesis of macrophage-derived particles, we
imaged mouse macrophages by EM and nanoscale secondary ion
mass spectrometry (nanoSIMS). By scanning EV, we found that
large numbers of 20- to 120-nm particles are released from the
fingerlike projections (filopodia} of macrophages. These particles
attach to the substrate, forming a “lawn" of particles surrounding
macrophages. By nanoSIMS imaging we showed that these parti-
cles are enriched in the mobile and metabolically active accessible
pool of cholesterol (detectable by ALO-D4, a modified version of a
cholesterol-binding cytolysin). The cholesterol content of macrophage-
derived particles was increased by loading the cells with cholesterol
or by adding LXR and RXR agonists to the cell-culture medium. In-
aubating macrophages with HDL reduced the cholesterol content of
macrophage-derived particles. We propose that release of accessi-
ble cholesterol-rich particles from the macophage plasma mem-
brane could assist in disposing of surplus cholesterol and increase
the efficiency of cholesterol movement to HDL.

cholesterol efflux | accessible cholesterol | nanoSIMS

acrophages Ingest senescent erythrocytes, remove cellular

debris after an injury or infection, and ingest lipoproteins
that enter the arterial intima. In carrying out these functions,
macrophages internalize cholesterol. Some of the cholesterol is
initially stored iIn cytosolic cholesterol ester droplets, but ulti-
mately the cholesterol must be returned to the bloodstream for
uptake and excretion by the liver. Cholesterol efflux from cells
has been studied intensively and involves multiple mechanisms; the
one that is generally highlighted Involves movement of cellular
cholesterol to HDL through direct interactions between HDL and
ATP-binding cassette (ABC) transporters on the swrface of the
plasma membrane (1, 2). ABC transporters move phospholipids
and cholesterol to the exofacial leaflet of the plasma membrane,
facilitating uptake of the cholesterol by HDL. The expression of
ABC transporters is regulated by liver X receptor (LXR) tran-
scription factors, which are activated by sterols.

Another potential mechanism for macrophage cholesterol
efflux is the release of particles containing cholesterol, variously
described as “microparticles,” “cholesterol microdomains,” or
“exosomes” (2-7). Phillips and coworkers (2) proposed In
2007 that a significant fraction of the cholesterol released by
cultured macrophages is due to the release of microparticles.
They proposed that the particles originated from the plasma
membrane, but how the microparticles were released was not
clear. A 2014 review of cholesterol efflux by Philips did not
mention a role for microparticle release (8). Kruth and co-

VAV pNas.orglegifdoir10.1073/pnas. 1810724115

workers (3-6, 9) have published a series of articles on the release
of cholesterol microdomains by cultured macrophages. The
microdomains were detected by immunocytochemistry using a
cholesterol-specific monoclonal antibody. In contrast to Philip’s
work, they proposed that the cholesterol microdomains are not
vesicles but are branching, irregularly shaped deposits that originate
from the plasma membrane. How they were released was not de-
fined. They suggested that the release of cholesterol microdomains
could be important for reverse cholesterol transport.

Efforts to visnalize cholesterol efflux by EM have been limited.
The microparticles described by Phillips and coworkers (2) had a
mean diameter of 24 nm, as judged by negative-staining EM.
Transmission electron micrographs showing binding of apo-Al to
poorly defined protrusions on the surface of ABCAT-expressing
macrophages (10) and a budding vesicle on the plasma mem-
brane of ABCAI-expressing baby hamster kidney (BHK) cells
have been published (7), but the images were not optimal, and
whether plasma membrane protrusions were enriched in cho-
lesterol was unclear.

Significance

Earlier studies suggested that partides are released from the
macrophage plasma membrane, but the mechanism has been
undear. We found that filopodia of macrophages release large
numbers of vesicular partides. Nanoscale secondary ion mass
spectrometry revealed that these particles are enriched in cho-
lesterol, including the “accessible” pool of dholesterol detectable
by the dholesterol-binding protein. The dholesterol content of
macrophage partides increased when the cells were loaded with
cholesterol and could be depleted by incubating the cells with
high-density lipoproteins. Our studies suggest that the release of
particles by macrophages could be one medchanism for cholesterol
efflux and that partides could be an intermediate in the move-
ment of dholesterol to high-density lipoproteins.

Author contributions: CH,, LG.F, H.J, and 5.G.Y. designed research; CH, X H, T.AW,
RS5.1,15,5H,PH, LK, RE, HR, and H.J. performed research; 1X,, M.K,, 5.J.B., H.R,, and
P.T. contributed new reagentsfanalytic tools; CH, XH, 1.5, LGF, HJ, and S.G.Y. ana-
lyzed data; and CH., H.), and 5.G.Y. wrote the paper.

Reviewers: AR, University of Texas Southwestern Medical Center at Dallas; and D.L.S.,
Duke-National University of Singapore Medical School.

The authors declare no conflict of interest.
Published under the PNAS license.

'CH. and XH. contributed equally to this work.
2H.J. and 5.G.Y. contributed equally to this work.

3To whom correspondence may be addressed. Email: haibo.jiang@uwa.edu.au or
sgyoung@mednetucla.edu.

This article contains supporting information online at wwaw. pnas.orgflooku pSsuppl/doi: 10
1073/pnas.1810724115~DCSupplemental.

Published online August 20, 2018.

PNAS | wol.115 | no.36 | EB499-E8508

93

»n
i
u
=
o
=3
&
g
o
o
=




NS

We suspected that a combination of EM and nanoscale sec-
ondary ion mass spectrometry (nanoSIMS) would make it possible
to define the origin of macrophage particles and gain fresh in-
sights into the cholesterol content of those particles. NanoSIMS
uses a Cs™ beam to bombard a cell, releasing secondary ions (e.g.,
2, B3¢, PCMNT, and 12C15N_) that are collected and used to
create high-resolution images of cells based solely on their isotopic
content. When cultured cells are loaded with cholesterol con-
taining a stable isotope (e.g., °C), nanoSIMS images can define
the distribution of cholesterol on the plasma membrane (11).
NanoSIMS can also be used to assess the distribution of the
“accessible” pool of cholesterol (12) on the plasma membrane.
The accessible pool—a pool not sequestered by sphingomyelin or
phospholipids—is present when the cholesterol content of the
plasma membrane is high and can be detected because it binds
specifically to modified versions of cholesterol-binding cytolysins
(e.g., domain 4 of anthrolysin O; ALO-D4) (12, 13). The acces-
sible pool of cholesterol on the plasma membrane is metabolically
important because it is mobile, capable of moving to the endo-
plasmic reticulum and participating in the regulation of choles-
terol biosynthetic enzymes (14). Recently, He et al. (15) used
nanoSIMS, along with an 15N-labeled ALO-D4, to show that the
accessible pool of cholesterol on the plasma membrane of CHO-
K1 cells is concentrated on microvilli.

In the current study, we used SEM to visualize the formation
and release of particles from the plasma membrane of macro-
phages. Using nanoSIMS imaging, we investigated the choles-
terol content of particles, including the content of accessible
cholesterol, under different cell-culture conditions. We also
tested whether HDL is capable of removing cholesterol from
particles after they have been released by macrophages.

Results

In our first experiments, we use SEM to visualize the release of
particles from the plasma membrane of macrophages. Mouse
peritoneal macrophages were plated on poly-p-lysine-coated
silicon wafers, loaded with cholesterol by incubating the cells
with acetylated LDLs (acetyl-LDLs) (16), and then visualized by
SEM. SEM images revealed numerous particles on the substrate
surrounding macrophages (Fig. 14). The particles, ~20-120 nm
in diameter, were released from the filopodia of both primary
macrophages (Fig. 18) and RAW 264.7 cells (a mouse macro-
phage cell line) (Fig. 1C). The lawn of particles around macro-
phages was most often located preferentially on one or two sides
of the cell rather than surrounding the entire circumference of
the cell (Figs. 14 and 24); the preferential localization of the
lawn of particles on one side of the macrophage did not change
when the cells were grown on an orbital shaker. The macrophage-
derived particles were unilamellar and were surrounded by a lipid
bilayer, as judged by transmission electron microscopy (TEM)
(Fig. 1D). By TEM, we occasionally observed osmophilic material
within particles.

To determine if macrophage-derived particles contained ac-
cessible cholesterol, we loaded macrophages with acetyl-LDL
(50 pg/mL) or cholesterol in complex with methyl-p-cyclodextrin
(MPBCD) and then incubated the macrophages with [*>NJALO-
D4 for 2 h at 4 °C. After fixation, the cells were imaged by SEM
and nanoSIMS. NanoSIMS revealed avid binding of [*>N]ALO-
D4 to the particles (Fig. 2), implying that the particles contained
accessible cholesterol. Higher-magnification nanoSIMS images
of macrophages showed that the particles are visible with sec-
ondary electrons, *>C'*N~ (Fig. 2B) ions, and other secondary
ion signals and confirmed the binding of [*'NJALO-D4 to the
macrophage-derived particles (Fig. 2B).

To further assess the cholesterol content of macrophage-
derived particles, M3J3CD was used to load mouse peritoneal
macrophages with [1*C]cholesterol. We then lifted the cells with
EDTA and replated them onto fresh poly-p-lysine-coated silicon

E8500 | www.pnas.org/cgi/doi/10.1073/pnas.1810724115
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Fig. 1. Release of particles from the plasma membrane of macrophages. {(4)
Scanning electron micrographs of mouse peritoneal macrophages sur-
rounded by a lawn of small particles (attached to a poly-p-lysine—coated
silicon wafer). The macrophages had been loaded with acetyl-LDL (50 pg/mL).
{Scale bars, 2 pm.) (8 and C€) Scanning electron micrographs show particles
surrounding filopodia of mouse peritoneal macrophages (8) and RAW
264.7 cells {C). Yellow arrows show particles attached to the poly-b-lysine—
coated substrate. Blue arrows show the release of particles from the
filopodia. (Scale bars, 100 nm.) (D) Transmission electron micrographs of
particle release from filopodia of mouse peritoneal macrophages. (Scale
bars, 100 nm.)

wafers. After the cells were allowed to recover for 24 h, they
were incubated with [>NJALO-D4 for 2 h and processed for
nanoSIMS imaging. **C/*>C nanoSIMS images revealed that the
particles on the substrate surrounding macrophages were
enriched in [**C]cholesterol (Fig. 3). The *N/*N image of the
same macrophage revealed that the particles contained accessi-
ble cholesterol, as judged by [*NJALO-D4 binding (Fig. 3). The
B2 and PNAN ratios in 150 particles were positively cor-
related (P < 0.0001), and the 1* value was somewhat lower than
we had expected (0.3663) (Fig. 3B). In hindsight, however, the
low 1* value is probably not surprising. The primary Cs™ beam
vaporizes cells and tissues to a depth of several nanometers,
releasing secondary ions that are collected for analysis. We suspect
that the depth of [*NJALO-D4 overlying the [“*C]cholesterol was
variable in different particles, depending on particle size and ge-
ometry, and that this variability may have contributed, at least in
part, to the moderate correlation between the *C/*2C and “N/“N
ratios. The negligible binding of ALO-D4 to particles with low levels
of cholesterol probably contributed to the lower-than-expected
correlation between >N and °C enrichments.

The release of particles and their attachment to the substrate
was also observed in macrophages that had been incubated in

He et al.
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Fig. 2. Macrophages release particles enriched in cholesterol. (4) Macrophages were loaded with cholesterol/MpCD. SEM and nanoSIMS images of the
macrophage after a short incubation with ['>NJALO-D4. The SEM image shows a lawn of particles outside the macrophage; the nanoSIMS image (scaled at
two different settings) reveals binding of ['*NJALO-D4 to the particles, indicating that they contain accessible cholesterol. The boxed regions are shown below
at higher magnification, again showing binding of ['*N]JALO-D4 to macrophage-derived particles. (Scale bars, 5 um.) The bar graph shows ">N/'*N levels for
the cell body and particles of two cells (60 particles were quantified). The y axis starts at 0.0037, the natural abundance of '°N. Data are shown as mean + SD.
{B) Macrophages were loaded with acetyl-LDL. Particles released by macrophages that had been loaded with acetyl-LDL (50 pg/mL) {yellow arrows) are visible
in secondary electron (SE) and '2C"*N~ nanoSIMS images. Composite "2C'*N~ or secondary electron (SE) {gray) and ">N/"*N ratio (red) images show binding of

["*N]JALO-D4 to particles. (Scale bars, 2 um.)

medium containing 1% lipoprotein-deficient serum (LPDS) and
not loaded with cholesterol (Fig. 44). By nanoSIMS, the parti-
cles released from these macrophages contained accessible
cholesterol, as judged by the binding of ['*'NJALO-D4 (Fig. 4 B
and C), even though accessible cholesterol was nearly absent
from the plasma membrane of adjacent filopodia. In these
studies, the N enrichment of particles was lower than in the
studies shown in Fig. 2, in which cells had been loaded with
cholesterol (note the different >N/*N scales).

Our SEM and nanoSIMS findings in cultured CHO-K1 cells
were different from the findings in macrophages (Fig. 5). The
microvilli of CHO cells, both those over the cell body and those
projecting from the perimeter of the cell, were enriched in ac-
cessible cholesterol, as judged by nanoSIMS images of [N]ALO-
D4 binding. Unlike the observations in macrophages, we did not
observe particle release from the plasma membrane of CHO cells
by SEM, and there were very few structures on the substrate re-
sembling macrophage particles. By nanoSIMS, there was very
little [**NJALO-D4 binding to the substrate between the microvilli
that projected from the perimeter of the cell (Fig. 5).

When a *3C atom in one molecule and a N atom in a second
molecule are located within 3 nm (as is the case when [ N]ALO-
D4 is bound to [**C]cholesterol), *C and N atoms released
from the two molecules can combine to create a cluster sec-
ondary ion, *C**N~ (173). Thus, in experiments involving binding
of [NJALO-D4 to [**C]cholesterol-loaded macrophages, we
expected to observe a robust *C**N~ signal. Indeed, that was the
case; we could image both macrophages and the surrounding
particles based solely on *C*N~ secondary ions (ST Appendix,

He et al.

Fig. $1). In our experiments, the number of *CN~ ions in
particles surrounding macrophages was more than 2,000 times
greater than expected from the natural abundance of the two
stable isotopes.

Because the particles originate from the plasma membrane,
we suspected that they would contain sphingomyelin. To test this
idea, we incubated cholesterol-loaded RAW 264.7 macrophages
and primary macrophages with [15N‘]5ANID_D4 and [13C]lysenin [a
sphingomyelin-binding cytolysin (15)]. “N/“N and ®C*?C nanoSIMS
images revealed that macrophage-derived Particles were enriched
in both *N and *C (Fig. 6). Interestingly, [*Cllysenin bound more
to filopodia than to particles (i.e., the *C/**C ratio was higher in
filopodia than in particles). In contrast, the "N/*N ratio, reflecting
[NJALO-D4 binding to accessible cholesterol, was greater in
particles than in the filopodia (Fig. 6). We found a significant
inverse correlation between *C/*?C and N/*N ratios in the
primary macrophages (Fig. 6B8).

Next, we compared the binding of [*NJALO-D4 to particles
from macrophages that had been incubated in medium con-
taining 10% FBS and to particles from macrophages that had
been incubated in medium containing 1% LPDS. Mouse peri-
toneal macrophages were incubated overnight in medium con-
taining 10% FBS and then were incubated for two more days in
medium containing either 10% FBS or 1% LPDS. The cells were
then lifted, replated, and incubated in either 10% FBS or 1%
LPDS for 12 h (allowing cells to release particles). Finally, the
cells were incubated with ["*NJALO-D4 and processed for
nanoSIMS. The N/YN ratio in particles was approximately
sixfold higher in the cells incubated in 10% FBS than in the cells

PNAS | vol. 115 | no.36 | E8501
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Fig. 3. NanoSIMS images of macrophages that were loaded with ['*C]cho-
lesterol and then incubated with ['NJALO-D4 revealing that macrophage-
derived particles are rich in cholesterol (high "N/"*N and ">¢/'2C ratios). (4)
Low-magnification secondary electron (SE) and "*N/'*N nanoSIMS images.
The lawn of particles surrounding the macrophages is enriched in "N,
reflecting the binding of ['*NJALO-D4 to accessible cholesterol. (Scale bar,
10 pm.) {8) The boxed region in A is shown at higher magnification. >C/'2C
ratio and '*N/'*N ratio images reveal that the particles surrounding the
macrophages are enriched in both '>C and ">N. (Scale bar, 2 um.) The scatter
plot shows the ""N/"*N and "3C/'2C ratios for 150 particles. A linear regression
analysis revealed a positive correlation between '°N and '*>C enrichments
(P < 0.0001). "*N/"*N and ">C/"2C scales are multiplied by 10,000.

incubated in 1% LPDS (ST Appendix, Fig. $2). The *N/*N ratio
in projections (or filopodia) incubated in 10% FBS was only
approximately twofold higher.

To determine whether cholesterol loading increases the
binding of [NJALO-D4 to the particles, peritoneal macro-
phages were collected, and one-half of the cells were loaded with
[*Clcholesterol. After incubation in medium containing 1%
LPDS for 24 h, the cells were lifted with EDTA, replated, and
incubated in 1% LPDS medium for 12 h. Finally, the cells were
incubated with 15NlALO—DLl for 2 h and processed for nanoSIMS
(lFig‘ 7A4). The *C/**C ratios in the particles and projections of the
[*CJcholesterol-loaded macrophages were similar (Fig. 7B). In
contrast, the N/*N ratio was higher in the particles than in the
filopodia, implying that accessible cholesterol is more abundant in
particles than in filopodia (Fig. 75).

To determine whether the cholesterol content of particles is
influenced by the LXR signaling pathway, we tested the effects
of LXR/retinoid X receptor (RXR) agonists on the cholesterol
content of particles from peritoneal macrophages of wild-type
and Lxra/Lxrf double-knockout (LXR™") mice. Macrophages
were loaded with acetyl-LDL, lifted with EDTA, and replated.
The cells were then treated with the LXR/RXR agonists or ve-
hicle (DMSO) alone for 12 h. As expected, cholesterol levels in
wild-type macrophages fell during treatment with LXR/RXR
agonists; cholesterol levels in LXR ™~ macrophages were some-
what higher and did not fall when the cells were treated with
LXR/RXR agonists (Fig. 84). The LXR/RXR agonists increased
ABCAL1 and ABCGI1 expression levels in wild-type but not in
LXR ™ macrophages (Fig. 84).

Particle release from the plasma membrane was observed in
both wild-type and LXR ™~ macrophages (SI Appendix, Fig.
§3). LXR/RXR agonist treatment of wild-type macrophages
increased accessible cholesterol in both particles and the
filopodia, as judged by ['*N]JALO-D4 binding (Fig. 8B). In-
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terestingly, the LXR/RXR agonist-induced increase in [*°N]
ALO-D4 binding was greater in particles than in filopodia
(Fig. 8 B and C). In LXR™'~ macrophages, LXR/RXR agonists
resulted in little or no change in [°"NJALO-D4 binding to either
particles or filopodia (Fig. 8 B and C). In an independent experiment,
LXR/RXR agonists had little or no effect on [°NJALO-D4 binding
to LXR ™~ macrophages, but they increased [*NJALO-D4 binding
to particles and projections of wild-type macrophages in both
the presence and absence of cholesterol loading (SI Appen-
dix, Fig. 8$4). Again, the LXR/RXR agonist-induced increase

Fig. 4. Macrophages release cholesterol-enriched particles when incubated
in medium containing 1% LPDS. {4) Scanning electron micrographs show the
release of particles from the filopodia of macrophages. Blue arrows indicate
particle formation on filopodia; yellow arrows show particles on the sub-
strate. (Scale bars, 100 nm.) {(B) SEM and nanoSIMS images after a short in-
cubation with ['*N]ALO-D4. The scanning electron micrograph shows a lawn
of particles on the substrate; the ">N/"*N image shows ['°N]JALO-D4 binding
{enrichment of the particles with accessible cholesterol). The filopodia of the
macrophage (M) are outlined by a dotted white line. The ">N/"*N ratio scale
is multiplied by 10,000 and is between two and five times the natural
abundance of '®N. (Scale bars, 5 pm.) {(C) Higher-magnification SEM and
nanoSIMS images of the filopodia of macrophages in the absence of cho-
lesterol loading. Note the binding of ['*NJALO-D4 to particles on the surface
of filopodia (green arrows) and to particles on the surrounding substrate
{yellow arrows). The ">N/'*N ratio scale is multiplied by 10,000 and is be-
tween 5 and 40 times the natural abundance of "*N. (Scale bar, 1 um.) Note
that the scale in this figure differs from that in Fig. 28, making it possible to
visualize '°N enrichment that is lower than in cholesterol-loaded cells.
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Fig. 5. CHO-K1 cells do not produce cholesterol-rich particles. {(4) SEM image of CHOK1 cells grown in medium containing 10% FBS reveals very few particles on the
substrate surrounding the cell. (Scale bar in the low-magnification image, 5 pm; scale bar in the boxed image, 100 nm.) {(B) nanoSIMS secondary electron (SE) images
show a lack of particles on the substrate surrounding the cell. NanoSIMS ">N/**N images reveal binding of ['®N]JALO-D4 to the microvilli on the cell body and the

microvilli that extend from the perimeter of the cell. (Scale bars, 5 pm.) The boxed regions are shown at higher magnification on the right.

in ["'NJALO-D4 binding was greater in particles than in filo-
podia (ST Appendix, Fig. $4).

To determine if HDL is capable of unloading cholesterol from
macrophage-derived particles, we loaded macrophages with
[**C]cholesterol/MBCD for 24 h, lifted the cells with EDTA, and

replated the cells in medium in the presence or absence of HDL
for 24 h. Next, the cells were incubated with [*N]JALO-D4 for
2 h and processed for nanoSIMS. The HDL incubation did not
have an obvious effect on particle production, as judged by SEM
(ST Appendix, Fig. $3). However, the incubation with HDL
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Fig. 6. Particles released by macrophages contain cholesterol and sphingomyelin, as judged by ALO-D4 and lysenin binding. {(4) RAW 267.4 murine macrophages
were loaded with cholesterol/MBCD for 2 h. The cells were incubated for 2 h with ['*NJALO-D4 and for 1 h with ['*Cllysenin and then were prepared for SEM and
nanoSIMS imaging. A scanning electron micrograph showed particle formation on the filopodia of macrophages and particles attached to the poly-b-lysine—coated
substrate. "*N/"*N and >¢/'2C images reveal [""N]JALO-D4 and [*C]lysenin, respectively, on macrophage-derived particles. ">N/"*N ratio and >¢/'%C ratio scales are
multiplied by 10,000. Composite 2C'*N~ {gray) and "N/"N ratio {red) or '3C/'2C (red) images show binding of [""N]JALO-D4 and ['*C]lysenin to particles and pro-
jections. {Scale bar, 1 um.) ns, not significant. (8) Primary macrophages were loaded with acetyl-LDL (50 pg/mL), incubated with ['*NJALO-D4 and ['*C]lysenin, and were
prepared for SEM and nanoSIMS imaging. ">N/'*N ratio and >¢/'2C ratio scales are multiplied by 10,000, Composite '2C"*N~ {gray) and ">N/'*N ratio {red) or '*¢/'2C
ratio (red) images show binding of ['*NJALO-D4 and ['*Cllysenin to particles and the filopodial projections. (Scale bar, 2 pm)) For quantification of '>N/'N ratios in
particles released by macrophages and in the filopodia {projections) of macrophages, ratios in 150 particles and 20 projections were measured. The y axis in the ""N/'*N
bar graphs starts at 0.0037 (the natural abundance of '°N). The y axis in the >¢/'2C bar graph starts at 0.011 {the natural abundance of 'C). Data are presented as
mean + SD. Differences were assessed with a Student’s ¢ test with Welch’s correction. The scatter plot shows the correlation between ""N/"*N and "*¢/'2C ratios for
150 particles. A linear regression analysis revealed a significant inverse correlation between "N and ">C enrichments in primary macrophages (P < 0.0001).
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he cholesterol content in macrophages. {(4) NanoSIMS images assessing the

binding of ['*NJALO-D4 to macrophages that were not loaded with cholesterol {Upper) and macrophages that had been loaded with ['*C]cholesterol (Lower).
Cell morphology was visualized with '2C"*N~ images. The >C/'2C and ">N/"*N images depict ['>Clcholesterol and ['*NJALO-D4, respectively. Boxed areas in the
12C"*N- images are shown at higher magnification in the images on the right, revealing particles on the substrate {red arrows). '>N/"*N and 'C/'2C ratio scales

are multiplied by 10,000. {Scale bar, 10 um.) {8) Bar graphs show the '>C/'2C {Left) and ">N/"*N (Righ?) ratios in particles (Upper) and macrophage projections

{Lower). Three 40 x 40-um images, each containing one or two macrophages, were quantified. For particle quantification, a minimum of 50 particles per

image was selected on the basis of the '2C"*N~ image, and the mean "*N/"*N ratio in 15-30 projections per cell was calculated. Data are presented as mean £

SD. Differences were assessed with a Student’s ¢ test with Welch’s correction.

reduced both the [“*C]cholesterol content of particles and the
binding of [*N]JALO-D4 to the particles (Fig. 9). Even after the
HDL incubation, it was possible to visualize particles by adjust-
ing the scale of the nanoSIMS images (SI Appendix, Fig. S5).
Interestingly, the "N/*N ratio in particles fell by ~75% with the
HDL incubation, while the *C/*2C ratio fell by only ~40% (Fig.
9B). HDL reduced ['*C]cholesterol content and [*N]ALO-
D4 binding to filopodia of macrophages but to a lesser extent
than with particles. A 15-min incubation of macrophages with
MBCD also reduced the binding of ['*N]ALO-D4 to the par-
ticles and projections of macrophages (ST Appendix, Fig. S6).
Interestingly, the decrease in [*>’N]JALO-D4 binding to particles
with MBCD treatment was proportionately greater than the
decrease in [**NJALO-D4 binding to the filopodia (SI Appendix,
Fig. S6).

Discussion

We found that filopodia of mouse peritoneal macrophages and
RAW 264.7 cell macrophages release ~20- to 120-nm uni-
lamellar vesicular particles. In the past, macrophages have been
reported to release ~24-nm particles into the cell-culture me-
dium (2) or to deposit irregularly shaped cholesterol micro-
domains on the substrate (3), but mechanisms for the genesis
and release of the particles and microdomains have never been
clear. In the current study, we demonstrated by SEM and TEM
that particles appear to be released from the plasma membrane
of filopodia, attaching to the surrounding substrate. By nanoSIMS
analyses, these particles are enriched in cholesterol. When mac-
rophages were loaded with [**C]cholesterol, the particles on the
surrounding substrate were enriched in °C. The particles also
bound [**NJALO-D4 avidly. Because macrophage-derived parti-
cles originate from the plasma membrane, we expected that they
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would contain sphingomyelin. Indeed, nanoSIMS studies showed
that lysenin, a sphingomyelin-specific cytolysin, bound to macrophage-
derived particles.

The appearance and release of particles from the macrophage
plasma membrane was evident under multiple conditions—
whether the cells were incubated in LPDS- or FBS-containing
medium, whether or not the macrophages were loaded with
cholesterol, whether or not they were deficient in LXRs, whether
or not they were treated with LXR/RXR agonists, and whether
or not the medium contained HDL. While we could not discern
clear differences in particle size or numbers under these different
conditions, we certainly cannot exclude the possibility that such
differences exist, given that we do not have protocols for accu-
rately quantifying particle numbers or measuring the dynamics of
particle formation and release. On the other hand, we are con-
fident that the cholesterol content of particles changes with
different conditions. Loading macrophages with cholesterol, in-
cubating the cells in FBS rather than LPDS, or adding LXR/
RXR agonists to the cell-culture medium increases the content
of cholesterol in particles, as judged by nanoSIMS analyses.

Using biochemical approaches, Radhakrishnan and coworkers
(12) demonstrated that ALO-D4 binds to an accessible pool of
cholesterol on the plasma membrane. The accessible pool is not
sequestered by sphingomyelin or phospholipids and appears
when the cholesterol content of the plasma membrane exceeds
~30 mol% (12, 14). More recently, the same group showed that
the accessible pool in the plasma membrane is mobile, readily
moving to the endoplasmic reticulum and participating in the
regulation of genes involved in cholesterol synthesis (14). Our
studies revealed that the particles released from macrophage
filopodia are enriched in accessible cholesterol. (i) [*N]JALO-D4
binds avidly to macrophage particles even when the macrophages
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Fig. 8. NanoSIMS analysis of [">N]JALO-D4 binding to cholesterol-loaded
wild-type macrophages or (xra/txrp double-knockout macrophages
{LXR™") in the presence of LXR and RXR agonists or vehicle (DMSO) alone.
Macrophages were loaded with acetyl-LDL before being lifted with EDTA,
replated, and incubated with LXR/RXR agonists or DMSO alone for 12 h. {(4)
Bar graphs depicting cellular cholesterol levels and ABC transporter ex-
pression levels in wild-type and LXR™~ macrophages treated with LXR/RXR
agonists or DMSO alone. Cholesterol was measured in two wells of macro-
phages in a six-well plate; each data point in the bar graph represents
cholesterol content in one well of macrophages. RNA was isolated from
macrophages in a six-well plate, and levels of gene expression were mea-
sured (n = 5 for WT and n = 3 for LXR™"). Data are presented as mean + SD.
Differences were assessed with a Student’s ¢ test with Welch's correction. (8)
NanoSIMS images of WT and LXR™" macrophages after incubation with
['">NJALO-DA4. Cell morphology was visualized with '2C~ images; ">N/'*N im-
ages show binding of ['*NJALO-D4 to macrophages and macrophage-
derived particles. "SN/"*N ratio scales are multiplied by 10,000. (Scale bars,
10 pm.) {€) Quantification of ">N/'N ratios in particles and filopodia {pro-
jections) of wild-type and LXR™~ macrophages. Two or three 40 x 40-um
images, each containing one or two macrophages, were quantified. A
minimum of 50 particles per image were selected from the '2C” image
{particles were visible after adjusting the contrast of the images), and the
mean '°N/"N ratio was calculated. For the filopodial projections, the "*N/'*N
ratio in 15-30 projections per cell was calculated. The '>C/'2C ratios in cells
that did not receive ['3C]cholesterol reflected the natural abundance of '3C.
Data are presented as mean + SD. Differences were assessed with a Student’s
t test with Welch's correction; ns, not significant.

were incubated in medium containing 1% LPDS and the bind-
ing of the [*'N]JALO-D4 to the surrounding filopodia was ex-
tremely low (Fig. 4). (/) When macrophages were incubated in
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medium containing 10% FBS (rather than 1% LPDS), the
amount of accessible cholesterol in particles increased sub-
stantially while the increase in filopodia was modest (S Ap-
pendix, Fig. S2). (i) When macrophages were loaded with [**C]
cholesterol, ["NJALO-D4 binding to particles increased sub-
stantially more than the increase in binding to the macrophage
plasma membrane (Fig. 7). (iv) When cells were loaded with cho-
lesterol, adding LXR/RXR agonists to the cell-culture medium
increased [*N]JALO-D4 binding to both particles and filopodia,
but the increase in the binding of [**’NJALO-D#4 to particles was
greater (Fig. 8). (v) [°Cllysenin bound preferentially to the filopodial
projections of macrophages, whereas ["NJALO-D4 bound pref-
erentially to particles (Fig. 6). Each of these observations suggests
that the particles that are formed and then released from the plasma
membrane are enriched in accessible cholesterol.

The combination of LXR and RXR agonists increased the
cholesterol content of macrophage particles, as judged by
nanoSIMS analyses. These drugs induce the production of many
proteins involved in cholesterol metabolism and cholesterol ef-
flux. We suspect that increased expression of ABC transporters
is important for enriching the macrophage plasma membrane
and plasma membrane-derived particles with cholesterol. By
nanoSIMS analyses, we also found that HDL unloads cholesterol
from macrophage-derived particles. It is noteworthy that the
decrease in [NJALO-D4 binding to particles with the HDL
incubation was greater than the decrease in the [**C]cholesterol
content of the particles. We suspect that this difference relates to
the greater mobility of accessible cholesterol.

We do not yet have a firm understanding of the mechanisms
for the formation and release of particles from the plasma
membrane of macrophages. By SEM, the particles appear to bud
from the plasma membrane. One possibility is that the particles
form by ballooning or outpouching of a segment of the plasma
membrane that is not firmly attached to the cytoskeleton.
However, a second possibility is that discrete segments of the
macrophage plasma membrane are strongly affixed to the sub-
strate by substrate adhesion proteins and that those segments are
left behind in the form of vesicular particles as the cell “pulls
away” during locomotion. This second possibility is attractive
because it would help explain why the lawn of particles is gen-
erally located on one or two sides of the macrophage rather than
around the entire circumference of the cell. (Note that the two
possibilities are not mutually exclusive.) However, if we assume
that cell mobility is largely responsible for the genesis of parti-
cles, the remaining mystery is why the particles are more
enriched in accessible cholesterol than the adjacent filopodia
and lamellipodia. Cholesterol affects many properties of lipid
bilayers, including viscosity, elasticity, permeability, and protein
association. Perhaps the accessible cholesterol within the plasma
membrane is less firmly attached to the cytoskeleton and is more
prone to being “left behind” on vesicular particles as macro-
phages move across the substrate.

One limitation of our study is that all our studies dealt with
cultured macrophages. Whether particles are released from mac-
rophages in vivo is unknown, but we suspect that particle release will
prove to be a feature of resident macrophages in mammalian tis-
sues. Following the phagocytosis of senescent erythrocytes, splenic
macrophages need to unload substantial amounts of cholesterol,
and particle release could assist in that function. We further suspect
that a failure to enrich particles in cholesterol in the setting of
ABCAL1 deficiency could help to explain the hallmark histopathol-
ogy of Tangier disease (cholesterol-laden macrophages in the
spleen and lymph nodes). Particle release from macrophages in
atherosclerotic plaques could also be a mechanism for unloading
cholesterol and promoting reverse cholesterol transport.

Whether the macrophage microparticles described by the
laboratory of Phillips and coworkers (2) were similar to those in
this study is unclear. The microparticles in the Phillips study
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Fig. 9. HDL removes cholesterol from macrophage-derived particles. Mac-
rophages were loaded with ['*CJcholesterol for 24 h before being lifted,
replated, and incubated in the presence or absence of HDL for 24 h. After
cells were incubated with ['*NJALO-D4 for 2 h, nanoSIMS imaging was
performed. (4) Cell morphology was visualized with '>C™*N~ images; the
SN/N image reflects ['*N]JALO-D4 binding (accessible cholesterol); the
'2¢/2C ratio reflects total cholesterol. "*N/"N ratio and ">C/'2C ratio scales
are multiplied by 10,000. (Scale bars, 10 pm.) (8) Quantification of SN/UN
and '3C/'2C ratios revealed reduced ['*Clcholesterol and ['"*N]JALO-
D4 binding in particles after incubation with HDL. Three or four 40 x 404um
images, each with one or two macrophages, were quantified. For particle
quantification, a minimum of 50 particles per image were selected from the
"2C"*N~ image (particles were visible after the contrast was adjusted), and the
mean "*N/"*N ratio for the particles was calculated. For the filopodial pro-
jections, the ">N/'*N ratio of 15-30 projections per cell was calculated. Data
are presented as mean + SD. Differences were assessed with a Student’s t test
with Welch’s correction.
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averaged 24 nm in diameter. By SEM, many of the vesicular
particles that we observed were in a similar size range (30 +
10 nm in cholesterol-loaded macrophages vs. 34 = 17 nm in
nonloaded macrophages; n = 30 particles for each). Kruth and
coworkers (3-6, 9) have published a series of papers on the re-
lease of cholesterol microdomains from macrophages, but how
they were released from cells was not defined. We believe it is
likely that the cholesterol microdomains in the studies by Kruth
and coworkers are the same as the particles that we document in
the current studies, namely vesicular particles that are released
from the plasma membrane of macrophage filopodia. The
studies by Kruth relied largely on immunofluorescence micros-
copy with a cholesterol-specific antibody. In our studies, choles-
terol enrichment of the macrophage particles was documented by
nanoSIMS with [**C]cholesterol and [*NJALO-D4. In the
studies by Kruth and coworkers (4-6), microdomain production
virtually disappeared in the absence of cholesterol loading. In our
studies, we found particle release under a variety of cell-culture
conditions, including in cells in the absence of cholesterol loading
and cells incubated in 1% LPDS. However, the different cell-
culture conditions (e.g., cholesterol loading, LXR/RXR ago-
nists) in our studies clearly influenced the cholesterol content of
the particles. We do not understand why particle release dis-
appeared in the studies by Kruth and coworkers (4-6), but one
possibility is that they used human monocyte-derived macro-
phages rather than mouse peritoneal macrophages.

The release of vesicular particles that we documented in
macrophages is morphologically similar to the budding of HIV-
1 virions from macrophages (18-21). HIV-1 virions are released
by a budding process from cholesterol- and sphingolipid-rich
regions of the plasma membrane (18). HIV-1 budding may be
driven by the formation of a latticework of Gag proteins along
budding sites. In the case of our studies, the identity of proteins
important for particle release is unknown. Another process that
closely resembles particle release from macrophages is the
budding of vesicles from the canalicular membrane of hepato-
cytes (22, 23). Like macrophages, hepatocytes need to dispose of
large amounts of cholesterol, and that involves releasing
cholesterol-rich vesicular particles from the canalicular mi-
crovilli. Another physiological event resembling macrophage
particle release is the release of vesicles from the tips of the
microvilli of intestinal enterocytes (24, 25). In that case, the
size of the vesicles released from the tips of microvilli was
altered in mice lacking myosin la, implicating cytoplasmic
motors in particle formation and/or release (25). Myosins are
required for the formation of macrophage filopodia and their
movement (26-29), but their relevance to particle release by
macrophages is not yet known. However, we suspect that the
application of motor-driven forces to the plasma membrane is
important for the formation and release of particles.

Materials and Methods

Mouse Strains. Wild-type mice (C57BL/6) were purchased from the Jackson
Laboratory. Lxra/Lxrg double-knockout mice were originally obtained from
David Mangelsdorf (University of Texas Southwestern Medical Center,
Dallas) and have been backcrossed to strain C57BL/6 for more than
10 generations {30).

Cell Lines. RAW 264.7 cell line murine macrophages (purchased from ATCC)
and hamster CHO-K1 cells were grown in monolayer cultures at 37 °C with 8-
9% CO,. RAW cells were maintained in macrophage medium (DMEM)
{Thermo Fisher Scientific) containing 1 mM sodium pyruvate, 2 mM gluta-
mine, and 10% {vol~vol) FBS (HyClone). CHO-K1 cells were maintained in
Ham'’s F-12 Nutrient Mixture {Thermo Fisher Scientific) containing 10% {volivol)
FBS (HyClone) and 2 mM glutamine.

Mouse Peritoneal Macrophages. Wild-type and Lxra/lxrp double-knockout

mice were injected i.p. with 1 mL of 3% (wt/vol) Difco Fluid Thioglycollate
Medium (Becton, Dickinson and Co.). Three days later, peritoneal macro-
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phages were harvested with 10 mL of cold Dulbecco’s PES without Ca** and
Mg?*. Cells were centrifuged at 400 x g for 5 min at 4 °C, treated with 5 mL
of red blood cell lysing buffer Hybri-Max (Sigma) for 5 min, and washed two
times with cold PBS. Macrophages were plated on FBS-coated Petri dishes
(8 x 105 cells per dish) and were cultured overnight in macrophage medium.
Macrophages were then lifted by incubation in cold PBS without Ca?* and
Mg?* containing 5% FES and 5 mM EDTA for 45 min at 4 °C. For nanoSIMS
and SEM, cells were replated on 0.5-cm? silicon wafers coated with 0.1 mg/mL
poly-c-lysine hydrobromide (Sigma) in 24-well plates.

Preparation of [*Clcholesterol. ['*C|cholesterol was produced as described
(31) using a Saccharomyces cerevisiae strain (RH6829) engineered to produce
cholesterol rather than ergosterol (32, 33). RH6829 yeast cells were grown in
medium containing 0.7% yeast nitrogen base (US Biological), 0.5% yeast
extract (BD), 1.5% glucose {>98% 3C; =99% glucose) (Martek Isotopes LLC),
and 0.4 mg/L uracil and leucine. Precultures were diluted 1:2,000 in this
medium and were grown for 3 d at 30 °C. The ['*C]cholesterol was purified
from harvested cells and analyzed by GC-MS and by NMR (32). The choles-
terol contained 94% 3C, and the yield was ~10 mg/L of medium.

Cholesterol Loading of Macrophages. For some experiments, macrophages
were loaded with 50 pg/mL of acetyl-LDL (Alfa Aesar) in macrophage me-
dium containing 1% LPDS (15) instead of 10% FBS for 24 h at 37 °C. In other
experiments, macrophages were loaded with ['*C]cholesterol/MBCD (34).
Briefly, ["*C]cholesterol in 100% ethanol (7.5 mg/mL) was added in 50-uL
aliquots to a stirring solution of 5% {(wvt/vol) methyl-f-cyclodextrin (Sigma)
in double-distilled water {ddH,0) in an 80 °C water bath to achieve an
MPCD:cholesterol ratio of 10:1. The solution was lyophilized and then
reconstituted in ddH,0 to a cholesterol concentration of 2.5 mM and an
MBCD concentration of 25 mM. The ['*Clcholesterol/MBCD solution was fil-
tered through a 0.22-um filter and stored at 4 °C. Macrophages were loaded
with 20 pimL of ['*C]cholesterolMBCD (final cholesterol concentration, 50 i)
in macophage medium containing 0.1% LPDS, 50 pM mevastatin (Calbiodhem),
and 50 pM mevalonolactone (Sigma) for 24 h at 37 °C. RAW 267.4 cells were
loaded with unlabeled cholesterolMBCD complexes (Sigma).

Treatment of Macrophages with LXR/RXR Agonists, HDL, and MBCD. In some
experiments, macrophages were treated with GW3965 (35), an LXR agonist,
and LG268 (Ligand Pharmaceuticals), an RXR agonist. Cells were treated with
1 pM LXR ligand and 100 nM RXR ligand in DMSO or with DMSO alone in
macrophage medium containing 1% LPDS for 12 h at 37 °C. In other ex-
periments, cells were incubated with 200 pg/mL of human HDL (Alfa Aesar)
in macrophage medium containing 1% LPDS for 24 h or were incubated
with 10 mM MBCD in DMEM for 15 min at 37 °C.

Preparation of "“N-Labeled His-Tagged ALG-D4. A plasmid for ALC-D4 (ALO
amino acids 404-512 with C472A and S404C substitutions) was obtained
from Arum Radhakrishnan (University of Texas Southwestern Medical Cen-
ter, Dallas), and "*N-labeled ALO-D4 was prepared (15, 36). Briefly, ALO-
D4 was expressed in BL21(DE3) plysS Escherichia cofi (Invitrogen) and in-
duced with 1 mM isopropyl f-d-1-thiogalactopyranoside (IPTG) in 1 L of
minimal medium containing 20.2 mM "NH,Cl at 25 °C for 16 h. Cells were
pelleted and lysed by sonication, and the lysate was centrifuged at 4 °C. The
supernatant was mixed with 4 mL of HisPur Cohalt resin (50% bed volume;
Thermo Fisher Scientific). The mixture was loaded into a column and allowed
to flow through by gravity. The column was washed, and ['*N]ALO-D4 was
eluted with a buffer containing 300 mM imidazole. The eluates were pooled
and concentrated to 1 mL with an Amicon 10-kDa cut off concentrator
{(Millipore). The purified ['N]JALO-D4 was stored at 4 °C.

Preparation of "C-Labeled His-mCherry-Tagged Lysenin. To produce [*Cllysenin,
£ cofi BL21(ED3) (Invitrogen) was transformed with the plasmid encoding
lysenin {15) and grown in 1 L of minimal medium containing 95.5 mi KH,PO,,
57.4 MM K;HPO,, 63.4 mM Na,HPO,, 13.8 miM K,50,, 20.2 mM NH,CI, 5 MgCl,,
0.2% {wtivol) "°Cq glucose {Cambridge kotope Laboratories), and 100 pg/mL
arhenicillin. The expression of lysenin was induced with 0.2% (wtAol) arabinose
at 25 °C for 16 h; ["*Cllysenin was purified as described (15).

Binding of ALO-D4 and Lysenin to Cells. Primary macrophages were washed
three times for 10 min in PES/Ca/Mg containing 0.2% {(wtivol) BSA. Cells were
then incubated with 20 ug/mL of ['°NJALO-D4 in PBS/Ca/Mg containing 0.2%
{wtivol) BSA for 2 h at 4 °C. RAW cells were incubated in macrophage me-
dium containing 0.1% LPDS, unlabeled cholesterolMBCD (final cholesterol
concentration of 50 pM), 50 pM mevastatin {Calbiochem), and 50 pM
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mevalonolactone (Sigma) for 2 h at 37 °C. Cells were lifted, washed, and
replated onto fresh poly-c-lysine—coated silicon wafers for 20 h. Next, cells
were incubated with 20 pg/mL of ['*Cllysenin for 1 h and 20 pg/mL of ['*N]JALO-
D4 in PBS/Ca/Mg containing 0.2% (wt/vol) BSA for 2 h at 4 °C. Unbound
['*NJALO-D4 and [*Cllysenin were removed by washing with PBS/CaMg
containing 0.2% (wtiol) BSA three times for 2 min each.

Preparing Samples for NanoSIMS and SEM. Cells were fixed with 4% para-
formaldehyde (Electron Microscopy Sciences) and 2.5% glutaraldehyde
(Electron Microscopy Sciences) in 0.1 M phosphate buffer (1.14 g NaH,PO,,
1.69 g Na,HPO, in a 100-mL final volume of ddH,0, pH 7.4) for 20 min at 4 °C
followed by 1 h at room temperature. The samples were washed three times
for 7 min each in 0.1 M phosphate buffer, postfixed with 1% osmium te-
troxide (Electron Microscopy Sciences) in 0.1 M phosphate buffer for 45 min,
and washed three times for 7 min each in ice-cold ddH,0. For nanoSIMS,
cells were air-dried. For SEM, cells were dehydrated with a graded series of
ethanol concentrations (50, 70, 85, 95, and 100% x3 for 7 min each) and
then were critical-point dried with a Tousimis Autosamdri 810 critical point
dryer (Tousimis). Samples were then coated with 2 nm of platinum (Pelco)
with an ion-beam sputtering system (South Bay Technologies). Cells were
imaged with a Zeiss Supra 40VP scanning electron microscope with a 3-KeV
incident beam.

Preparing Samples for TEM. Primary macrophages were cholesterol-loaded
and plated onto poly-c-lysine-coated Thermanox plastic coverslips {Thermo
Scientific) in a 24-well plate. After 24 h, the cells were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer for 2 h at 4 °C. The samples were
then washed five times for 2 min each in 0.1 M phosphate buffer, postfixed
with ice-cold 2% osmium tetroxide in 0.1 M phosphate buffer for 45 min,
and washed five times for 2 min each in ice-cold ddH,0. The cells were then
incubated with 2% (volivol) aqueous uranyl acetate overnight at 4 °C,
washed five times with ddH,0, and dehydrated with a graded series of
ethanol concentrations (30, 50, 70, 85, 95, and 100% x3, 7 min each) before
infiltration with increasing concentrations {33, 66, and 100%) of Epon (Ted
Pella) (15). Next, the coverslips were embedded by inverting on a BEEM
capsule (Ted Pella) filled with fresh resin and were polymerized for 48 h at
60 °C. The coverslips removed, and 65-nm-thick sections were cut en face
with a Diatome diamond knife. Sections were placed on formvar-coated
100-mesh copper grids that had been glow-discharged. The sections on
grids were stained with Reynold‘s lead citrate for 9 min. Next, samples were
imaged at 200 kV with an FEI T12 iCorr microscope equipped with an Eagle
2K CCD camera or were imaged at 60 kV with a JEOL 100CX transmission
electron microscope.

NanoSIMS Analyses. Platinum-coated (5-nm) cells were analyzed with a
nanoSIMS 50L instrument {(CAMECA) as described (15, 37) with some modi-
fications. Briefly, samples were bombarded with a focused '*Cs* primary
beam, and secondary ions {e.g., '%C™, *C", 1807, "2C"*N-, *C"N") and sec-
ondary electrons were collected. Before imaging, a high '**Cs* primary
beam (1-nA beam current; primary aperture D1 = 1) was used to presputter
an area of 50 x 50 um for 25 s to remove the platinum coating and implant
13Cs*, In the same region, low-magnification images {~40 x 40 pm) were
obtained with an ~2.5-pA beam current (primary aperture D1 = 2), a dwell
time of 2.5 ms per pixel, and scans of 512 x 512 pixels. High-magnification
images {~10 x 10 um)were obtained with an ~0.8-pA beam current {primary
aperture D1 = 3), a dwell time of ~10 ms per pixel, and scans of
512 x 512 pixels.

To quantify ">¢'2C and "N/"N ratios in particles, we identified particles
by SEM andfor "2C™, "2C¥N-, 50", or secondary electron nanoSIMS images,
and regions of interest in the middle of the particles were defined with the
OpenMIMS plugin in Imagel (NIH). The region in the middle of each particle
was quantified rather than the whole particle hecause we wanted to avoid
pixels overlapping the perimeter of the particle and/or the substrate im-
mediately adjacent to the particle. For each image, 50-100 particles were
selected. To quantify ™*C/"%C and ™N/™N ratios in macrophage filopodia,
straight lines were drawn, pixel by pixel, in the middle of the filopodial
projections, and line scan analyses were performed. The average "*C/'%C and
T5N/"N ratios of line scan analyses were calculated. For each cell, 15—
30 projections were assessed. The mean "*N/"*N and "*C¢/'%C ratios of the
regions of interest were measured and processed by Prism 7.0. Differences
were assessed by a Student’s t test with Welch's correction.

Gene-Expression Analyses. Peritoneal macrophages were isolated from wild-

type and {xra/txrp double-knockout mice as described earlier. Cells were
plated in macrophage medium containing 10% FBS. On the next day, cells
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were washed and were incubated in macrophage medium containing 1%
LPDS and 50 pg/mL acetyl-LDL for 24 h. Cells were treated with 1 mM LXR
ligand (GW3965) and 100 nM RXR ligand (LG268) for 12 h, and then RNA and
lipids were extracted. Total RNA was isolated with TRIzol reagent (Invi-
trogen) and reverse-transcribed with the iScript cDNA synthesis kit (Bio-Rad).
cDNA was quantified by real-time PCR with SYBR Green Master Mix
{Diagenode) on an ABl 7900 instrument. Gene-expression levels were
determined with a standard curve. Each gene was normalized to the
housekeeping gene 3684 and analyzed in duplicate. Primers for real-
time PCR were 5-CGTTTCCGGGAAGTGTCCTA-3° (mABCA1 forward
primer), 5'-GCTAGAGATGACAAGGAGGAT-3* (mABCAT reverse primer),
5-TCACCCAGTTCTGCATCCTCT-3° (mABCG1 forward primer), and 5°-
GCAGATGTGTCAGGACCGAGT-3 (MABCG1 reverse primer). In these ex-
periments, cellular cholesterol was extracted with hexanefisopropanol
{3:2). The organic phase was collected and dried under nitrogen and
resuspended with Tag Replication Buffer {TRE) buffer [100 mM KH;PO,,
100 mM K,HPOg4, 50 mM NaCl, 5 mM sodium chlorate, and 0.1% Triton X-
100 {pH 7.4)]. Cholesterol was quantified with the Amplex Red Choles-
terol kit {Thermo Fisher Scientific). The values were normalized to cel-
lular protein content determined with a BCA protein assay kit (Thermo
Fisher Scientific).
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Abstract

Cultured mouse peritoneal macrophages release large numbers of cholesterol-rich particles onto
the surrounding substrate. Scanning electron microscopy (SEM) revealed that 30—40-nm vesicular
particles bud from the plasma membrane, but the mechanism underlying this process was not clear.
One possibility was that particles are released by outward ballooning of lipid microdomains from
the plasma membrane; another is that pieces of the plasma membrane are torn away and left behind
during movement of macrophage filopodia and lamellipodia. In favor of the latter possibility, we
found that particles are enriched in focal adhesion complex proteins. Also, we observed, by live-
cell imaging and SEM, that particles are released during the projection and retraction of
lamellipodia and filopodia and that particle release is abolished by inhibiting cell movement (either
by depolymerizing actin with latrunculin A or inhibiting myosin II with blebbistatin). By confocal
microscopy and NanoSIMS imaging, the particles released onto the substrate are enriched in
“accessible cholesterol” (a mobile pool of cholesterol that can be detected with the modified
cytolysin ALO-D4) and depleted in sphingolipid-sequestered cholesterol (detectable with the
cytolysin OlyA). The release of free cholesterol-rich particles during macrophage movement

could contribute to the extracellular accumulation of cholesterol in atherosclerotic plaques.

Keywords: accessible cholesterol, NanoSIMS, focal adhesions, cholesterol efflux

105



Introduction

A key function of macrophages is to engulf and digest cellular debris. The cholesterol in the debris
can be esterified and stored in cytosolic lipid droplets (1), thereby avoiding toxicity from free
cholesterol overload, but macrophages must ultimately dispose of the surplus cholesterol. This
process is generally referred to as “cholesterol efflux” (2—5). One mechanism for cholesterol efflux
involves moving plasma membrane phospholipids and free cholesterol to high density lipoprotein
acceptors (HDL), a process that depends on ABC transporters (2—4, 6-8). A deficiency of ABCA1
impedes with cholesterol efflux by macrophages, resulting in “macrophage foam cells” containing
numerous cholesterol ester-rich cytosolic droplets (9—12). Another potential mechanism for
cholesterol efflux is the direct release of cholesterol-rich particles from the plasma membrane.
Using a cholesterol-specific monoclonal antibody and immunocytochemical approaches, the
laboratory of Howard Kruth showed that cultured human monocyte—derived macrophages release
“cholesterol microdomains” onto the surrounding substrate (13—17). The release of these
microdomains was impaired by reduced expression of ABC transporters (13, 14, 16, 17). Recently,
He and coworkers demonstrated, by scanning electron microscopy (SEM), that large numbers of
~30-nm vesicular particles are released from the plasma membrane of the filopodia and
lamellipodia of primary mouse macrophages and a mouse macrophage cell line (18). The particles
were released directly from the plasma membrane onto the surrounding substrate in a process that
morphologically resembles “plasma membrane budding.” The particles were enriched in
“accessible cholesterol” (18), a mobile pool of plasma membrane cholesterol that can be detected
by ALO-D4, a modified cholesterol-binding cytolysin (19). The accessible cholesterol content of
the particles could be increased by loading macrophages with cholesterol or by treating the cells
with a liver X receptor agonist (18). The cholesterol content of macrophages as well as the particles

on the surrounding substrate could be depleted by an overnight incubation with HDL (18).

The electron microscopy studies by He and coworkers were instructive because they revealed,

at high resolution, the deposition of plasma membrane—derived particles onto the substrate around
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macrophages. However, the mechanism for particle release was unclear. One possibility was that
particle budding is actively driven by the entry of cholesterol into a plasma membrane
microdomain, causing outward ballooning of the microdomain and ultimately to the release of a
lipid-rich particle. A second possibility posed by He and coworkers (18) was that the particles
represent pieces of the plasma membrane that were tightly affixed to the underlying substrate and
then were “torn away and left behind” during the movement of macrophage filopodia and
lamellipodia. According to this scenario, the particles would presumably contain plasma

membrane lipids as well as a variety of plasma membrane—associated proteins.

In the current study, we used live-cell microscopy and scanning electron microscopy to
examine the mechanism for the release of particles from the macrophage plasma membrane. We
also analyzed the protein content of particles. Finally, we used two different cholesterol-binding
cytolysins (one specific for accessible cholesterol and the other for sphingomyelin-sequestered
cholesterol), along with fluorescence microscopy and NanoSIMS imaging, to characterize the

cholesterol pools in the plasma membrane—derived particles surrounding macrophages.
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Results

Macrophages release plasma membrane—derived particles during movement of filopodia and

lamellipodia

Mouse peritoneal macrophages, when plated in culture, release numerous vesicular particles onto
the surrounding substrate (18). In the current studies, we again observed, by SEM, that particles
are released from macrophage filopodia and lamellipodia by a process that morphologically
resembles budding (Figure 1). Because the budding particles adhere to the underlying substrate,
we imagined that the particles might simply be pieces of the plasma membrane that are torn away
and left behind during movement of filopodia and lamellipodia. To explore this idea, we plated
thioglycollate-elicited mouse peritoneal macrophages onto gridded glass bottom MatTek dishes
and then recorded images of cells by live-cell light microscopy, allowing us to document the
projection and retraction of filopodia/lamellipodia. The same cells were then imaged by SEM. By
SEM, we observed lawns of 30—40-nm particles on the substrate surrounding macrophages, often
located primarily on one pole of the cell. The lawns of particles were invariably located in regions
where we had observed (by live cell imaging) the extension and retraction of

filopodia/lamellipodia (Figure 2, Supplemental video file 1-2).

To investigate if the extension and retraction of filopodia/lamellipodia is essential for particle
release, cell movement was blocked by treating macrophages with an actin depolymerizing agent
(latrunculin A, 5 uM) or a myosin II inhibitor (blebbistatin, 30 uM). Live cell imaging showed
that macrophages treated with either drug were unable to extend their filopodia (Supplement video

file 3-8).

One group of macrophages was incubated with latrunculin A or blebbistatin in macrophage
medium containing 10% FBS for 1 h in suspension (“pre-treatment”), then plated onto poly-D-
lysine—coated silicon wafers and incubated with the drugs overnight (Figure 3). Both latrunculin
A and blebbistatin abolished particle release (Figure 3). A second group was plated and allowed

to adhere for 1 h before adding the drugs (“post-adherence) (Figure 3). In the latrunculin A—treated
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cells, we observed a “ring” of particles around the cell, left behind on the substrate as the
membrane retracted (due to the actin depolymerization) (Figure 3A). Adding blebbistatin after the
cells had adhered eliminated particle release (Figure 3B). Cells treated with vehicle alone (DMSO)
released large numbers of particles onto substrate (Figure 3). As an additional control,
macrophages that had been incubated with the drugs overnight were washed and then incubated
for an additional 18 h in the absence of drugs. The morphology of those cells returned to normal

and the release of particles resumed (Figure 3).

Macrophage particles contain plasma membrane proteins and are enriched in proteins related to

focal adhesions

An earlier study revealed that the particles released by ["*C]cholesterol-loaded macrophages
contained [°C]cholesterol (18), consistent with high levels of cholesterol in plasma membrane
lipids. However, given that the particles are derived from the plasma membrane, we suspected that
they would also contain proteins. Two lines of experimentation lended support for this idea. First,
we biotinylated the cell-surface proteins of macrophages in solution with sulfo-NHS-SS-biotin and
then plated the macrophages onto coverslips for immunocytochemistry and SEM analyses. By
super resolution STED microscopy, the lawn of particles outside of macrophages was readily
bound with fluorescently labeled streptavidin, colocalizing with fluorescently labeled ALO-D4
(which binds to the accessible pool of cholesterol) (Figure 4). Also, by SEM, we observed binding
of streptavidin-conjugated 40-nm gold nanoparticles to macrophage-derived particles outside of
the cell (Figure 5). No gold particles were observed in macrophages that were not biotinylated
(Figure 5). Second, by NanoSIMS, the lawn of particles outside of macrophages contained **S,
which is found in all cellular proteins (Figure 6). In light of those observations, we prepared
particles and plasma membrane preparations from biotinylated RAW 264.7 mouse macrophages
(as described in the Methods) and then performed shotgun proteomics studies. By negative staining
transmission electron microscopy (TEM), the sizes of particles in the particle preparations

resembled those in the SEM images (Figure 7). Not surprisingly, TEMs of plasma membrane
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preparations revealed aggregates of membranous material (Figure 7B). Shotgun proteomic studies
on three independent particle preparations showed that they were enriched in proteins of focal
adhesions and cytoskeletal components (Figure 8A-B). When we confined our analyses to the top
75™ percentile of proteins by spectral count, we identified 653 proteins from the particle fraction
and 715 proteins from the plasma membrane fraction, with 502 proteins present in both fractions
(Figure 8C). When these proteins were annotated by Gene Ontology (GO) cellular components
2018, the particles were enriched in focal adhesion proteins (Figure 8A). The top 15 focal adhesion
related proteins, as annotated by gene ontology, were abundant in both the particle fraction and
the plasma membrane fraction (Figure 8D), but the majority were relatively more enriched in

particles (Figure 8D).
Inhibition of focal adhesion disassembly increases macrophage particle release

Focal adhesions are macromolecular assemblies that link the actin cytoskeleton within cells to the
extracellular substrate. Given the presence of focal adhesion proteins and cytoskeletal proteins in
vesicular particles, we presume that these particles are released when focal adhesions complexes
are torn away and left behind on the substrate during the movement of filopodia/lamellipodia. We
further test this by treating peritoneal macrophages with two drugs that inhibited focal adhesion
disassembly. Focal adhesion kinase (FAK) and clathrin have both been shown to be essential in
disassembly of focal adhesions. Phosphorylation of Tyr397 of FAK is one of the first events that
must occur in order to initiate the disassembly process, while clathrin-dependent endocytosis of
integrin and focal adhesion proteins is a later step in the focal adhesion disassembly pathway. In
macrophages treated with FAK inhibitor and clathrin inhibitor, we saw both an increased number
of particles left behind outside of macrophages and an increased number of macrophages
surrounded by lawns of particles compared to DMSO control (Supplemental Figure 1). Live cell
microscopy showed that macrophages treated with these inhibitors retained their ability to move
their filopodia and lamellipodia (Supplement video file 9—11). We also tested whether cholesterol

content of macrophages has an effect on macrophage particle release. When we loaded the
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macrophages with 50 pg/ml of acLDL, we documented larger lawns of particles surrounding the
macrophage compared to nonloaded macrophages (Supplemental Figure 2). This increase in
particle number was associated with increased macrophage motion by live cell microscopy
(Supplement video file 9, 12—-13). When we treated acLDL loaded macrophages with FAK
inhibitor, we observed an even larger increase in number of particles outside macrophages

(Supplemental Figure 2).

Macrophage-derived particles are enriched in accessible cholesterol but not inaccessible

cholesterol

To confirm that the particles left behind during macrophage filopodia and lamellipodia movement
are the same lawn of particles enriched in ALO-D4, we performed correlative live cell, SEM, and
NanoSIMS imaging. Indeed NanoSIMS imaging after [°"N]JALO-D4 binding revealed that these
particles left behind during macrophage membrane movement were highly enriched in ['’N]JALO-
D4 (Figure 9, Supplement video file 14—15). We next wondered if macrophage-derived particles
were also enriched in other types of cholesterol. By taking advantaging of another cytolysin
(OlyA), which binds only to sphingomyelin-sequestered cholesterol, we performed super-
resolution STED microscopy and correlative NanoSIMS imaging to determine if macrophage-
derived particles were enriched in both accessible and sphingomyelin-sequestered cholesterol.
STED imaging revealed that particles were highly enriched in accessible cholesterol (detected by
fluorescently labeled ALO-D4) but not sphingomyelin-sequestered cholesterol (detected by
fluorescently labeled OlyA) (Figure 10). STED microscopy using fluorescently labeled ALO-D4
and lysenin (which binds to sphingomyelin) showed a similar pattern of cholesterol distribution
(Supplemental Figure 3). We found similar results with NanoSIMS imaging. [°’NJALO-D4 bound
preferentially to the lawn of particles outside of the cell while [?C]OlyA bound strongly to areas
at the edges of the macrophage plasma membrane (Figure 11, Supplemental Figure 4 and 7). Cells
that were treated with FAK inhibitor did not alter this distribution of accessible and

sphingomyelin-bound cholesterol (Supplemental Figure 5-7).
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In a separate experiment, macrophages were treated with latrunculin A before performing
STED microscopy. STED images revealed a similar binding of ALO-D4 and OlyA on the cell
body in macrophages “pre-treated” with latrunculin A (Figure 12). There was no binding of ALO-
D4 or OlyA to areas outside of the macrophage (Figure 12). In macrophages that were treated with
latruculin A “post-adherence”, we observed a “ring” of ALO-D4 signal outside of the macrophage,
corresponding to the “ring” of particles observed previously by SEM. This “ring” was not

detectable by OlyA (Figure 12).
Macrophages release cholesterol-rich particles on collagen

In most of our studies, macrophages were plated onto poly-D-lysine coated substrates. To
determine if macrophages could release particles in a more physiologic condition, we plated
macrophages onto glass coverslips that were coated with a polymerized collagen IV matrix.
Immunogold SEM of biotinylated macrophages revealed that macrophages indeed released
particles onto collagen fibers, detectable by gold-conjugated streptavidin (Figure 13A). We also
observed by STED microscopy that macrophage plated onto fluorescently labeled collagen IV
matrix released particles onto the collagen, detectable by both fluorescently labeled ALO-D4 and

streptavidin (Figure 13B).
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Discussion

In the current study, we sought to better understand the genesis of macrophage-derived particles.
By using correlative live cell light microscopy, SEM, and NanoSIMS imaging, we identified that
macrophages constantly project and retract their filopodia and lamellipodia, leaving behind
accessible cholesterol-rich particles in the process. Using scanning electron microscopy, we
documented that macrophages immobilized by treatment with an actin depolymerizing agent
(latrunculin A) or myosin II (blebbistatin) released no particles onto the surrounding substrate.
Lack of particle release during latrunculin A and blebbistatin treatments suggest that movement is

required for particle release.

One crucial issue was whether these particles were simply “microdomains” of cholesterol
left behind by the cell or whether they contain proteins and other lipids. STED microscopy and
immunogold SEM studies on macrophages that had their surface membrane proteins biotinylated
revealed that the particles released from these macrophages were detectable by streptavidin.
Particles were also seen to have high amount of **S content. By isolating macrophage-derived
particles and performing shotgun proteomics, we discovered that particles contained hundreds of
proteins. Most of these proteins were also found in the plasma membrane preparation, consistent
with our findings that particles are derived from the plasma membrane. There were also a few
hundred proteins that were not present in the plasma membrane preparation. These proteins were
generally categorized under granule or vesicle lumen, presumably proteins that came from the
cytoplasm of the macrophage. Particles were highly enriched in proteins associated with focal
adhesions and we hypothesized that particles form when areas of tight association between plasma
membrane and substrate (focal adhesions) are left behind as the macrophage pulls away. Normally,
most focal adhesions are recycled by an incompletely understood disassembly mechanism. Two
of the proteins that are essential in the disassembly process are focal adhesion kinase (FAK) and
clathrin. Drug inhibition of these proteins caused increase in particle release from macrophage,

supporting the idea that particles are formed from tightly adherent membranes left behind.
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Consistent with previous studies by He and coworkers (18), we showed that macrophage-
derived particles were enriched in a pool of accessible cholesterol, detectable by ALO-DA4.
Radhakrishnan and coworkers recently demonstrated that the cytolysin, OlyA, binds to a pool of
sphingomyelin-bound cholesterol on the plasma membrane (20). Our studies revealed that
particles released by macrophages were not enriched in OlyA. In fact, OlyA bound preferentially
to actin cytoskeleton rich areas at the edges of the plasma membrane. We do not completely
understand why macrophage-derived particles are highly enriched in accessible cholesterol but not
in sphingomyelin-sequestered cholesterol. Several studies have shown that actin filaments and
other cytoskeletal proteins directly attach to lipids in the plasma membrane. Raghupathy et al.
showed that actin filaments are able to immobilize phosphotidylserine on the inner leaflet of the
plasma membrane, which in turn couples to long acyl chain fatty acids and GPI anchored proteins
on the outer leaflet (21). A separate study by Garg et al. (22) demonstrated that physisorbed actin
filaments are able to perturb lipid-lipid phase separation in lipid domains containing
phosphatidylserine and cholesterol, but not in domains containing phosphatidylglycerol and
cholesterol. They suggested a concept of competing interactions between actin and
phosphatidylserine lipids and between phosphatidylserine lipids and cholesterol (22). We believe
that as the macrophage retracts its membranes, the actin filaments pull on the phosphatidylserine
on the inner leaflet, resulting in pulling of the sphingomyelin in the outer leaflet and any cholesterol
that was bound to the sphingomyelin (i.e., inaccessible cholesterol). Cholesterol that is not tightly

bound (i.e., accessible cholesterol) is left behind in particles on the substrate.

One limitation of our study is that all experiments were performed using cultured
macrophages. Whether macrophages release particles in vivo is unknown. However, the fact that
macrophages are able to leave cholesterol-rich particles on a polymerized type IV collagen matrix
suggest that particle release may occurs by resident macrophages in tissues. Macrophages normally
migrate on basement membranes and epithelium surfaces of vessel wall as they scavenge for

senescent erythrocytes or as they migrate along the arterial intima in an atherosclerotic plaque. The
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release of particles from lipid-laden macrophages as they migrate could be a mechanism for
unloading cholesterol for reverse cholesterol transport. In addition, if macrophages are able to
directly transfer particles onto another cell during cell contact, this would drastically increase the

ability of macrophages to offload excess cholesterol to another cell.

115



Methods
Mouse peritoneal macrophages

Wild-type C57BL/6 mice were injected intraperitoneally with 1 ml of 3% Difco Fluid
Thioglycollate Medium (Becton, Dickinson and Co.). Three days later, macrophages were
harvested by peritoneal lavage with 10 ml of cold Dulbecco’s Phosphate Buffered Saline (PBS).
Cells were centrifuged at 400 x g for 5 min at 4°C, incubated with red blood cell lysing buffer
(Sigma), and washed 2 times with cold PBS. Macrophages were plated onto FBS-coated Petri
dishes (8 x 10° cell per dish) and incubated overnight in Dulbecco’s Minimal Eagle Medium
supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, and 1% glutamine. The
next day, macrophages were lifted by incubating with PBS containing 5 mM EDTA for 30 min at
4°C. For fluorescence microscopy, cells were plated onto glass coverslips in 24-well plates (75,000
cells/well). For SEM and NanoSIMS, cells were plated onto 0.5-cm” silicon wafers in 24-well
plates (75,000 cells/well). For correlative live cell, scanning electron microscopy, and NanoSIMS,
cells were plated onto 35-mm glass-bottom gridded Petri dishes (50,000 cell/dish; MatTek). All

substrates were sterilized and coated with 0.1 mg/ml of poly-D-lysine.
Correlative light microscopy, scanning electron microcopy, and NanoSIMS imaging

35-mm glass-bottom gridded Petri dishes (MatTek) were sputter coated with ~ 4 nm of iridium
using an ion-beam sputtering system (South Bay Technologies). Dishes were then washed 3 times
for 5 min with 100% ethanol, air dried, and then coated with 0.1 mg/ml poly-D-lysine for overnight
at 4°C. The next day, the dish is rinsed three times with sterile water, dried, and peritoneal
macrophages were plated at 50,000 cells per dish. Live cell movies were captured using a Zeiss
LSMS800 confocal microscope with a Plan Apochromat 20x/0.80 objective. The incubation
chamber was maintained at 37°C and 5% CO, using TempModule S1 (Zeiss) and CO, Module S1
(Zeiss). Cells were located using the grids inscribed onto the dishes and images were captured at
5 min intervals for 24 h. After 24 h, cells were washed with PBS/Ca/Mg containing 0.2% BSA
three times for 2 min, then incubated with [ °NJALO-D4 (20 ug/ml in PBS + 0.2% BSA) for 2 h
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at 4°C. In some experiments, [ “C]OlyA (20 pg/ml in PBS + 0.2% BSA) was included in addition
to the [’NJALO-D4. Next, cells were washed three times for 2 min with PBS + 0.2% BSA, then
fixed with 3.7% paraformaldehyde (Electron Microscopy Sciences) and 2.5% glutaraldehyde
(Electron Microscopy Sciences) in 0.1M sodium cacodylate (pH 7.4) for 1 h on ice. Cells were
washed with 0.1M sodium cacodylate (pH 7.4) three times for 5 min, then fixed with 2% OsO4
(Electron Microscopy Sciences) in 0.1M sodium cacodylate on ice for 1 h. Samples were rinsed
three times for 5 min with distilled water, dehydrated with increasing amounts of ethanol (30, 50,
70, 85, 95, and 100%; 3 x 10 min), and air dried. The glass coverslip attached to the bottom side
of the Petri dish was removed using a Coverglass Removal Fluid (MatTek). The detached
coverglass was placed onto a pin stub using Pelco colloidal silver (Ted Pella, Inc.), then coated
with ~5 nm of iridium. Samples were imaged using a Zeiss Supra 40VP scanning electron
microscope with a 3-KeV incident beam, using the grids on the coverglass to image the exact cells
found by live cell imaging. Next, the cells were analyzed with a NanoSIMS 50L instrument
(CAMECA). Samples were scanned with a 16-KeV 133Cs* beam, and secondary electrons (SEs)
and secondary ions (12C-, 13C-,12C14N- 2 CPN, 32S) were collected. A 50 x 50-pum region of the
section was pre-sputtered with a ~1.2-nA beam current (primary aperture D1=1) to reach a dose
of ~1 x 107 ions/cm? to remove the iridium coating and implant 133Cs* to ensure a steady state of
secondary ion release. A ~25 x 25-um region was imaged with an ~3-pA beam current (primary
aperture D1=2) and a dwell time of ~1 ms/pixel per frame for multiple frames. 512 % 512—pixel
images were obtained. Images were prepared using the OpenMIMS plugin in ImageJ. SN/4N and

13C/12C ratios images were used to identify areas of enrichment of ['’N]JALO-D4 and [°C]OlyA.
Macrophage particle isolation

RAW 264.7 macrophages were plated onto ten T175 cell culture flasks (Corning) overnight in
DMEM media containing 1% lipoprotein deficient serum (Alfa Aesar), 1% glutamine, and 1%
sodium pyruvate. The next day, cells were washed two times with ice-cold PBS, then incubated

for 30 min at 4°C in PBS containing 10 mM EZ-link Sulfo-NHS-SS-biotin (ThermoFisher). The
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biotinylation reaction was stopped using Quenching Buffer (ThermoFisher). Cells were then
washed 3 times for 5 min with PBS, lifted by incubated in PBS containing SmM EDTA, and
centrifuged at 1000 x g for 5 min. The supernatant was filtered through a 0.22 pm filter and then
incubated with 1 mL of NeutrAvidin beads (ThermoFisher) for 1 h at 4°C. The pellet was sonicated
at low power (1.5) on ice five cycles of 45 sec on and 30 sec off. The pellet was added to PBS
containing 250 mM sucrose and centrifuged at 3000 x g for 10 min at 4°C. The supernatant was
then incubated with 1 mL of NeutrAvidin beads for 1 h at 4°C. The beads containing the particles
and cell membrane were then packed into 2 mL columns and the sample was allowed to flow
though. The columns were then washed 3 times (4 mL each) with PBS containing 0.2% Triton X-
100. Particles and cell membrane were eluted with 500 uL of PBS containing 50 mM dithiothreitol

(DTT).
Negative stain transmission electron microscopy

A freshly glow-discharged copper grid that has been coated with formvar and carbon (EMS) is
held with tweezers. 5 pl of PBS containing 50 mM DTT is pipetted directly onto the grid and
immediately blotted off using filter paper (Whatman #1). Next, 5 pl of the solution containing the
particles, plasma membrane, or PBS only control was added and allowed to adsorb for 1 min before
blotting off. Then, 5 ul of 2% uranyl acetate is pipetted onto the grid and blotted off followed by
another 5 pl of 2% uranyl acetate which is allowed to incubate for Imin before being blotted dry.
Grids were imaged using an FEI Tecnai T12 set to 120kV accelerating voltage equipped with a

Gatan 2k x 2k CCD detector.
Drug treatment of macrophages

Thioglycollate elicited peritoneal macrophages were plated onto FBS coated Petri dishes in
DMEM medium containing 10% FBS, 1% glutamine, and 1% sodium pyruvate for overnight at
37°C. The next day, macrophages were lifted by incubation with PBS containing 5mM EDTA.
Macrophages were then incubated for 1 h in suspension in macrophage growth medium containing

5 uM latrunculin A (Sigma), 30 uM blebbistain (Sigma), 2 uM focal adhesion kinase (FAK)
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inhibitor (Calbiochem) or 20 uM clathrin inhibitor (Abcam). All drugs are diluted in DMSO. After
1 h, macrophages and drug media were plated onto poly-D-lysine coated substrates (silicon wafers
or glass bottom MatTek dish for SEM and NanoSIMS imaging; glass coverslips for confocal
microscopy) and incubated for 24 h. In some experiments, macrophages were plated first onto the
poly-D-lysine coated substrate and allowed to adhere for 1 h in macrophage media without drugs.

Media were then removed and cells were re-incubated in medium containing drugs for 24 h.
Shotgun Proteomics

Protein samples were resuspended in 8M urea in 100 mM Tris pH 8.5 and reduced, alkylated and
digested by the sequential addition of lys-C and trypsin proteases as previously described (23, 24).
The digested peptide solution was fractionated using strong-cation exchange and reverse phase
chromatography then eluted directly into an LTQ-Orbitrap mass spectrometer (ThermoFisher).
MS/MS spectra were collected and subsequently analyzed using the ProLuCID and DTASelect
algorithms (25, 26). Database searches were performed against a mouse database. Protein and
peptide identifications were further filtered with a false positive rate of less than 5% as estimated
by a decoy database strategy. Normalized spectral abundance factor (NSAF) values were
calculated as described (27). Analysis of other potential background contaminants was performed

using CRAPome (28). Gene-annotation enrichment analysis was performed using Enrichr (29, 30).
Immunogold SEM of macrophage particles

Peritoneal macrophages were grown on FBS coated Petri dishes overnight in DMEM containing
10% FBS, 1% glutamine, and 1% sodium pyruvate. The next day, cells were washed and lifted by
incubating in PBS containing 50 uM EDTA for 30 min at 4°C, then washed 3 times with PBS.
Cells were then incubated in PBS containing 0.25 mg/ml of Sulfo-NHS-SS-Biotin (ThermoFisher)
for 20 min at 4°C. One ml of biotin solution was used per 1 x 10° cells. Cells were pelleted at 300
x g and washed 3 times with 10 ml of PBS before plating onto glass-bottom MatTek dishes. Cells
were incubated for 24 h in macrophage growth media. Next day, cells were washed three times

with PBS, then fixed with 4% PFA and 0.1% glutaraldehyde in PBS for 1 h at 4°C. Cells were
g y
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washed three times for 5 min with PBS, blocked with PBS containing 5% donkey serum, 5% BSA,
and 0.1% cold water fish skin gelatin (Electron Microscopy Sciences) for 1 h at room temperature,
and then incubated with 40-nm gold—conjugated streptavidin (Abcam) for 2 h at 4°C. Samples
were then washed three times 5 min with blocking bluffer and then fixed with 1% glutaraldehyde
for 10 min on ice. Cells were washed five times for 2 min with PBS, then fixed with 2% osmium
tetroxide for 45 min on ice. Cells were then washed three times 5 min with ice-cold water and then
dehydrated using a graded concentration of ethanol. Secondary electron and backscatter electron
images were taken with a Zeiss Supra 40VP scanning electron microscope with a 5-KeV incident

beam with a backscatter detector.
Immunocytochemistry of macrophage particles

Peritoneal macrophages were plated onto glass coverslips coated with 0.1 mg/ml poly-D-lysine.
Cells were incubated for 24 h in DMEM containing 10% FBS, 1% glutamine, and 1% sodium
pyruvate. In some experiments, the 10% FBS was replaced with 1% LPDS (Alfa Aesar) and 50
pg/ml of acLDL (Alfa Aesar). The next day, cells were washed three times for 5 min with PBS
containing Ca*" and Mg®" (PBS/Ca/Mg) and 0.2% bovine serum albumin (BSA), then incubated
for 2 h at 4°C with an Alexa Fluor 488—conjugated ALO-D4 and an Atto 647N—conjugated OlyA
(20 pg/ml each diluted in PBS/Ca/Mg + 0.2% BSA). In some experiments, cells were incubated
with Alexa Fluor 488—conjugated ALO-D4 (20 pg/ml) and Atto 647N—conjugated streptavidin
(Sigma; 1/100). In other experiments, cells were incubated with Alexa Fluor 488—conjugated
ALO-D4 (20 pg/ml) and mCherry-conjugated lysenin (10 pg/ml). Next, cells were washed three
times 2 min with PBS/Ca/Mg containing 0.2% BSA, fixed with 3% PFA, and mounted onto glass
slides with Prolong Gold mounting media (ThermoFisher). Images were taken with a Leica TCS
SP8 STED 3X confocal microscope using a 100x/1.4 objective. The white light laser and depletion
lasers were aligned prior to imaging. Alexa Fluor 488 images were obtained using a 488-nm white
light laser and a 592-nm depletion laser. Atto 647N images were obtained using a 647-nm white

light laser and a 775-nm depletion laser. Sequential scans were taken at 2048 x 2048 pixels.
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Plating macrophage on collagen

Collagen IV from human placenta was directly labeled with an Alexa Fluor 647 fluorophore
(ThermoFisher). Alexa Fluor 647—conjugated collagen IV (1mg/ml) was added onto the glass
bottom MatTek dishes on ice. Dishes were incubated overnight at 37°C and 5% CO, to induce
polymerization. The next day, excess collagen was removed and dishes were rinsed three times
with PBS before fixing the collagen with 0.1% glutaraldehyde in PBS. Dishes were washed ten
times for 6 min with PBS. Macrophage were then plated onto collagen IV coated dishes (50,000
cell/dish) in macrophage growth medium containing 10% FBS for 24 h. The next day, cells were
either incubated with gold-conjugated streptavidin for SEM or Alexa Fluor 568—conjugated
streptavidin and Alexa Fluor 488—conjugated ALO-D4 for confocal microscopy (described

above).
Statistics

Statistical analyses of data were performed with GraphPad Prism 7.0 software. All data are shown
as the means+ standard deviations. Differences were assessed using a Student’s z-test with

Welch’s correction.
Study approval

Animal housing and experimental protocols were approved by UCLA’s Animal Research
Committee. The animals were housed in an AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care International)-approved facility and cared for according
to guidelines established by UCLA’s Animal Research Committee. The mice were fed a chow diet

and housed in a barrier facility with a 12-h light-dark cycle.
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Figures and Figure Legends

Figure 1: Macrophages release particles from the plasma membrane by a process that
resembles budding. Upper left, scanning electron micrograph of a mouse peritoneal macrophage
(yellow arrow), revealing a lawn of ~30-nm particles on the surrounding substrate. A higher
magnification image of region in the white box is depicted in the image on the upper right. Higher
magnification images of the regions in the yellow and blue boxes are shown below. Red arrows
show the formation and release of particles from macrophage filopodia. Scale bar for the top two
images, 2 um. Scale bar for the bottom two images, 500 nm.
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Live cell SEM

Figure 2: Macrophages release particles during movement (extension and retraction) of
filopodia and lamellipodia. Correlative live-cell and scanning electron imaging show that
movement of macrophage filopodia and lamellipodia is associated with the release of particles
onto the substrate. Cells were plated onto poly-D-lysine—coated gridded glass-bottom Petri dishes,
and movies were recorded for 24 h at 5-min intervals (Supplemental video files 1-2). White arrows
in the movies point to the cell that was visualized by SEM, and the red arrow in the movies points
to the region of the cell that was subsequently visualized by scanning electron microscopy (SEM).
The “Live cell” image show the final frame of the movies. The imaging of cells by SEM made it
possible to visualize particles that had been released onto the substrate. A higher magnification
image of the region in the red box is shown on the right. Scale bar, 5 pm.
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Figure 3. Inhibiting macrophage movement with latrunuclin A or blebbistatin abolishes
release of particles onto the surrounding substrate. Scanning electron micrographs of mouse
peritoneal macrophages treated with latrunculin A (A) or blebbistatin (B), revealing an absence of
particles on the surrounding substrate. Macrophages were treated with latrunculin A or blebbistatin
overnight, with the treatments starting when the cells were in suspension 1 h prior to plating (pre-
treatment) or starting 1 h after plating when the cells were adherent (post-adherence). Drugs were
removed from some dishes on the following day, and cells were incubated for an additional 18 h
in the absence of drugs. After removal of drugs, particles were deposited on the substrate. As a
control, macrophages were treated with vehicle alone (DMSO control). Scale bars for images on
the left in each panel are 4 um. Scale bars for the images in the middle and right of each panel are
I pm.
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Streptavidin

Figure 4. Particles released from macrophages are released from the plasma membrane and
are enriched in accessible cholesterol. The plasma membrane proteins of mouse peritoneal
macrophages were biotinylated with sulfo-NHS-SS-biotin. Next, the cells were plated onto glass
coverslips and incubated overnight in macrophage growth medium containing 10% FBS. On the
next day, the cells were incubated with Atto 647N—conjugated streptavidin (red) and Alexa Fluor
488—conjugated ALO-D4 (green). Cells were then fixed with 3% PFA and imaged with a super-
resolution STED microscope. ALO-D4 and streptavidin bound to the cells as well as the lawn of
vesicular particles on the substrate. Scale bar, 5 um.
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Figure 5. Visualization, by scanning EM, of particles released from the plasma membrane of
macrophages. After biotinylating the plasma membrane of mouse peritoneal macrophages with
sulfo-NHS-SS-biotin, cells were plated onto glass coverslips. On the following day, the cells were
incubated with 40-nm gold—conjugated streptavidin. Cells were then fixed with 1% glutaraldehyde
and processed for SEM. Secondary electron (SE) images revealed gold particles on the
macrophage cell body, filopodia, and the plasma membrane—derived particles on the substrate.
Backscatter secondary electron (BSE) images revealed colocalization of gold particles with the
particles on substrate. As a control, we examined binding of the gold-conjugated streptavidin to

macrophages that had not been biotinylated. Scale bar, 1 pm.
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Figure 6. Correlative SEM and NanoSIMS imaging of macrophages and the plasma
membrane—derived particles on the surrounding substrate. Mouse peritoneal macrophages
were plated onto iridium and poly-D-lysine—coated gridded glass-bottom Petri dishes and
incubated in medium containing 10% FBS for 24 h. Cells were then incubated with ["'N]JALO-D4
for 2 h. After recording SEM images, the same cells were imaged by NanoSIMS. Particles on the
surrounding substrates were easily detectable with '°C", '*C'*N", and **S” NanoSIMS images.
Avid binding of [ °"NJALO-D4 to the lawn of particles was evident in a ’N/'*N ratio image. Scale
bar, 5 um.
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Plasma Membrane Particles

Blank

Figure 7. Isolation of particles released onto the substrate by RAW 264.7 macrophages. (A)
RAW 264.7 macrophages were plated onto poly-D-lysine—coated silicon wafers. SEM images
revealed large numbers of vesicular particles attached to the substrate surrounding macrophages.
Higher magnification images of the boxed regions are shown below. Scale bar, 1 um. (B) RAW
macrophages were plated in tissue culture flasks, and both macrophages and macrophage-derived
particles were biotinylated with sulfo-NHS-SS-biotin. The cells and the particles were released
from the substrate with EDTA. The biotinylated particles along with the plasma membranes were
separated by density gradient ultracentrifugation. Both the particle and plasma membrane fractions
were captured on Neutravidin beads, washed, and then released from the beads with 50 mM DTT.
Particle and plasma membrane fractions were placed on carbon/formar TEM grids, negatively
stained with 2% uranyl acetate and visualized by transmission electron microscopy. Particles were
20—-80 nm in diameter. Images of the plasma membrane fractions revealed aggregated membranous
material. A blank grid, which was also subjected to negative staining, revealed an absence of
particles or membranes. Scale bar, 100 nm.
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Focal adhesion related proteins

Figure 8. An enrichment in proteins of focal adhesion complexes in particles released by
macrophages. The macrophage particles and plasma membrane fractions were analyzed by
shotgun proteomics. The most abundant proteins (the top 75" percentile of proteins by spectral
counts) were analyzed by Enrichr and categorized by GO Cellular Components 2018. (A) Analysis
of proteins in macrophage particles (n = 653) by GO categories. (B) Analysis of proteins in
macrophage plasma membranes (n = 715) by GO categories. The top 10 cellular components were
ordered by level of statistical significance. (C) Venn diagram depicting the number of proteins in
the particle fraction only, the plasma membrane fraction only, or both. (D) Bar graph showing the
top 15 focal adhesion complex—related proteins by the normalized spectral abundance factor
(NSAF) multiplied by 10,000. The particle fraction is shown in blue, and the plasma membrane
fraction is shown in orange. The bar graph shows the mean + SD for three independent proteomic
studies.
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Figure 9. Correlative live-cell, scanning EM, and NanoSIMS imaging, revealing that the
particles released onto the substrate during the movement of filopodia are enriched in
accessible cholesterol. RAW 264.7 macrophages were plated onto iridium- and poly-D-lysine—
coated gridded glass bottom Petri dishes. Movies were recorded for 24 h at 5-min intervals. “Live
cell” images show the final frame of movies (Supplemental files 14—15); white arrows point the
the cell that was subsequently visualized by SEM and NanoSIMS. After live-cell imaging, cells
were incubated with [’NJALO-D4 (a modified cytolysin that binds to "accessible cholesterol”).
The same cells that were imaged by video microscopy were imaged by SEM to visualize particles
and subsequently by NanoSIMS to visualize ['’N]JALO-D4 binding. The particles left behind on
the substrate during movement of lamellipodia and filopodia bound [ °NJALO-D4 avidly and were
therefore enriched in “accessible” cholesterol. *C'*N™ NanoSIMS images were used to visualize
cell morphology; the ’N/"*N images depict '°N enrichment (i.e., binding of ['"N]JALO-D4). The
boxed region of the SEM and NanoSIMS images is shown at higher magnification in the HM-
SEM image. Scale bar, 500 nm.
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Figure 10. Particles released by macrophages onto the surrounding substrate are enriched
in accessible cholesterol but not sphingomyelin-bound cholesterol. Peritoneal macrophages
were plated onto poly-D-lysine—coated glass coverslips and incubated overnight in medium
containing 10% FBS and either an FAK inhibitor, a clathrin inhibitor, or DMSO alone (DMSO
control). On the next day, the cells were incubated with Alexa Fluor 488—conjugated ALO-D4, a
marker of accessible cholesterol (green) and Atto 647N—conjugated OlyA, which binds to
segphigomyelin-bound cholesterol (red) (both at 20 mg/ml). Cells were fixed with 3% PFA and
imaged with a super-resolution STED microscope. The lawn of particles surrounding macrophages
was easily detectable with ALO-D4 but not with OlyA. Scale bar, 5 um. A higher magnification
image of the boxed region is shown on the right. Scale bar, 2 pm.
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Figure 11. Correlative live-cell, SEM, and NanoSIMS imaging, demonstrating that particles
left on the substrate during movement of filopodia and lamellipodia are enriched in
accessible cholesterol but not sphingolipid-bound cholesterol. Mouse peritoneal macrophages
were plated onto iridium and poly-D-lysine—coated gridded glass-bottom Petri dishes, and movies
of cell movement were recorded for 24 h at 5-min intervals. The “Live cell” image shows the final
frame of the movies (Supplemental File X). After the live-cell imaging, the cells were then
incubated with ['"NJALO-D4 (which binds to accessible cholesterol) and ['*C]OlyA (which binds
to sphingomyelin-bound cholesterol. The cells were then imaged by SEM to visualize particles
and subsequently by NanoSIMS to visualize ["N]JALO-D4 and [ C]OlyA binding. The particles
left behind on the substrate were enriched in accessible cholesterol but not sphingomyelin-bound
cholesterol. '*C'*N™ images were useful for cell morphology. "N/'*N images show binding of
['"NJALO-D4; *C/"*C images show binding of ['*C]OlyA. Scale bar, 5 pm.
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Latrunculin A (post-adherance)

Figure 12. Incubating macrophages with latrunculin A alters the distribution of ALO-D4 on
mouse peritoneal macrophages. Peritoneal macrophages were plated onto poly-D-lysine—coated
glass coverslips and incubated with latrunculin A or vehicle alone (DMSO control). The incubation
of latrunculin A was initiated either 1 h prior to plating the cells (pre-treatment) or was added to
the cells 1 h after the cells had been plated and had adhered to the substrate (post-adherence). On
the next day, cells were incubated with Alexa Fluor 488—conjugated ALO-D4 and Atto 647N—
conjugated OlyA (20 mg/ml each). Cells were then fixed with 3% PFA and imaged with a STED
microscope. The lawn of particles surrounding macrophages could be visualized with ALO-D4
but not OlyA. In the post-adherence cells, a circumferential ring of ALO-D4 binding was detected,
reflecting ALO-D4 binding to particles released onto the substrate during retraction of the
macrophage cell body. Scale bar, 5 pm.
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Streptavidin Collagen IV

Figure 13. Macrophages release accessible cholesterol-rich particles onto a polymerized
collagen IV matrix. The surface of peritoneal macrophages was biotinylated with sulfo-NHS-SS-
biotin. The cells were then plated onto glass-bottom Petri dishes coated with polymerized Alexa
Fluor 647—conjugated collagen IV. (A) SEM images showing binding of 40-nm gold—conjugated
streptavidin to macrophages and macrophage-derived particles on the collagen substrate.
Secondary electron (SE) images show plasma membrane—derived particles on the collagen fibers
and the binding of gold particles to macrophage cell body, the filopodia, and plasma membrane—
derived particles. Backscatter secondary electron (BSE) images were useful for defining the
binding of gold nanoparticles. Scale bar, 2 um. (B) Cells were incubated with Alexa Fluor 488—
conjugated ALO-D4 and Alexa Fluor 568—conjugated streptavidin and then fixed with 3% PFA.
Images recorded with a STED microscope showed that particles detected with ALO-D4 (green)
and streptavidin (blue) were located on the collagen IV matrix (red). Scale bar, 5 um.
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Chapter 7

Conclusions and Future Directions
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Conclusion —GPIHBP1 and Plasma Triglyceride Metabolism

Although LPL has been recognized for decades as critical for plasma triglyceride
metabolism, the discovery of GPIHBP1 drastically changed our understanding of intravascular
lipolysis. We understand now that GPIHBP1 captures LPL in the interstitial spaces and
transports it to the capillary lumen (1-3). We now know that LPL is bound to GPIHBP1 in the
capillary lumen, and that the GPIHBP1-LPL complex is required for lipoprotein margination
and subsequent TRL processing (2, 4). A deficiency in GPIHBP1 causes LPL to be mislocalized
to the interstitial spaces, resulting in severe hypertriglyceridemia (1, 2). These studies of
GPIHBP1 performed in mice were crucial in our understanding of GPIHBP1’s role in
intravascular lipolysis, but continued efforts to understand GPIHBP1’s function, regulation, and
role in human disease are important. In the work described, we strived to understand GPIHBP1’s
interaction with LPL in humans and the role GPIHBP1 plays in different diseases such as
autoimmune disease and cancer.

In chapter 2, we created monoclonal antibodies against human GPIHBP1 to study the
expression and function of GPIHBP1 in human tissues. We generated 5 high affinity mAbs
against hGPIHBPI, four against the Ly6 domain and one against the acidic domain. These mAbs
were useful for three lines of investigation. First, we found that two mAbs against the Ly6
domain (RG3 and RE3) blocked the binding of LPL to GPIHBP1, whereas a mAb against the
acidic domain (RF4) did not. We also found that mAbs RG3 and RE3 bound with reduced
affinity to GPIHBP1-W109S, an “Ly6 domain mutant” that lacks the capacity to bind LPL.
These findings provided strong evidence that GPIHBP1’s Ly6 domain is responsible for the
high-affinity interaction with LPL. Second, using these mAbs, we performed

immunohistochemistry studies of human adipose tissue. We found that GPIHBP1 was expressed
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only in capillary endothelial cells and not in larger blood vessels, recapitulating the same
expression pattern observed previously in mice. This makes perfect sense from the standpoint of
lipoprotein physiology. GPIHBP1 expressed in capillaries —the blood vessels that are
immediately adjacent to adipocytes that secrete LPL —facilitates the capture of locally produced
LPL and serves to focus lipolytic activity to nearby parenchymal cells. Third, using these mAbs
in a sandwich ELISA, we found that GPIHBP1 can be detected in the plasma of normal subjects
but not subjects with GPIHBP1 deficiency. Although more work will need to be done to
determine why GPIHBP1 circulates in the plasma, the discovery that GPIHBP1 can be detected
in the plasma is exciting. Clinical lipidologists would now be able to test the utility of plasma
GPIHBP1 levels as a biomarker for metabolic and/or vascular disease. This was indeed the case
as reported in chapter 3.

Using this GPIHBP1 monoclonal antibody—based immunoassay Beigneux and coworkers
recently identified six patients with chylomicronemia caused by autoantibodies against
GPIHBP1 (“GPIHBPI autoantibody syndrome”) (5). They demonstrated that GPIHBP1
autoantibodies interfere with the ability of GPIHBP1 to bind LPL. However, the frequency of
GPIHBP1 autoantibody syndrome had not been clearly defined. Beigneux and coworkers
identified six cases of GPIHBP1 autoantibody syndrome from ~200 miscellaneous plasma
samples (5). In chapter 3, we screened an additional 33 patients with previously unexplained
hypertriglyceridemia for GPIHBP1 autoantibodies. We identified a single patient with GPIHBP1
autoantibody syndrome who was previously hospitalized for chylomicronemia and acute
pancreatitis. We found that the patient’s autoantibodies interfered with GPIHBP1’s ability to
bind LPL. Although further work in larger cohorts will be required to define the frequency of

GPIHBP1 autoantibody syndrome, this study suggested that this disease is not rare and that all
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clinical patients presenting with unexplained hypertriglyceridemia should be screen for
GPIHBP1 autoantibodies.

In chapter 4, we further took advantage of our human and mouse monoclonal antibodies
against GPIHBP1 to determine if GPIHBP1 is expressed in capillary endothelial cells of gliomas.
GPIHBP1 is expressed in capillary endothelial cells of all peripheral tissues (1-3). In contrast,
GPIHBPI1 is absent from capillaries of the brain parenchyma (2, 6, 7), which depends on glucose
for fuel (8). Despite the absence of GPIHBP1 expression in brain capillaries, we were curious
about the possibility that GPIHBP1 would be expressed in capillaries of gliomas, a brain
malignancy where capillaries are morphologically distinct from normal brain capillaries and the
blood—brain barrier is often defective. By immunohistochemistry, we documented GPIHBP1
expression in capillary endothelial cells of human gliomas and in capillaries of CT-2A gliomas
within the mouse cerebral cortex. In addition, immunohistochemistry studies also revealed that
LPL is bound to GPIHBPI in glioma capillaries, just as it is bound to GPIHBPI in capillaries of
heart and adipose tissue. This colocalization between GPIHBP1 and LPL implied that we might
find evidence for TRL margination and processing in the tumors. Indeed, after an intravenous
injection of [2H]TRLs, we observed, by NanoSIMS imaging, [2H]TRL margination along glioma
capillaries and the entry of TRL nutrients into the surrounding glioma cells. These findings of
fatty acid uptake were also observed after administering ['3C]fatty acids by gastric gavage.
Documenting GPIHBP1 and LPL in glioma capillaries, combined with the discovery that TRL-
derived nutrients are taken up and utilized by glioma cells, opens an entirely new chapter in
glioma metabolism research. However, more research will be needed to determine if GPIHBP1
and LPL in glioma capillaries could be medically important. For example, it is conceivable that

fluorescently labeled GPIHBP1 antibodies could guide surgical resection of tumors or local
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instillation of gold-conjugated GPIHBP1 monoclonal antibodies into tumors could help to
improve targeting of chemotherapeutic agents.

The discovery of GPIHBP1 has furthered our understanding of mechanisms for
intravascular lipolysis, but many questions still remain. The field needs to understand why
GPIHBP1 is expressed in capillaries but not in larger blood vessels and what factors control
GPIHBP1 expression. Are there paracrine factors secreted by parenchymal cells that turn on
GPIHBP1 expression? We need to investigate why GPIHBP1 expression is absent in capillaries
of the brain and how GPIHBP1 is turned on in gliomas. Does the brain parenchyma produce
factors that inhibit GPIHBP1 expression in brain capillaries or does the presence of the blood—
brain barrier prevent paracrine factors from activating GPIHBP1 expression? More research will
be needed to determine GPIHBP1’s role in lipid metabolism of other tumors and whether
targeting GPIHBP1 could lead to potential therapies. Finally, the field must investigate the
cellular mechanisms by which the lipid products of GPIHBP1-LPL mediated TRL processing

move across endothelial cells towards parenchymal cells.
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Conclusion—Macrophage-derived Particles in Cholesterol Efflux

The role of macrophage in cholesterol efflux and reverse cholesterol transport has been
studied for decades (9-11). Cholesterol efflux from macrophages is essential for maintaining
cholesterol balance and for minimizing the inflammatory response caused by accumulation of
cholesterol (12—14). Prevailing models typically show that macrophages unload excess
cholesterol to HDL through direct interactions between HDL and ABC transporters on the
plasma membrane of macrophages (9—11). The importance of plasma HDL cholesterol levels to
the risk of coronary disease remains a matter of debate, but there is agreement that the ability of
HDL to unload cholesterol from macrophages is important for preventing atherosclerotic disease
(15-18). Indeed, several studies have suggested that an enhanced cholesterol efflux capacity is
inversely correlated with coronary artery disease (15, 16). In the work described, we determined
a potential new mode of cholesterol efflux from macrophages through the release of cholesterol-
rich particles from the plasma membrane.

In chapter 5, we documented by scanning electron microscopy that macrophages release
~20 to 100-nm unilamellar particles from the plasma membrane. These particles are released
from filopodia and lamellipodia of macrophages and attach to the substrate, forming a “lawn” of
particles surrounding the cell. Using NanoSIMS imaging and ["N]JALO-D4 (a modified
cholesterol-binding cytolysin), we showed that these particles are enriched in a mobile and
metabolically active pool of “accessible cholesterol.” In addition, the accessible cholesterol
content in the particles could be increased by loading the cells with acetyl-LDL or by treating the
cells with an LXR/RXR agonists. Finally, incubating the cells with HDL reduced the cholesterol
content in these particles. Although previous studies have reported that macrophages release of

“microparticles” or “microdomains”, the mechanism for the biogenesis of these particles were
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not elucidated. In our study, we showed that these particles appear to be released from the
plasma membrane.

In chapter 6, we further characterized the macrophage-derived particles by SEM,
NanoSIMS, and proteomic analysis. By using correlative light, scanning EM, and NanoSIMS
imaging, we found that macrophages release cholesterol-rich particles during projection and
retraction of their filopodia/lamellipodia. Inhibition of macrophage movement, by an actin
depolymerizing agent or myosin II inhibitor, prevented particle formation. Through shotgun
proteomics of isolated macrophage particles, we identified that these particles were enriched in
proteins related to focal adhesion, suggesting that macrophages leave particles behind during the
focal adhesion disassembly process. Indeed, inhibition of the focal adhesion disassembly
process, through FAK and clathrin inhibitors, increased number of particles deposited on the
substrate. Finally, using super-resolution confocal imaging and NanoSIMS imaging, we
documented that these particles were enriched in accessible cholesterol (detected by ALO-D4),
but not in sphingomyelin-bound cholesterol (detected by OlyA).

We propose that the release of macrophage-derived particles from the plasma membrane
could assist in disposing of surplus cholesterol and increase the efficiency of efflux to HDL.
However, one limitation of our studies is that all our studies dealt with cultured macrophages.
Whether particles are released from macrophages in vivo is unknown. Further studies will need
to be done in order to determine if macrophages release particles onto other cells in culture and if
macrophage release cholesterol enriched particles in vivo. If so, particle release from
macrophages in atherosclerotic plaques could also be a mechanism for unloading cholesterol and
promoting reverse cholesterol transport. Finally, we need to better understand the mechanism of

release of cholesterol-rich particles from macrophages, more specifically why particles are
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enriched in accessible cholesterol and not sphingomyelin sequestered cholesterol and how

particle release is regulated.
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Appendix I
An LPL-specific Monoclonal Antibody, 88B8, that Abolishes

the Binding of LPL to GPIHBP1
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Abstract LPL contains two principal domains: an amino-
terminal catalytic domain (residues 1-297) and a carboxyl-
terminal domain (residues 298-448) that is important for
binding lipids and binding glycosylphosphatidylinositol-
anchored high density lipoprotein binding protein 1 (GPTHBP1)
(an endothelial cell protein that shuttles LPL to the capillary
lumen). The LPL sequences required for GPTHBP1 binding
have not been examined in detail, but one study suggested
that sequences near LPL’s carboxyl terminus (residues
~403-438) were crucial. Here, we tested the ability of LPL-
specific monoclonal antibodies (mAbs) to block the binding
of LPL to GPIHBP1. One antibody, 88B8, abolished LPL
binding to GPTHBP1. Consistent with those results, antibody
88B8 could not bind to GPIHBP1-bound LPL on cultured
cells. Antibody 88B8 bound poorly to LPL proteins with
amino acid substitutions that interfered with GPIHBP1 bind-
ing (e.g., C418Y, E421K). However, the sequences near
LPL’s carboxyl terminus (residues ~403-438) were not suf-
ficient for 88B8 binding; upstream sequences (residues 298—
400) were also required. Additional studies showed that
these same sequences are required for LPL binding to GPI-
HBP1.88 In conclusion, we identified an LPL mAb that binds
to LPL’s GPIHBP1-binding domain. The binding of both
antibody 88B8 and GPIHBP1 to LPL depends on large seg-
ments of LPL’s carboxyl-terminal domain.—Allan, C. M., M.
Larsson, X. Hu, C. He, R. S. Jung, A. Mapar, C. Voss, K.
Miyashita, T. Machida, M. Murakami, K. Nakajima, A.
Bensadoun, M. Ploug, L. G. Fong, S. G. Young, and A. P.
Beigneux. An LPL—specific monoclonal antibody, 88B8, that
abolishes the binding of LPL to GPIHBPL. J. Lipid Res.
2016. 57: 1889-1898.
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Supplementary key words chylomicrons ® endothelial cells © lipids/
chemistry e lipolysis and fatty acid metabolism e triglycerides @ lipopro-
tein lipase e glycosylphosphatidylinositol-anchored high density lipo-
protein binding protein 1

For more than 50 years, it has been known that LPL, a
triglyceride hydrolase secreted by myocytes and adipocytes,
is crucial for the intravascular processing of triglyceride-
rich lipoproteins (TRLs) (1-3). For most of that time, it
was assumed that LPL was attached to the heparan-sulfate
proteoglycans along the lumen of blood vessels (4), but
how LPL reached the lumen of blood vessels was a stub-
born mystery. Within the past few years, that mystery has
been solved (5, 6). Glycosylphosphatidylinositol-anchored
high density lipoprotein binding protein 1 (GPIHBP1), a
GPI-anchored protein of capillary endothelial cells, picks
up freshly secreted LPL within the interstitial spaces and
shuttles it across endothelial cells to the capillary lumen (7,
8). In the absence of GPIHBP1, LPL remains in the inter-
stitial spaces and never reaches the capillary lumen, result-
ing in an accumulation of plasma TRLs and extremely high
plasma triglyceride levels (“chylomicronemia”) (8). Recent
studies showed that GPIHBP1 (and GPIHBP1-bound LPL)
are also crucial for the margination of TRLs along the cap-
illary lumen, allowing triglyceride hydrolysis to proceed (9).

GPIHBP1 has two main structural features—an amino-
terminal acidic domain and a cysteine-rich three-fingered
“LU domain” (7, 10). Recent studies have shown that the

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; GPTHBP1,
glycosylphosphatidylinositol-anchored high density lipoprotein binding
protein 1; hLPL, human LPL; mAb, monoclonal antibody; mLPL,
mouse LPL; TRL, triglyceride-rich lipoprotein.
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LU domain is primarily responsible for high-affinity bind-
ing of LPL, while the acidic domain augments the interac-
tion and promotes an initial interaction complex between
LPL and GPIHBP1 (6, 11). A variety of missense mutations
in GPIHBP1’s LU domain have been identified in patients
with chylomicronemia (12-22), and all of those abolish the
ability of GPIHBP1 to bind LPL (6). Most of these muta-
tions interfere with the formation of disulfide bonds in the
LU domain, leading to disulfide-linked dimers and multi-
mers (23). Alanine-scanning mutagenesis studies showed
that the highly conserved second finger of the three-
fingered LU domain is particularly important for binding
LPL (24). Mutagenizing W109 in finger 2 abolishes LPL
binding without promoting the formation of GPIHBP1
dimers/multimers, suggesting that W109 participates di-
rectly in binding LPL (23).

In contrast to the situation with GPIHBP1, our under-
standing of the LPL sequences required for binding to
GPIHBP1 is meager, but the relevant sequences appear to
be located in LPL’s carboxyl-terminal “lipid-binding” do-
main (residues 298-448) rather than in LPL’s catalytic
domain (residues 1-297). A pair of LPL mutations (C418Y,
E421K), first identified in patients with hypertriglyceride-
mia (25, 26), interfere with the binding of LPL to GPTHBP1.
Mutation of nearby LPL sequences (residues 403-438) also

impaired LPL binding to GPIHBP1 (27). Those studies
were interpreted as showing that sequences near the car-
boxyl terminus of LPL are singularly important for mediat-
ing LPL binding to GPIHBP1.

Here, we sought to better define LPL sequences that are
important for GPIHBP1 binding. As part of these efforts,
we tested the capacity of three LPL-specific monoclonal an-
tibodies (mAbs) (5D2, 88B8, 57A5) (28-30) to block the
binding of LPL to GPIHBP1. We reasoned that if we were
to identify a “blocking antibody,” then efforts to define the
epitope would lead to new insights into LPL sequences that
are important for LPL binding to GPIHBP1.

MATERIALS AND METHODS

Monoclonal antibodies

We examined three LPLspecific mouse mAbs (5D2, 57A5,
88B8) (28-30). The epitope for 5D2 has been studied in detail
and is located between residues 380 and 410 in LPL’s carboxyl-
terminal domain (29, 30). mAbs 57A5 and 88B8 were generated
against human LPL (hLPL) and have been used previously in
LPL immunoassays (28), but data on the epitopes for these anti-
bodies have never been reported. Fab’ fragments were prepared
with immobilized papain and Fc fragments removed with Protein

Human LPL/ mouse LPL chimeras

Name Description

hLPL

mLPL
298448
330-448
370-448
400-448
420-448
m(327-331)

h(327-331)

h(327-403)

Fig. 1. List of the mLPL-hLPL chimeras, and of
the human HL-hLPL chimeras generated for the stud-
ies. Numbers in brackets correspond to amino acid
residues.

Human LPL/ human HL chimeras

Name Description

hLPL

hHL

313-448

330-448

335448

345-448
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A-Sepharose. mAb 5D2 was a gift from Dr. John Brunzell, and
mAbs 57A5 and 88B8 were acquired from Immuno-Biological
Laboratories (Gunma, Japan).

LPL-GPIHBP1 binding assays

Cell-free assay. Secreted versions of wild-type human GPTHBP1
and GPIHBP1-W109S were stably expressed in Drosophila S2 cells.
Both GPIHBP1 proteins contain a uPAR epitope tag (23) as well
as the epitope for mAb 11A12 (31). For the assay, the conditioned
medium from Dyosophila S2 cells expressing soluble human GPI-
HBP1 was incubated for 1 h at 4°C with V5-tagged hLPL (32), with
or without mAbs (20 pwg/ml final), and agarose beads coated with
mAb 11A12 (33). After washing the beads, GPIHBP1 and any
GPIHBP1-bound LPL were eluted from the antibody-coated
beads by heating the beads in SDS sample buffer for 5 min at
90°C. The amounts of GPIHBP1 and LPL in the starting material,
unbound fractions, wash fractions, and elution fractions were
assessed by Western blotting. Proteins were separated on a 12%
NuPAGE SDS-PAGE gel with MES buffer, followed by transfer to
a sheet of nitrocellulose membrane. The membrane was then
incubated with [Rdye680-conjugated antibody 11A12 and an
IRdye800-conjugated V5-antibody.

Cell-based assay.  CHO pgsA-745 cells (2 x 10% were electropor-
ated with 2 ug plasmids encoding either an S-protein—tagged wild-
type human GPIHBPI or an S-protein—tagged mutant human
GPIHBP1 (W109S) and then plated on coverslips in 24-well plates.
After 24 h, the cells were incubated with either V5-tagged hLPL
alone, or Vb-tagged hLPL with one of the three mAbs (5D2, 57A5,
88B8) (20 wg/ml) for 1 h at 4°C. The cells were then washed and
processed for Western blots or immunofluorescence microscopy.
For the Western blots, cell lysates were collected by incubating cells
with M-PER mammalian protein extraction reagent (ThermoFisher
Scientific) with EDTA-free complete protease inhibitor cocktail
(Roche) for 5 min at 4°C, followed by centrifugation at 14,000 g
for 10 min to remove insoluble material. The nitrocellulose mem-
brane was then blocked for 1 h at room temperature with Odyssey
blocking buffer (Li-Cor), and then incubated with an IRdye800—
conjugated mouse mAb against the V5 tag (ThermoFisher
Scientific; 2.32 pg/ml) and a goat polyclonal antibody against
the S-protein tag (Abcam; 1:1,000) followed by an IRdye680—
conjugated donkey anti-goat IgG (Li-Cor). Signals were visual-
ized and quantified with a Li-Cor Odyssey scanner. For the
immunofluorescence microscopy assay, cells were fixed in 3%
paraformaldehyde for 15 min and blocked with 10% donkey se-
rum in PBS/Mg/Ca. Cells were then incubated overnight at 4°C
with an Alexa 647—conjugated mouse mAb against the V5 tag
(ThermoFisher Scientific; 11.6 pg/ml) and a goat polyclonal anti-
body against the S-protein tag (Abcam; 1:800), followed by a 30-min
incubation with an Alexa 568—conjugated donkey anti-goat IgG
(ThermoFisher Scientific; 1:800). After washing, the cells were
fixed with 3% paraformaldehyde for 15 min and stained with
4 ,6-diamidino-2-phenylindole (DAPI) to visualize DNA. Images
were recorded with an Axiovert 200M microscope and processed
with Zen 2010 software (all from Zeiss). Within each experiment,
the exposure conditions for each construct were identical.

Testing the binding of hepatic lipase—LPL chimeras to
GPIHBP1 on the surface of cultured cells

Earlier studies by Wong et al. (34) showed that it was possible
to express catalytically active, dimeric HL-LPL chimeras by ex-
changing sequences in HL with the corresponding sequences in
LPL. Here, we used that approach to create HL-LPL chimeras
containing hLPL residues 313—448, 330448, 335-448, 340-448,
or 345-448 (Fig. 1). To test the ability of HL, LPL, and the HL-
LPL chimeras to bind to GPIHBP1, we used a “co-plating assay”

described previously by Beigneux et al. (24). CHO-K1 cells (1 x
10%) were electroporated with 1.0 mg of either an S-protein—
tagged human GPIHBP1 construct or an expression vector for
one of the Vb-tagged lipases. The independently transfected cells
were then mixed together and plated on coverslips in 24-well
plates. Twenty-four hours later, the cells were fixed in 3% parafor-
maldehyde. When indicated, the cells were permeabilized with
0.2% Triton X-100. Cells were blocked with 10% donkey serum in
PBS/Mg/Ca and then incubated for 1 h in the blocking buffer
containing a goat antibody against the S-protein tag (Abcam;
1:500) and a mouse mAb against the V5 tag (Invitrogen; 1:100),

A

H[®
|2 8| [|Antibody added
B(®d|©
+ |GPIHBP1-W109S
+ [+ |+ |+ GPIHBP1-wt
+ |+ |+ LPL

LPL
GPIHBP1

ELUTION

[=]
=z
2
o
2]
=z
2

“GPIHBP1
L

STARTING

Fig. 2. A cell{ree LPL-GPIHBP1 binding assay to test the ability
of LPLsspecific mAbs 5D2, 57A5, and 88B8 to block the binding of
V-tagged hLPL to GPIHBPI. Secreted versions of wild-type (wt)
GPIHBP1 and GPTHBP1-W109S were expressed in Drosophila S2
cells. Both GPTHBP1 proteins contain a uPAR epitope tag (23) as
well as the epitope for mAb 11A12. The GPTHBP1 proteins (7.25 j.g)
were incubated with agarose beads coated with mAb 11A12, V5-
tagged hLPL (825 ng), and either no antibody or mAbs 57A5, 88B8,
or 5D2 (20 pg/ml final). We used a high molar concentration of
mAbs so as to minimize the impact of differences in the affinity of
the three different mAbs. After a 1-h incubation at 4°C, the beads
were washed. GPIHBP1 and GPIHBPl-bound LPL were then re-
leased from the agarose beads by heating the beads in SDS-sample
buffer. A: Western blots on the “unbound” fraction (proteins that
did not bind to the agarose beads) and “elution” fractions with an
IRdye800-V5 antibody (green), an IRdye680-antibody 11A12 (red),
and an IRdye680-donkey anti-mouse IgG (red). LPL binding to
GPIHBPI was inhibited 53.8% with 57A5, 94.9% with 88B8, and
63.5% with 5D2, as judged by quantification with a Li-Cor scanner.
H, heavy chain; L, light chain. B: Western blots performed on the
“starting material” proteins that were added to the assay (mAbs,
GPIHBPI, LPL).
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followed by a 30-min incubation with an Alexa 568-conjugated
donkey anti-goat 1gG (Invitrogen; 1:800) and an Alexa 488-
conjugated donkey anti-mouse IgG (Invitrogen; 1:800). After
washing, the cells were stained with DAPI to visualize DNA. Im-
ages were recorded with the Axiovert 200M microscope. The ex-
posure conditions for each construct were identical. In this
system, cells that expressed wild-type GPIHBP1 captured LPL that
was secreted by the LPL transfected cells, thus, GPIHBP1 and LPL
signals colocalized on the merged image (24). HL does not bind
to GPIHBP1 (31); consequently, there was no colocalization of
HL and GPIHBP1 signals.

Lipase expression vectors
hLPL-mouse LPL (mLPL) chimeras, and HL-LPL chimeras

cloning kit, Clontech). Point mutations were introduced with the
QuikChange Lightning kit (Agilent Technologies).

Testing the ability of the mAbs to bind to GPIHBP1-
bound LPL

CHO pgsA-745 cells (2 x 10°) were electroporated with 2 pg
of a plasmid encoding an S-protein—tagged wild-type human
GPIHBP1 and plated on coverslips in 24-well plates. Twenty-four
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wt C418Y C438Y E421K

GPIHBP1-W109S

Fig. 3. Immunofluorescence microscopy assay to eval-
uate the ability of mAbs 57A5, 88B8, and 5D2 to block
the binding of LPL to GPIHBP1. CHO pgsA-745 cells
were transiently transfected with S-protein—tagged wild-
type human GPIHBP1 (or GPIHBP1-W109S, which
lacks the ability to bind LPL). The cells were then in-
cubated with V5-tagged hLPL and either no antibody
or mAbs 57A5, 88B8, or 5D2 (20 mg/ml). After a 1-h
incubation at 4°C, nonpermeabilized cells were stained
for GPIHBPI with an antibody against the S-protein
tag (red) and LPL with a V5 antibody (green). Cell
nuclei were stained with DAPI (blue).

Scalebar: 50 um

hours later, cells were incubated with a Vb-tagged hLPL or buffer
for 1 h at 4°C. Cells were then washed and incubated with either
buffer or Alexa 568-conjugated mAbs (5D2, 57A5, or 88B8) (20
wg/ml) for 1 h at 4°C. The cells were then washed and processed
for immunocytochemistry. Cells on coverslips were fixed in 3%
paraformaldehyde for 15 min, blocked with 10% donkey serum in
PBS/Mg/Ca, and then incubated overnight at 4°C with an Alexa
647—conjugated mouse mAb against the V5 tag (ThermoFisher
Scientific; 11.6 wg/ml) and a goat polyclonal antibody against the
S-protein tag (Abcam; 1:800), followed by a 30-min incubation
with an Alexa 488—conjugated donkey anti-goat 1gG (Thermo-
Fisher Scientific; 1:800). After washing, the cells were fixed with
3% paraformaldehyde for 15 min and stained with DAPI to visual-
ize DNA. Microscopy was performed as described earlier.

Testing the ability of the mAbs to bind to LPL in
capillaries of tissue sections

Wild-type and Lpl ' "MCK-hLPL mice (35) were perfused with
PBS followed by 3% paraformaldehyde; quadriceps muscle was
harvested and embedded in OCT on dry ice. Tissue sections (7 jum)
were fixed in methanol at —20°C for 10 min, permeabilized with
0.2% Triton X-100 for 5 min, and blocked with 5% donkey serum,
10% FBS, and 0.2% BSA in PBS/Mg/Ca. Tissues were incubated

Fig. 4. Testing the ability of mAbs 88B8 and 5D2 to
bind to mutant forms of LPL with impaired ability to

BS bind to GPIHBP1. CHO pgsA-745 cells were trans-

fected with V5-tagged wild-type (wt) hLPL. or mutant
forms of hLPL (LPL-C418Y, LPL-C421K, LPL-C438Y)
with either no ability (LPL-C418Y, LPL-C421K) or re-
duced ability (LPL-C438Y) to bind to GPIHBP1 (27).
On the next day, the cells were washed, and cell lysates
were prepared for Western blotting. Western blots
were performed under nonreducing conditions. A:
Western blot with IRdye800-labeled mAb 88B8 and an
IRdye680-labeled V5 antibody. B: Western blot with
mAb 88B8 (10 mg/ml) followed by an IRdye-800 don-
key anti-mouse IgG, along with an IRdye680-V5 anti-
body. C: Western blot with IRdye800-labeled mAb 5D2
and an IRdye680-labeled V5 antibody. D: Quantifica-
tion of mAbs 88B8 and 5D2 binding to LPL-C418Y,
LPL-C438Y, and LPL-C421K (as determined by a Li-
Cor scanner). Compared with wild-type LPL, the bind-
ing of the antibodies to LPL-C418Y was reduced by
70% for 88B8, 837% for 57A5, and 26% for 5D2.

[ 8sBs
M 5D2
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Fig. 5. Western blot studies to assess epitopes for mAbs 88B8 and
57A5. CHO pgsA-745 cells were transfected with V5-tagged versions
of mLPL, hLPL, or mLPL-hLPL chimeras (mLPL containing hLPL
sequences 298-448, 330448, 870-448, 400-448, 420448, or 327-
403; or hLPL containing mLPL sequences 327-331 or 327-403)
(see Fig. 1 for description of the chimeras). After 24 h, the cells
were washed and cell lysates were prepared for SDS-PAGE (nonre-
ducing conditions) and Western blot studies. A, B: Binding of mAb
88B8 to different V5-tagged lipases. Blots were incubated with mAb
88B8 and an IRdye800-labeled donkey anti-mouse IgG, followed by
an IRdye680-labeled V5 antibody. C, D: Binding of mAb 57A5 to
different V5-tagged lipases. Blots were incubated with mAb 57A5
followed by an IRdye800-labeled donkey antimouse IgG and an
IRdye680-V5 antibody.

overnight at 4°C with Alexa 568—conjugated mouse mAbs (5D2,
57A5, or 88B8) (8 jg/ml) and a rabbit polyclonal antibody against
mouse CD31 (Abcam; 1:50), followed by a 45-min incubation with
Alexa 647-conjugated 11A12 antibody (3 pg/ml) and Alexa 488
conjugated donkey anti-rabbit IgG (ThermoFisher Scientific;
1:200). After washing, the cells were fixed with 3% paraformalde-
hyde for 5 min and stained with DAPI to visualize DNA. Micros-
copy was performed as described earlier. Mice were fed a chow
diet and housed in a barrier facility with a 12 h light-dark cycle. All
studies were approved by UCLA’s Animal Research Committee.

Measurements of LPL activity

hLPL was prepared from a CHO cell line expressing Vb-tagged
hLPL (from Dr. Mark Doolittle, University of California, Los
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Angeles). LPL was purified by heparin-Sepharose chromatogra-
phy on an AKTA pure HPLC (GE Healthcare) and eluted with a
0.1-2 M NaCl gradient in 20 mM NaPO,, pH 7.4. Taurodeoxycho-
late (final concentration, 5 mM) was added to the LPL (i.e., frac-
tions eluting at 21 M NaCl) before storing at —80°C. The activity
of purified hLPL was compared with that of a known quantity of
bovine LPL. Lipase activity was measured with ["H]triolein that
had been incorporated into Intralipid (0.5 wCi [SH]triolein/mg
triglyceride). hLPL (6 pl, corresponding to the enzymatic activity
of 5 ng of bovine LPL) was added to 200-pl incubation mixtures
containing 5 mg of triglyceride/ml in 0.15 M Tris (pH 8.5) con-
taining 0.1 M NaCl, 6% BSA (w/v), 16.7 units of heparin/ml,
and 5% (v/v) heat-inactivated rat serum (as a source of apo-CII).
mAbs (20 pg/ml, final concentration) were added to incubation
mixtures 5 min before adding the LPL. Esterase activities were
analyzed by adding 30 pl of the hLPL to 100-pl incubation mix-
tures of 50 mM Tris, 50 pM 1,2-di-O-lauryl-rac-glycero-3-glutaric
acid 6-methylresorufin ester (DGGR), 120 mM NaCl, 10 mg/ml
BSA, and 0.5% Triton X-100 (pH 7.4). mAbs (200 pg/ml final
concentration) were added to incubations 5 min before adding
the LPL. Ester hydrolysis was determined by measuring the in-
crease of resorufin fluorescence at Aex 530 nm and Aem 590 nm
during the first 15 min of the incubation.

RESULTS

Testing the ability of LPL-specific mAbs to block the
binding of LPL to GPIHBP1

We used cell-free and cell-based LPL-GPIHBP1 bind-
ing assays (18, 23, 31, 33) to test the ability of three LPL-
specific mAbs (5D2, 88B8, 57A5) (29, 30) to block the
binding of hLPL to GPIHBP1. In the cell-free assay, we
incubated GPIHBP1, LPL, and an LPL-specific mAb with
agarose beads that had been coated with a GPIHBP1-
specific mAb (11A12). After a 1-h incubation, the beads
were washed, and the amounts of GPIHBP1 and GPIHBP1-
bound LPL bound to the beads were assessed by Western
blotting. mAb 88B8 abolished LPL binding to GPTHBP1;
thus, no LPL could be eluted from the beads (Fig. 2). The
ability of 88B8 (and 88B8 Fab’ fragments) to block the

o2}
e
°

Esterase activity
(rfu/min)

Fig. 6. Testing the ability of mAbs 5D2, 57A5, and 88B8 to inhibit the catalytic activity of purified hLPL. A:
LPL was added to incubation mixtures of lipid emulsion particles containing [*H]triolein in the presence of
an irrelevant mAb (RF4) or each of the three LPL-specific mAbs (20 wg/ml). The activity of the hLPL in each
assay corresponded to activity observed with 0.45 nM bovine LPL. B: hLPL, in an amount corresponding to
the activity of 4.5 nM bovine LPL, was added to incubation mixtures containing the ester substrate DGGR in
the presence of the mAbs (200 pg/ml). We deliberately used a high molar concentration of mAbs so as to
minimize the impact of differences in the affinity of the three different mAbs. Data represent mean values of

triplicate measurements + SD.
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binding of LPL to GPIHBP1 was confirmed in additional
independent experiments (supplemental Figs. S1, S2).
mAbs 5D2 and 57A5 did not abolish the binding of LPL to
GPIHBP1, but they did reduce LPL binding (Fig. 2).

mAb 88B8 completely blocked binding of LPL to GPI-
HBP1 on the surface of GPIHBPIl-transfected cells, as

judged by immunofluorescence microscopy and Western

blots of cell extracts (Fig. 3, supplemental Fig. S3). mAbs
57A5 and 5D2 caused partial inhibition of LPL binding to
GPIHBP1 (Fig. 3, supplemental Fig. S3).

Defining the epitopes for LPL-specific mAbs

The 5D2 epitope is located within LPL residues 380-410
(29, 80), but data on the epitopes for mAbs 57A5 and 88B8
have not been reported. Preliminary Western blot studies
indicated that both mAbs 57A5 and 88B8 bind to the car-
boxyl-terminal region of LPL (residues 298-448) (supple-
mental Fig. S4). Identical conclusions were reached by
performing ELISAs on the medium of cells that had been
transfected with Flag-tagged constructs encoding LPL’s
amino- and carboxyl-terminal domains (K. Miyashita, un-
published observations). Because 88B8 and 88B8 Fab’ frag-
ments block LPL binding to GPIHBP1 and also bound to
LPL’s carboxyl-terminal domain, we suspected that the
binding sites for mAb 88B8 and GPIHBP1 on LPL were
similar and that LPL mutations known to interfere with
GPIHBP1 binding (e.g., C418Y, E421K, C438Y) (27) would
also interfere with 88B8 binding. Indeed, 88B8 bound
more avidly to wild-type LPL than to mutant LPLs harbor-
ing C418Y, E421K, or C438Y mutations (Fig. 4A, B). The
effect of those mutations on 5D2 binding was minimal (Fig.
4C, D). As expected, 88B8 bound avidly to hLPL but not

1894 Journal of Lipid Research Volume 57, 2016

Merge + DAPI

Fig. 7. Immunofluorescence microscopy studies to
assess the ability of LPL, HL, and LPL-HL chimeras to
bind to GPIHBP1. CHO-KI1 cells were electroporated
with an S-protein—tagged human GPIHBP1 construct
or a Vb-tagged lipase expression vector (either LPL,
HL, or HL-LPL chimeras containing LPL residues
313-448, 330-448, 335448, 340448, and 345-448)
(see Fig. 1 for description of the constructs). The sepa-
rately transfected cells were then mixed and plated on
coverslips in 24-well plates. Twenty-four hours later,
the cells were fixed in 3% paraformaldehyde, and
blocked with 10% donkey serum in PBS/Mg/Ca.
Some cells were permeabilized with 0.2% Triton
X-100. Cells were then incubated for 1 h in blocking
buffer with a goat polyclonal antibody against the S-
protein tag (red) and a mouse mAb against the V5 tag
(green), followed by a 80-min incubation with an Al-
exa b68—conjugated donkey anti-goat IgG (Invitrogen;
1:800) and an Alexa 488-conjugated donkey anti-
mouse IgG (Invitrogen; 1:800). Cell nuclei were visual-
ized with DAPI (blue). Cells expressing wild-type
GPIHBPI1 captured LPL secreted by neighboring LPL-
expressing cells; hence, the GPIHBP1 and LPL signals
colocalized on the merged image. HL-LPL (813—-448)
and HI~LPL (330-448) bound to GPIHBP1. HL and
the remaining HL-LPL chimeras did not bind to GPI-
HBP1 (no colocalization of GPIHBP1 and the lipase
on the merged image). HL-LLPL chimeras containing
LPL residues 870448, 380—448, and 389448 also
failed to bind to GPTHBP1.

mLPL; it bound avidly to a mLPL-hLPL chimera contain-
ing the entire carboxyl-terminal domain of hLPL (residues
298-448).

Earlier studies implied LPL’s GPTHBP1-binding domain
involved amino acids 403-438 (27), and the reduced bind-
ing of 88B8 to the LPL mutants suggested that the 88B8
epitope might be located in the same stretch of amino ac-
ids. To our surprise, the binding of 88B8 to LPL depended
on upstream sequences within the primary sequence. mAb
88B8 bound weakly to mLPL-hLPL chimeras containing
hLPL residues 330-448 or 370—448, and it failed to bind to
chimeras containing hLPL residues 400-448 or 420-448
(Fig. 5A). The same pattern was observed for 88B8 Fab’
fragments (supplemental Fig. S5). These results suggested
that LPL residues 208-330 are quite relevant to 88B8 bind-
ing. Within that region, the only amino acids that differ
between the hLPL and mLPL sequences are residues 327—
331. Those residues were important for the 88B8 epitope;
when residues 327-331 in hLPL were replaced with the
mLPL sequences, the binding of 88B8 was significantly re-
duced (Fig. 5A).

The finding that 88B8 bound (albeit weakly) to mLPL-
hLPL chimeras containing hLPL residues 330-448 and
370-448 but failed to bind to a chimera with human resi-
dues 400-448 indicates that hL.PL residues 330—400 are im-
portant for 88B8 binding. However, these results do not
mean that residues 400-448 have no role in 88B8 binding,
but rather that residues 400—448 are insufficient. First,
the C418Y, E421K, and C438Y mutations clearly interfere
with 88B8 binding (Fig. 4). Second, introducing human
residues 327403 into the mLPL expression vector resulted
in only minimal restoration of 88B8 binding (Fig. 5B),
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Fig. 8. Assessing the ability of mAbs 57A5, 88B8, and 5D2 bind to GPIHBP1-bound LPL. CHO pgsA-745 cells were transiently transfected
with S-protein-tagged human GPIHBP1. After 24 h, the cells were incubated with V5-tagged LPL for 1 h. The LPL was then removed and
the cells were washed. mAbs 57A5, 88B8, and 5D2 (20 wg/ml) were then added to the cells and incubated for 1 h at 4°C. The cells were
washed, fixed with paraformaldehyde, and then stained for GPIHBP1 with an antibody against the S-protein tag (red), and for LPL with a V5

antibody (green). mAbs 57A5, 88B8, and 5D2 were directly labeled (magenta).

implying that additional sequences at the carboxyl termi-
nus of LPL (i.e., residues 403-448) were important for the
88B8 epitope.

mAb 57A5 bound avidly to hLPL and to a mLPL-hLPL
chimera containing human residues 298-448 but not to
chimeras containing human residues 330448, 370-448, or
400-448 (Fig. 5C). In contrast to 88B8, 57A5 bound avidly
to a mLPL-hLPL chimera containing human residues

397-403 (Fig. 5D).

Testing the impact of the LPL-specific mAbs on LPL
activity

The tryptophan-rich motif within the 5D2 epitope (resi-
dues 380—410) is important for the ability of LPL to hy-
drolyze long-chain triacylglycerols but not short-chain
water-soluble triacylglycerols (36). Thus, in our studies, an-
tibody 5D2, which binds to the tryptophan-rich motif,
inhibited LPL activity against triolein but not a soluble sub-
strate (Fig. 6). mAbs 88B8 and 57A5 also reduced LPL ac-
tivity against triolein but to a lesser degree (Fig. 6). None of
the antibodies inhibited LPL catalytic activity with a water-
soluble substrate (Fig. 6).

Assessing LPL sequences relevant to binding GPTHBP1
Earlier studies suggested that the binding of LPL to GPI-
HBP1 depended on LPL residues 403-438 (27). However,
given that sequences throughout LPL’s carboxyl-terminal
domain (residues 298-448) were important for 88B8 bind-
ing, we suspected that the same sequences might also play

arole in GPIHBP1 binding. To explore this idea, we tested
the ability of HL-LPL chimeras to bind to GPIHBP1 on the
surface of CHO cells. Wong et al. (34) showed that it was
possible to produce HL-LPL chimeras that are secreted
and are catalytically active. We created HL-LPL chimeras
containing hLPL residues 313-448, 330-448, 335-448,
340-448, and 345-448 (Fig. 1, supplemental Fig. S6). We
then tested the ability of LPL, HL, and the HL-LPL chimeras
to bind to GPTHBP1. We mixed CHO cells that had been
transfected with a lipase construct with CHO cells that had
been transfected with GPIHBP1. We then used immuno-
fluorescence microscopy to assess the binding of the freshly
secreted lipases to GPIHBP1 on GPIHBPI-transfected cells.
As expected, fulllength LPL bound avidly to GPIHBPI,
but HL did not. HL~LPL chimeras containing LPL residues
313-448 and 330-448 bound to GPIHBPI1, but chimeras
containing LPL residues 335—448, 340—448, and 345-448
did not (Fig. 7). A Western blot experiment showed that
cells expressing GPIHBP1 were capable of binding LPL as
well as chimeras containing LPL residues 313-448 and
330-448, but not HL or a chimera containing LPL residues
335-448 (supplemental Fig. S7). Thus, a large segment of
LPL’s carboxyl-terminal domain is required for GPIHBP1
binding—as was the case for 88B8 binding.

mAb 88B8 cannot bind to GPIHBP1-bound LPL but is still
useful for immunohistochemistry studies

Because 88B8 and GPIHBPI bind to similar sequences,
we suspected that 88B8 would not bind to GPIHBP1-bound
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Fig. 9. Testing the capacity of mAbs 57A5, 88B8, and 5D2 to bind to hLPL in capillaries of the skeletal muscle of Lyl /~ mice carrying a
hLPL transgene driven by the muscle creatine kinase promoter (Lpl ' MCK-hLPL). For these studies, skeletal muscle from wild-type mice
and Lplf’/fMCK-hLPL mice was harvested and embedded in OCT, and 7-mm-thick sections were cut, placed on slides, and fixed in methanol.
Tissue sections were stained with a rabbit antibody against mouse CD31 (cyan), Alexa Fluor 568-labeled mAb (57A5, 88B8, or 5D2; green),
and an Alexa Fluor 647labeled antibody against GPIHBP1 (11A12, red).

LPL on the surface of CHO cells. Indeed, this was the case
(Fig. 8). In contrast, 5D2 and 57A5 did bind to GPIHBP1-
bound LPL. Interestingly, the inability of 88B8 to bind to
GPIHBP1-bound LPL did not interfere with its utility for
immunohistochemistry studies. mAb 88B8 readily detected
hL.PL on capillaries after the LPL-GPIHBP1 complex was
disrupted by methanol fixation (Fig. 9). mAb 5D2 also was
useful for immunohistochemistry, but 57A5 was not (Fig. 9).

DISCUSSION

In the current studies, we identified a hLPL-specific
mAb, 88B8, that abolishes the binding of hLPL to GPI-
HBP1 in both cell-free and cell-based LPL-GPIHBP1 bind-
ing assays. mAb 88B8 binding to LPL was impaired by the
very same LPL missense mutations (C418Y, E421K, C438Y)
that are known to interfere with the binding of LPL to GPI-
HBP1 (27), suggesting that 88B8 and GPIHBP1 binding
sites are very similar. We suspected initially that the LPL
sequences required for 88B8 binding would be confined
to residues ~v403-438, but this was not the case. Addi-
tional upstream sequences (residues 298-400) proved to
be important for 88B8 binding. mAb 88B8 bound avidly to
amLPL-hLPL chimera containing hLPL residues 208-448
and weakly to chimeras containing residues 330-448 and

1896 Journal of Lipid Research Volume 57, 2016

370-448. mAb 88B8 did not bind to a chimera containing
hLPL residues 400-448. The fact that extensive sequences
within LPL’s carboxyl-terminal domain are required for
88B8 binding led us to suspect that the same sequences
would be required for GPIHBP1 binding. Indeed, stud-
ies with HL-LPL chimeras showed that a large portion of
LPL’s carboxyl-terminal domain was required for GPIHBP1
binding. HL-LPL chimeras containing hLPL residues
313-448 and 330—448 bound to GPIHBPI1, but chimeras
containing LPL residues 335-448 or 340-448 did not.
Thus, the ability of GPTHBP1 to bind to LPL depends on
residues 330-448 and not simply residues 403—438 (as we
had originally suspected). These results add considerably
to our understanding of LPL sequences required for
LPL-GPIHBPI1 interactions.

To fully understand 88B8-LPL interactions or LPL-
GPIHBP1 interactions, cocrystal structures are required.
However, with the mutagenesis-based binding data that
are in hand, we believe that the simplest interpretation is
that both 88B8 and GPIHBP1 interact with a complex epit-
ope that depends on the proper folding of a large portion
of LPL’s carboxyl-terminal domain (residues 298-448). It
is equally possible that LPL residues 298-400 are simply
required for the proper conformation of a more compact
binding site (residues ~400-448). We do not believe that
the absence of GPIHBP1 binding to the HL-LPL chimera
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containing residues 389-448 means that residues 389-448
are unimportant for GPIHBP1 binding. First, the C418Y
and E421K mutations abolished GPIHBP1 binding and do
so without affecting LPL catalytic activity—implying that
those mutations did not cause global changes in LPL struc-
ture. Second, and perhaps more importantly, Mysling et al.
(11) recently reported, using hydrogen—deuterium ex-
change/mass spectrometry studies, that the amide hy-
drogens in LPL residues 419-425 were protected from
deuterium exchange by GPIHBPI1 binding (i.e., that the
binding of GPIHBP1 to those LPL sequences limited their
accessibility to solvent). In a similar fashion, we believe that
residues 400-448 are relevant to 88B8 binding, despite the
fact that 88B8 did not bind to the mLPL-hLPL chimera
containing hLPL residues 400-448. First, 88B8 binding was
disrupted by C418Y, E421K, and C438Y mutations. Second,
88B8 could not bind to the mLPL-hLPL chimera contain-
ing hLPL residues 298-403.

The epitope for 57A5 was simpler: it bound to hLPL resi-
dues 298-448 but not to residues 330-448, implying that
residues 298 to 330 were crucial for the epitope. Unlike
88B8, 57A5 and 5D2 did not abolish LPL binding to GPI-
HBP1, but partial inhibition was clearly evident. We sus-
pect that the binding of 5D2 and 57A5 locks LPL into a
conformation with reduced affinity for GPIHBP1—or al-
ternatively that these antibodies create a steric hindrance
to GPIHBP1 binding. In earlier studies, 5D2 inhibited LPL
activity against triolein but not a soluble short-chain triacyl-
glycerol (37). We confirmed those findings and found that
the same property applies, at least to some degree, to 88B8
and 57A5. We suspect that the binding of all three antibod-
ies creates a steric hindrance or locks the carboxyl-terminal
domain into a suboptimal conformation for triolein
hydrolysis.

mAbs 5D2 and 57A5 had no difficulty binding to GPIHBP1-
bound LPL on the surface of cultured cells, whereas 88B8
was unable to bind, reflecting the fact that GPIHBP1 and
88B8 have overlapping binding sites. Remarkably, 88B8 was
still useful for immunohistochemistry. Once the LPL—
GPIHBP1 complex had been disrupted by methanol fixation,
mAD 88B8 readily bound to the LPL on capillaries, colocal-
izing with GPIHBP1 and the endothelial cell marker CD31.
mADb 5D2, but not 57A5, also detected LPL in capillaries. B
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Lipoprotein lipase reaches the capillary lumen in chickens

despite an apparent absence of GPIHBP1
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Lipoprotein lipase reaches the capillary
lumen in chickens despite an apparent
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In mammals, GPIHBP1 is absolutely essential for transporting lipo protein lipase (LPL) to the

lumen of capillaries, where it hydrolyzes the triglycerides in triglyceride-rich lipoproteins. Inall
lower vertebrate species (e.g., birds, amphibians, reptiles, fish), a gene for LPL can be found easily,
but a gene for GPIHBP1 has never been found. The obvious question is whether the LPL in lower
vertebrates is able to reach the capillary lumen. Using purified antibodies against chicken LPL,

we showed that LPL is present on capillary endothelial cells of chicken heart and adipose tissue,
colocalizing with von Willebrand factor. When the antibodies against chicken LPL were injected
intravenously into chickens, they bound to LPL on the luminal surface of capillaries in heart and
adipose tissue. LPL was released rapidly from chicken hearts with an infusion of heparin, consistent
with LPL being located inside blood vessels. Remarkably, chicken LPL bound in a specific fashion
to mammalian GPIHBP1. However, we could not identify a gene for GPIHBP1 in the chicken genome,
nor could we identify a transcript for GPIHBP1 in a large chicken RNA-seq data set. We conclude
that LPL reaches the capillary lumen in chickens - as it does in mammals — despite an apparent
absence of GPIHBP1.

Introduction
GPIHBP1, a glycoprotein expressed by capillary endothelial cells, is crucial for lipoprotein lipase—medi-
ated (LPL-mediated) processing of triglyceride-rich lipoproteins (TRLs) (1-3). In mammals, GPTHBP1 can
be considered as a partner protein for LPL. First, GPTHBP1 is responsible for binding LPL in the intersti-
tial spaces and shuttling it across endothelial cells to the capillary lumen (2). In the absence of GPTHBP1,
LPL is stranded within the interstitial spaces where it is useless for processing TRLs in the bloodstream (2).
Second, the GPTHBP1-LPL complex on capillary endothelial cells is essential for TRL margination along
capillaries (3). In the absence of GPTHBP1-bound LPL, TRLs do not stop along capillaries and simply flow
on by in the bloodstream. Third, GPIHBP1 preserves the structural integrity and catalytic activity of LPL
(4). In the absence of GPTHBP1, LPL’s triglyceride hydrolase domain unfolds, resulting in a rapid decline
in catalytic activity (4). GPTHBP1 and LPL are equally important for intravascular lipolysis; a deficiency of
either protein markedly impairs intravascular triglyceride hydrolysis and leads to severe hypertriglyceride-
mia (chylomicronemia) (5-19). The importance of GPITHBP1 and LPL for plasma triglyceride metabolism
in mammals has been underscored by human genetics; specific missense mutations in either protein can
abolish LPL-GPIHBP1 interactions, resulting in reduced delivery of LPL to the capillary lumen, impaired
TRL processing, and severe hypertriglyceridemia (6, 7, 9-14).

GPIHBP1 is a GPI-anchored protein of the Ly6 superfamily (35 Ly6 family members in human; 61
in mouse) (20). All Ly6 proteins have at least one approximately 80—amino acid Ly6 domain with 8 or 10

insight.jci.org  https://doi.org/10.1172fjci.insight.96783 1

162



N RESEARCH ARTICLE
JClinsigHT

insight.jci.org

cysteines, all arranged in a characteristic spacing pattern and all disulfide bonded, creating a 3-fingered
structural domain (21). GPIHBPI is unique among Ly6 proteins in having a disordered acidic domain at its
amino terminus, with 21 of 26 consecutive residues in the human protein being aspartate or glutamate (22).
Recent work by Mysling et al. (4) showed that GPTHBP1, and more specifically GPITHBP1’s acidic domain,
prevents the spontaneous unfolding of LPL’s hydrolase domain (4). GPIHBP1’s Ly6 domain is responsible
for high-affinity LPL binding, with the acidic domain playing only an accessory role (4). The second finger
of GPTHBP1’s Ly6 domain is particularly important for LPL binding (4, 23). A variety of amino acid sub-
stitutions within the second finger abolish GPTHBP1’s capacity to bind LPL, in some cases by interfering
with the proper formation of disulfide bonds (11, 23, 24). Mutations in W109 in human GPIHBP1 abolish
the capacity of GPTHBP1 to bind LPL and do so without disrupting disulfide bond formation, suggesting
that W109 is directly involved in LPL-GPIHBP1 interactions (24). W109 is perfectly conserved in the GPI-
HBP1 of all mammalian species (Supplemental Table 1).

Genes for GPTHBP1 and LPL are easily detectable in the genomes of all mammals, including marsupi-
als and the egg-laying platypus (20, 25-27). Human and mouse LPL are 92% identical at the amino acid
level; the Ly6 domains of human and mouse GPIHBP1 are 59% identical. Because LPL and GPIHBP1 are
partners in plasma triglyceride metabolism, the conservation of both proteins during mammalian evolution
is not surprising. However, when one examines the genomes of lower vertebrates (e.g., fish, birds, reptiles),
there is a striking discrepancy between GPIHBP1 and LPL. LPL is highly conserved in every lower verte-
brate species (e.g., the amino acid sequences of human and chicken LPL [cLPL] are 72% identical), but no
one has yet identified a GPIHBP1 ortholog in the chicken or any other lower vertebrate species (25, 26).
The function of LPL in plasma triglyceride metabolism is conserved in lower vertebrates. When goat poly-
clonal antibodies against cLPL were injected intravenously into chickens, they inactivated LPL, blocking
TRL processing and resulting in hypertriglyceridemia (28).

Given that the structure of LPL as well as its function in TRL processing are conserved in lower verte-
brates, the absence of LPL’s partner protein (i.e., GPIHBP1) is surprising. Since GPIHBP1 is essential for
shuttling LPL into capillaries in mammals, the obvious question is whether the LPL in lower vertebrates
is able to reach the capillary lumen. It is conceivable that TRL processing in lower vertebrates might be
fundamentally different, with TRLs being transported across capillaries and undergoing processing by the
LPL within the interstitial spaces. This possibility may not be farfetched, given that TRLs produced by the
chicken intestine are said to move into capillaries by vesicular transport (29). Another possibility is that
the LPL in lower vertebrates reaches the capillary lumen, but by a mechanism independent of GPTHBP1.

To gain further insights into TRL processing in lower vertebrate species, we used cLPL-specific anti-
bodies to define the localization of LPL in chicken tissues. We also tested whether cLPL has the capacity
to bind to human and mouse GPTHBP1.

Results

‘We took advantage of goat antibodies against cLPL (30, 31) to examine the localization of LPL in chicken
tissues. The first step was to assess the specificity of the antibodies, which had been purified on a ¢cLPL
immunoaffinity column (generated with LPL purified from chicken adipose tissue). We examined, by West-
ern blotting, the ability of the immunopurified antibodies to bind to LPL in crude homogenates of chicken
tissues. The immunopurified IgGs against cLPL bound to a single protein of the expected size (~52 kDa),
except in the heart where the IgGs also bound to a 38-kDa protein (Figure 1A). We were confident that the
38-kDa band in the heart extracts was a cLPL breakdown fragment, but to be certain about that conclusion
we repeated the Western blot studies with IgGs that had been further purified on a second cLPL immunoaf-
finity column (generated with a cLPL polypeptide produced in E. cof). Again, the antibodies bound exclu-
sively to LPL (along with the 38-kDa LPL breakdown fragment in the heart) (Figure 1B). To determine if the
purified IgG fraction would be useful for immunohistochemistry studies, we first tested their ability to bind
to CHO cells that had been transfected with an expression vector for V5-tagged cLPL. Regardless of whether
the cells were fixed with methanol or paraformaldehyde, the purified IgGs against cLPL bound avidly and
specifically to transfected cells, colocalizing with an antibody against the V5 tag (Figure 2).

Most of the LPL in mouse tissues is bound to GPIHBP1 on capillary endothelial cells (2). In the
absence of GPIHBP1, LPL remains within the interstitial spaces and never reaches the capillary lumen
(2). In immunohistochemistry studies, we found that much of the LPL in the chicken heart is associated
with capillary endothelial cells, colocalizing with an endothelial cell marker (von Willebrand factor; vWF)
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Figure 1. Testing the specificity of an immunopurified goat IgG against chicken lipoprotein lipase {cLPL) with West-
ern blats. Proteins from chicken tissue extracts (30 pg/lane) were size-fractionated by SDS-PAGE and then examined
by Western blotting. (A) Western blot with an immunopurified goat 19G against cLPL. The antibodies bound s pecifi-
cally to cLPL fram E. coli and recognized a band of similar size in chicken tissues. In heart, the anti-cLPL antibodies
also bound to a smaller fragment of approximately 38 kDa. (B) Western blot with the same antibodies after they had
been repurified on a second cLPL immunoaffinity column generated with cLPL from E. cofi. SKM: skeletal muscle.

(Figure 3A). There was no binding of nonimmune goat IgGs or the secondary antibody alone to capillaries
in chicken tissues (Figure 3A). The presence of cLPL on capillaries of heart and adipose tissue was con-
firmed in a second experiment (Figure 3B). In a third experiment, we also observed colocalization of vWF
and LPL (Supplemental Figure 1, supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.96783D81). There was occasional LPL staining that did not coincide with vWF
staining, more so than in comparable experiments in mouse tissues, raising the possibility that a fraction of
the cLPL in tissues remained within the interstitial spaces (Figure 3 and Supplemental Figure 1).

Todetermine if cLPL is located along the luminal surface of capillaries, 9-day-old chickens were inject-
ed intravenously with an Alexa Fluor 555-labeled goat IgG against cLPL, a fluorescein-labeled Lens culi-
naris agglutinin (a lectin), and an Alexa Fluor 647-labeled nonimmune goat IgG. After perfusion-fixation,
white adipose tissue (WAT), heart, liver, and cerebellum were harvested for immunohistochemistry. The
goat IgGs against cLPL bound to capillaries in heart and WAT, colocalizing with the lectin (Figure 4). The
lectin also bound to the luminal surface of large blood vessels, whereas IgGs against cLPL did not. Also,
there was no binding of ¢LPL antibodies to capillaries of the cerebellum (Figure 4). Only trace amounts
of the nonimmune goat IgG were detectable in capillaries of chicken heart, WAT, or cerebellum, demon-
strating that the perfusion of tissues was adequate (Figure 4). As expected, the nonimmune goat IgGs were
bound by immunoglobulin receptors in the liver (Figure 4). Additional images showing the binding of the
cLPL-specific IgGs to capillaries of chicken tissues are shown in Supplemental Figure 2. The binding of
cLPL-specific IgGs to the luminal surface of heart and WAT capillaries was confirmed with further experi-
ments in which chickens were injected with the Alexa Fluor 555-labeled goat IgG against cLPL and a
fluorescein-labeled Lens culinaris agglutinin (Supplemental Figure 3).

LPL was released rapidly from isolated chicken hearts by perfusing the hearts with heparin (Figure
5A). The cLPL released by heparin was catalytically active (Figure 5B), and the enzymatic activity could
be abolished with the goat antiserum against cLPL (Figure 5C). The rapid release of LPL from isolated
chicken hearts during the heparin perfusion was consistent with results with isolated mouse hearts. LPL
was released rapidly from hearts of wild-type mice with heparin, but LPL release from hearts of Gpihbpi-
deficient mice (where the LPL is mislocalized to the interstitial spaces) was reduced in amount and substan-
tially delayed (Figure 5D). We also examined the release of LPL into the plasma compartment after giving
chickens an intravenous injection of heparin. Again, the release of LPL into the plasma was rapid (Figure
5, E and F), consistent with the LPL being located inside blood vessels (2). LPL protein and LPL activity
could also be released from isolated chicken hearts with a perfusion of phosphatidylinositol-specific phos-
pholipase C (PIPLC) (Figure 6).

The location of cLPL within tissues (i.e., bound to capillaries but not large blood vessels of the
heart; absent in brain capillaries) resembles the localization of GPTHBP1 and LPL in mouse tissues (1,
2). In mice, the presence of LPL in capillaries depends on GPIHBP1 (1, 2). To explore the possibility
that the distribution of LPL in chickens might be governed by GPIHBPI, we first used a cell-based
binding assay to test whether cLPL (produced in CHO cells) is capable of binding to human or mouse
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Figure 2. Testing the ability of an immunopurified goatlgGagainst chicken lipoprotein lipase (cLPL) to bind ta cLPL in cultured cells. CHO pgsA-745 cells
were transiently transfected with V5-tagged cLPL. Immunocytochemistry studies were performed on fixed and permeabilized cells with a goat antibody
against cLPL and a mouse monoclonal antibody against the VS tag. Binding of the primary antibodies was detected with an Alexa Fluor 555-conjugated don-

key anti-goat IgG (red) and an Alexa

Fluor 488-conjugated donkey anti-mouse 19G (green). As experimental controls, we included transfected cells that had

been incubated with secondary antibodies alone and cells that had been incubated with the anti-cLPL antibody alone. DNAwas stained with DAPI (blue). (A)
Immunocytachemistry studies on cells that had been fixed with methanal. (B) Studies of cells fixed with paraformaldehyde (PFA). Scale bars: 50pum.

GPIHBP1. We also examined the ability of mouse, human, and cLPL tobind to mutant GPIHBP1 pro-
teins that lack the ability to bind LPL (human GPIHBP1-W109S, mouse GPIHBP1-W108S) (23). As
expected, human and mouse LPL bound to wild-type versions of mouse and human GPTHBP1, but not
to human GPTHBP1-W109S or mouse GPIHBP1-W1088S (Figure 7). Remarkably, cLPL also bound to
wild-type human or mouse GPIHBPI1 but not to the mutant GPIHBP1 proteins (Figure 7). We observed
small amounts of cLPL binding to a few of the nontransfected cells (Figure 7B), but most of the binding
of cLPL was to cells that had been transfected with GPIHBP1.

A p.C418Y substitution in human LPL abolishes LPL’s ability to bind to human or mouse GPIHBP1
(14). Introducing the corresponding mutation into cLPL (p.C420Y) abolished the ability of cLPL to bind
to human or mouse GPIHBP1 (Figure 8).

A segment of human chromosome 8 containing GPIHBFI is syntenic to a segment of chicken
chromosome 2 (Table 1). In both species, the upstream portion of the syntenic region encodes genes
for several Ly6 proteins (PSCA, SLURP1, LYPD2). The Ly6 domains of chicken and human PSCA,
SLURPI, and LYPD2 are 47%-65% identical. The downstream portion of the syntenic region con-
tains genes for TOP1MT, MAFA, and ZC3H3. Fifteen genes on human chromosome 8, including GFI-
HBPF], are located between LYFPD2 and TOPIMT, whereas only 4 genes have been identified between
LYPD2and TOPIMT on chicken chromosome 2 (Table 1); those genes encode Ly6E-like proteins (ENS-
GALG00000039585, ENSGALG00000041621, ENSGALG00000043582, ENSGALG00000045170).
None of the 4 Ly6E-like proteins resembles human or platypus GPIHBP1, none contains an amino-ter-
minal acidic domain, and the level of amino acid sequence identity with human or platypus GPIHBP1
is similar to the level of sequence identity to SLURPI (a protein involved in keratinocyte differentia-
tion) (32) (Supplemental Table 1, A and B). None of the 4 chicken Ly6E-like proteins displayed sig-
nificant sequence homology to the most conserved region of mammalian GPITHBP1 (residues 106-115
in human GPIHBP1) (Supplemental Table 1 ). Aside from the 4 Ly6E-like genes within the syntenic
region of chicken chromosome 2, 10 other Ly6 genes exist in the chicken databases; none of those pro-
teins resembles GPITHBP1 (Supplemental Table 2).
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cLPL Merge + DAPI Figure 3. LPL in chicken tissues is associated with capillaries. Frozen
sections fram chicken white adipose tissue (WAT) and heart were
stained with a rabbit antibody against von Willebrand factar (WWF), fal-
lowed by an Alexa Fluor 488-conjugated donkey anti-rabbit 12G (green)
and an Alexa Fluor 555-conjugated goat anti-chicken lipoprotein lipase
(anti-cLPL) 1gG (red). DNA was stained with DAPI (blue). (A) Sections of
heart stained with both cLPL and vWF antibodies, revealing colocaliza-
tion of cLPL and vWF in capillaries. As cantrals, we examined a section
incubated with secondary antibodies alone and a section stained with
the vWF antibody and nonimmune goat 19G. (B) An independent chicken
immunohistachemistry study in which sections of WAT and heart were
stained with cLPL and vWF antibodies. Scale bars: 50 um.

The expression patterns of the 4 chicken Ly6E-like proteins
did not closely resemble the pattern of GPIHBP! in mammals
(high in heart, adipose tissue, lung; medium levels in skeletal
muscle; low levels in liver; absent from the brain). As judged
by RNA sequencing (RNA-seq), ENSGALG00000041621 was
expressed at high levels in lung and gizzard; medium levels in
the optic lobe, thyroid, Harderian gland, and liver; and low lev-
els in trachea, cerebellum, and heart. ENSGALG00000039585
was expressed at high levels in the skin, medium to low lev-
els in the Harderian gland, and very low levels in the heart.
ENSGALGO00000045170 was expressed at high levels in skin,
Harderian gland, and thymus; medium levels in thyroid and giz-
zard, and low levels in the heart. ENSGALGO00000043582 was
expressed at high levels in the trachea and medium to low levels
in heart, Harderian gland, lung, and skin.

Even though the homology between GPIHBP1 and the 4
chicken Ly6E-like proteins and the pattern of expression did not
seem consistent with a role in plasma triglyceride metabolism, we
expressed S-protein-tagged versions of the 4 Ly6E-like proteins
in CHO cells and tested their ability to bind cLPL. All of the
Ly6E-like proteins could be released from the surface of cells with
PIPLC (data not shown), but none bound ¢cLPL (Figure 9). We
again observed binding of ¢cLPL to human GPIHBP1 (Figure 9).

It is possible that the failure to identify a chicken GPIHBP1
gene was due to gaps in the chicken genomic DNA sequences or
incomplete annotation. With the assistance from the UC Santa
Cruz Genomics Institute, we examined GPIHBFI sequences from
46 mammals and examined genomes of 26 lower vertebrates for
sequences similar to the sequences of the human and platypus
GFPIHBFI genes, but no matches were found. To address the possibility that the chicken GPIHBP1 gene
is located in an unassembled region of the genome or that the annotation was incomplete, we examined
short-read RNA-seq and long-read isoform sequencing (Iso-Seq) chicken data sets for transcripts similar to
mammalian GPIHBP1. The short-read RNA-seq data set was generated from 20 chicken tissues, including
heart and adipose tissue (>3 billion paired-end reads). The Iso-Seq data were generated from adult chicken
brain, Hamburger-Hamilton (HH) stage 26 whole embryos, and pooled embryonic heart samples (HH
stages 18-20, 25, and 32).

Transcriptome annotations were generated from both the RNA-seq and Iso-Seq data, and the resulting
transcript models were mapped to human, mouse, platypus, and sheep GPIHBP1 sequences and to other
chicken Ly6 proteins with Blastx. All hits were manually examined for GPIHBP1 sequence motifs. We
defined the GPTHBP1 sequence motifs by several conserved features in mammalian GPIHBPI, as outlined
in the Methods. No chicken transcript contained these GPITHBP1 hallmarks. The short-read RNA-seq data
set represented a high-depth search of the mapped exome. Thus, the failure to find candidate sequences for
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Figure 4. Chicken lipoprotein lipase {cLPL) is located along
the luminal surface of capillaries. A 3-day-old chicken was
given an intravenous injection of 0.7 mg of an Alexa Fluor
555-labeled goat 19G against cLPL (red), 0.5 mg of fluores-
cein-labeled Lens culinaris agglutinin (Lectin, green), and 0.7
mg of Alexa Fluor 647-labeled nonimmune goat 1gG (cyan).
After 4 minutes, the chicken was perfused with 50 ml of
PBS followed by 30 ml of 3% paraformaldehyde (PFA) in
PBS. Liver, white adipose tissue (WAT), heart, and cerebel-
lurm were harvested, fixed in 3% PFA, and 50-pum sections of
WAT and 10-um sections of heart, liver, and cerebellum were
prepared. The lectin bound to endothelial cells of capillaries
and larger blood vessels; the goat 196 against cLPL bound to
capillaries but not larger blood vessels (arrows). The nonim-
mune goat 1gG did not bind to blood vessels of the heart,
WAT, or cerebellum (indicating an effective perfusion) but
as expected did bind to macrophages in the liver. DNA was
stained with DAPI (blue). Scale bars: 50 pm.
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a chicken GPIHBPI strongly suggests that a gene for GPIHBP1 is not present in the Galliss gallus genome
assembly 4.0. The Iso-Seq data set allowed us to identify unmapped chicken transcripts (i.e., transcripts
not present in the Gallus gallus genome assembly 4.0). Again, no transcripts encoding a chicken GPTHBP1
were identified (i.e., no transcripts encoding a Ly6 protein with an acidic domain; no transcripts resembling
human or platypus GPITHBP1; no Ly6 proteins with homology to the most conserved region of GPIHBP1).

Discussion

In mammals, GPTHBP1 plays 3 crucial roles in intravascular triglyceride metabolism — shuttling LPL to its site
of action in the capillary lumen, facilitating the margination of lipoproteins along capillaries, and stabilizing
the structure and activity of LPL (2-4). However, GPIHBP1 — the protein that is so essential for intravascular
lipolysis in mammals — has neverbeen identified in the chicken or any other lower vertebrate species. In the cur-
rent study, our goal was to determine if LPL in chickens, despite an apparent absence of GPIHBP1, could reach
the capillaty lumen. The results were clear: LPL in chickens does reach the capillary lumen. First, by immu-
nohistochemistry, LPL is present on capillaries of chicken heart and adipose tissue, colocalizing with vWF (an
endothelial cell marker). Second, a goat IgG against cLPL, when injected intravenously into chickens, binds to
LPL on the luminal surface of capillary endothelial cells, whereas a nonimmune chicken IgG does not. Third,
LPL protein and catalytic activity are released rapidly from isolated chicken hearts after an infusion of heparin,
mirroring results obtained with isolated hearts of wild-type mice (where the LPL is unequivocally intravascular).
‘When we performed studies on isolated hearts of Gpihbpl-deficient mice (where the LPL is extravascular), the
release of LPL by heparin was substantially delayed. Finally, we found that cLPL enters the bloodstreamn rapidly
after an intravenous injection of heparin, consistent with LPL being located within capillaries. In earlier studies
of wild-type mice (2), we found that LPL enters the plasma rapidly after an intravenous injection of heparin,
whereas the entry of LPL into plasma was substantially delayed in Gpihbpl-deficient mice (33).
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Figure 5. Chicken lipoprotein lipase {cLPL) can be released from tissues with heparin. (A) Isolated chicken hearts were perfused with 20 U/ml heparin,
and cLPL protein was detected in individual fractions (0.2 mlffraction) by Western blotting with a goat antibody against cLPL. (B) cLPL activity in the
fractions fram 3 different chickens (Heparin-1, Heparin-2, Heparin-3) was measured with a PH]triolein substrate. As a control, a chicken heart was
perfused with saline only (Saline). (C) Inhibition of the LPL activity with a goat antiserum against cLPL. Forthese studies, we pooled fractions 3-5 from
2 of the chickens (Heparin-1 and Heparin-2). We aliquoted 25 pl of the pooled fractions and then added either 50 wl of the goat antiserum against cLPL
or narmal goat serum. We then performed LPL activity assays. The 4 data points represent duplicate lipase assays on the fractions fram 2 chickens, (D)
Bargraph showing rapid heparin-mediated release of mouse LPL (mLPL) froman isolated heart of a wild-type mouse (black bars). Heparin-mediated
release of mLPL fram the heart of a Gpihbpi-deficient mouse was delayed (white bars). Similar results were observed in 2 other pairs of wild-type and
Gpihbpi-deficient mice. (E) Rapid release of cLPL (as measured by ELISA) into the plasma of a cockerel after an intravenous injection of heparin (2 Ujg
body weight). (F) Rapid release of cLPL into the plasma of 4 hens afteran intravenous injection of heparin (2 Ufg body weight).
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Finding LPL within chicken capillaries implies that plasma triglyceride metabolism is similay in mammals and
bivds, with LPL working inside capillaries to carry out the lipolytic processing of TRLs. While we are confident
that LPL is primarily intravascular in the chicken (and presumably other avian species), we would caution
against extrapolating the findings in chickens to other lower vertebrates (e.g., reptiles, amphibians, and
fish). In those species, the processing of TRLs may be significantly different. Of note, the plasma triglycer-
ide levels in Burmese pythons increase 50- to 150-fold after a meal and remain elevated for several days (34},
implying that TRL processing by LPL, if it occurs intravascularly in that species, may be rather inefficient.

‘What explains intravascular LPL in chickens? One possibility is that chickens actually have abona fide
GPIHBPI, but this gene has not yet been uncovered, either because of gaps in genomic DNA sequences or
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Figure 6. Chicken lipoprotein lipase {cLPL) is released from chicken hearts by phosphatidylinositol-specific phospholipase C (PIPLC). Isolated chicken

hearts were perfused with 6 Ufml PIPLC or normal saline alone and incubated in a water bath for 10 minutes at 37°C. The heartswere then perfused with
Tyrode's buffer. Six fractions were collected, and cLPL mass and activity were measured. (&) Western blots demonstrating that PIPLC releases cLPL into
the perfusate. (B) Activity assays with a PH]triolein substrate, revealing that PIPLC releases catalytically active cLPL into the perfusate. Three indepen-
dent experiments with PIPLC were performed (PIPLC-1, PIPLC-2, PIPLC-3), and 2 studies were performed with normal saline alone (Saline-1, Saline-2). (C)
Inhibition of PIPLC-released cLPL activity with a goat antibody against cLPL. We pooled the fractions from the PIPLC-1 and PIPLC-2 experiments, and
cLPL activity was measured in the presence of either the goat antiserum against cLPL or normal goat serum. The 4 data points represent lipase assays,
performed in duplicate, on the fractions fram 2 chiclkens.

incomplete annotation. Interestingly, the chicken gene for APOC2, an LPL cofactor, has never appeared in
the genomic DNA databases, despite the fact that chicken APOC2 was identified and characterized more
than 20 years ago (35). Notwithstanding the APOC2 example, we are skeptical that the apparent absence
of GPIHBPI in the chicken genomic DNA databases is due to incomplete sequences or annotation, simply
because GPTHBP1 has not been identified in any lower vertebrate. Also, after examining the sequences
for more than 3 billion RNA sequence tags, no transcripts for GPIHBP1 were found (i.e., no Ly6 proteins
with an acidic domain; no Ly6 proteins with strong similarity to mammalian GPTHBP1). Given that GPI-
HBP1 should be expressed at a relatively high level in at least one of the tissue types sequenced, it seems
unlikely that a GPIHBPI transcript would evade the depth of the RNA-seq efforts. However, the results
from the short-read RNA-seq data set include only genes present in the Gaflus gallus genome assembly 4.0,
and it is possible that the GPIHBPI locus is simply missing from that assembly. The absence of GPIHBP1
motifs in the long-read Iso-Seq data (where unmapped transcripts were assessed) provides strong support
for the notion that GPTHBPI is absent in the chicken, particularly since these data included transcripts
from embryonic chicken heart at several different HH stages. While it is still conceivable that a chicken
GPIHBPI might evade these sequence-based searches, we believe that it is rather unlikely and that our
results favor the view that chickens do not have GPIHBP1 and instead express a distinct protein for trans-
porting LPL into capillaries.

The stretch of chicken chromosome 2 syntenic to the GPIHBFI locus on human chromosome 8 encodes
4 Ly6E-like proteins of unknown function. None of those proteins bound cLPL. The absence of LPL bind-
ing was not particularly surprising because the sequences of the 4 Ly6E-like proteins did not resemble the
sequences for human or platypus GPIHBP1 (including the most highly conserved segment of GPIHBP1).
Indeed, the sequences for the 4 Ly6E-like proteins were no more similar to GPIHBP1 than to SLURP1, a
protein involved in keratinocyte differentiation (32). Also, the expression patterns of the 4 Ly6E-like proteins,
as judged by RNA-seq, appear to be inconsistent with a role for those proteins in triglyceride metabolism.
For example, none were expressed at high levels in the heart; ENSGALG00000041621 was expressed in the
central nervous system; ENSGALG00000039585 and ENSGALG00000045170 were expressed at high levels
in the skin; and ENSGALG00000043582 was expressed at high levels in the trachea.
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It is possible that another protein, completely unrelated to GPIHBP1, transports LPL to the capillary
lumen in chickens, perhaps by interacting with sequences not present in mammalian LPL proteins. cLPL
contains a 15-residue carboxyl-terminal extension enriched in positively charged residues (Supplemental
Table 3). That extension is highly conserved among other avian species (Supplemental Table 3). Perhaps
another transporter binds those sequences and mediates the transport of LPL across capillaries. Another
possibility is that the positively charged extension augments binding to endothelial cell heparan sulfate
proteoglycans (HSPGs), perhaps including GPI-anchored glypicans. The possible involvement of HSPGs
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Figure 8. Wild-type chicken lipopratein lipase {cLPL-wt}, but nota mutant cLPL with a p.C420Y mutation, binds to GPIHBP1. CHO pgsA-745 cells were
transiently transfected with S-protein-tagged wild-type human (h) or mouse (m) GPIHBP1 (or hGPIHBP1-W103S or mGPIHBP1-W108S) and coplated
with cells that had been transfected with V5-tagged versions of cLPL (wt or C420Y). Immunocytochemistry studies were perfarmed on permeabilized
and nonpermeabilized cells with a goat antibody against the S-pratein tag (red) and a mouse monoclonal antibody against the VS tag (green). DNA was
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stained with DAPI (blue). (A) Immunocytochemistry studies showing that cLPL-wt bound avidly to neighboring CHO cells expressing wild-type hGPIHBP1
(hence cLPL-wt colocalized with hGPIHBP1), whereas cLPL-C420Y had no capacity to bind to cells expressing wild-type hGPIHBP1 (no colocalization). Cells
expressing hGPIHBP1-W109S did not bind cLPL-wt. (B) Immunocytochemistry studies showing that cLPL-wt bound avidly to CHO cells expressing wild-
type mGPIHBP1 (colocalization), while LPL-C420Y had no capacity to bind to cells expressing wild-type mGPIHBP1 (no colocalization). Cells expressing
mGPIHBP1-W108S did not bind cLPL-wt. Scale bars: 20 um.

in LPL transport has been proposed previously (36). In our studies, perfusing chicken hearts with PIPLC
released cLPL protein and activity. That observation implies that some or all of the LPL on chicken capil-
laries could be bound to a GPI-anchored protein, but caution is warranted. We know that perfusing isolated
mouse hearts with large amounts of PIPLC can result in lysis of endothelial cells and adjacent cardiomyo-
cytes. In our chicken experiments, we used low amounts of PIPLC and observed no visual evidence of
myocardial damage, but we cannot exclude the possibility that some or all of the LPL released by PIPLC
originated from parenchymal cells.

cLPL binds avidly to mouse and human GPIHBP1 but not to mutant versions of human or mouse
GPIHBP1 lacking the capacity to bind LPL (e.g., human GPIHBP1-W109S, mouse GPTHBP1-W108S)
(23, 24). Also, cLPL-C420Y could not bind to human or mouse GPTHBP1. These findings suggest that the
interaction between cLPL and GPTHBP1 is rather specific. One might be tempted to infer from these obser-
vations that GPTHBP1 must be present in chickens, but we doubt that any such inference is justified. We
suspect that the structure of LPL was conserved during vertebrate evolution based on the protein’s ability
to hydrolyze triglycerides. We further suspect that GPITHBP1 evolved to fit this highly conserved structure.
According to this viewpoint, it would not be particularly surprising that cLPL would retain some ability
to bind to GPTHBP1, nor would it be surprising that amino acid substitutions that disrupt the binding of
human LPL to GPTHBP1 would also disrupt the binding of ¢cLPL to GPTHBP1. The notion that GPTHBP1
in mammals evolved to fit an ancient and highly conserved enzyme is not farfetched. The estrogen receptor
appeared early in animal evolution as a protein that activates gene transcription in response to a specific ste-
rol (estrogen). During vertebrate evolution, additional sterol receptors evolved to fit the structures of sterols
that had always been present as intermediates in the synthesis of estrogen (37). Also, it is noteworthy that
mammalian apo-E binds avidly to a member of the LDL receptor family in chickens (the oocyte receptor
for very low density lipoproteins) (38), despite the fact that chickens do not produce apo-E.

Given that LPL is capable of reaching the capillary lumen in chickens, what prompted the appearance
of GPTHBP1 in mammals? We do not have a clear answer, but we speculate that intravascular lipolysis
in mammals needed to be particularly efficient because mammals — unlike avian species — nurse their
young. In mammals, intravascular TRL processing by LPL is crucial for the production of milk fat by the
mammary gland (39, 40). We suspect that GPTHBP1 appeared in mammals to enhance the activity and
stability of intravascular LPL and to increase the capacity of vital tissues to extract lipid nutrients from
the plasma lipoproteins. Recent biochemical studies have proven that GPTHBPI1, and in particular the
acidic domain of GPIHBP1, stabilizes LPL’s hydrolase domain, limiting inactivation of the enzyme (4).
Also, LPL binding to GPTHBP1 protects LPL from inactivation by ANGPTL4 (41). GPIHBP1’s ability to
stabilize LPL likely increased the capacity of many tissues, including the mammary gland, to extract lipid
nutrients from the plasma compartment.

Methods

Goat antibodies against cLPL. cLPL purified from chicken adipose tissue was used to immunize a goat (30).
Goat immunoglobulins against cLPL were first purified from the goat antiserum on a Sepharose—cLPL
immunoaffinity column (31). The immunopurified goat IgG was further purified on a second immunoaffin-
ity column generated with a His-tagged cLPL polypeptide from . coli. To produce His-tagged cLPL in E.
coli, the coding sequences of mature cLPL were amplified from a chicken cDNA clone with Primestar GXL
polymerase (Clontech) and subcloned into the pMAPLe3 expression vector (42, 43). The plasmid was trans-
formed into E. coli BL21 (DE3) and Rosetta (DE3). Once the culture reached an OD,  of approximately 1.0,
the expression of cLPL was induced with 1 mM IPTG. After 4 hours, cells were harvested by centrifugation,
and the cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 20 mM imidazole,
8 M urea). The cells were lysed using an Emulsiflex C-3 (Avestin), and the lysate was clarified by centrifuga-
tion. The supernatant fluid was loaded onto a Ni-NTA column; the column was washed with lysis buffer,
and the bound protein eluted with lysis buffer containing 300 mM imidazole. The eluted proteins were
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Table 1. The GPIHBP1 locus on human chromosome 8 and the syntenic region on chicken chromosome 2

Human genes

PSCA (ENSG00000167653)
Ly6K (ENSGO0000160886)
THEME (ENSC00000130193)
SLURP1 (ENSG00000126233)
LYPD2 (ENSG00000197353)
LYNX1 (ENSC00000284505)
LYNX1 (ENSG00000283992)
LYNX1 (ENSG00000180155)
Ly6D (ENSG00000167656)
GML (ENSC00000104499)
CYP11B1 (ENSG00000160882)
CYP11B2 (ENSG00000179142)
Ly6E (ENSG00000160932)

Ly6L (ENSGOD000261667)
Ly6H (ENSG00000176956)
GPIHBP1 (ENSC00000277494)
ZFP41 (ENSG00000181638)

AC138696.1 (ENSC00000264668)

GLI4 (ENSG00000250571)
ZNF696 (ENSG00000185730)
TOPIMT (ENSC00000184428)
RHPN1 (ENSG0O0000158106)
MAFA (ENSG00000182759)
ZC3H3 (ENSG00000014164)

Location
8:142670308-142682724
8:142700111-142705127
8:142727203-142736927
8:142740944-142742411
8:142750150-142752534

Chicken genes

PSCA (ENSCALG00000045875)

no homolog
no homolog

SLURP1 (ENSCALG00000046632)
LYPD2 (ENSCALGO0000035166)

Location
2:148396683-148400734

2:148421473-148427755
2:148445058-148447137

8:142764334-142778224 no homolog
8:142764338-142769844 no homolog
8:142771197-142777810 no homolog
8:142784880-142786592 no homolog
8:142834247-142916506 no homolog
8:142872356-142879846 no homolog
8:142910559-142917843 no homolog

8:143017982-143023832 ENSCALG00000041621 2:148464758-148470888

ENSCALG00000043582 2:148492682-148497873

ENSCALC00000039585 2:148501300-148505443

ENSCALG00000045170 2:148482043-148486885
8:143080457-143083001 no homolog
8:143157914-143160711 no homolog
8:143213193-143217170 no homolog
8:143246821-143262705 no homolog
8:143247110-143276403 no homolog
8:143267433-143276931 no homolog
8:143289676-143298061 no homolog

8:143304384-143359979 TOPIMT (ENSCALG00000029572) 2:148535366-148546919
8:143368887-143384220 no homolog

2:148778575-148780708
2:148783909-148939588

8:143419182-143430406
8:143437655-143541453

MAFA (ENSGALG00000026264)
ZC3H3 (ENSGALC0O0000043265)

Data are from the Ensembl database. In this region, many human genes, including GPIHBP1, do not appearto have chicken orthologs.
ENSGALGO0000041621 is 46.03% identical to human LyGE; ENSCALGO0000043582, ENSGALGO00000393585, and ENSGALGO0000045170 are 40 48%,
34.48%, and 33.07% identical, respectively, to human LyGE.

insight.jci.org

concentrated and further purified by size-exclusion chromatography on a Superdex 200 column (GE Health-
care) equilibrated with 50 mM Tris (pH 8.0), 300 mM NaCl, and 8 M urea. The fractions containing cLPL
were pooled, dialyzed against 50 mM Tris (pH 8.0) containing 8 M urea, loaded onto a Q-Sepharose column
equilibrated with dialysis buffer, and then eluted with a 0-1 M NaCl gradient. cLPL eluted at approximately
300 mM NaCl. Fractions containing cL.PL were pooled and concentrated to approximately 5 mg/ml. cLPL
was then dialyzed against PBS with 4 M urea and coupled to AminoLink Coupling Resin (ThermoFisher
Scientific). The cLPL-resin was used as a second immunopurification step to purify goat anti-cLPL antibod-
ies. Briefly, the goat anti-chicken antibodies from the Sepharose-cLPL immunoaffinity column were added
to the cLPL-resin affinity column. After washing with PBS, goat IgGs were eluted with 0.2 M glycine-HCl
(pH 2.7). The resulting IgG fraction against cLPL was then neutralized with 1 M phosphate (pH 9).
Detecting cLPL in extracts of chicken tissues by Western blotting. Adipose tissue, liver, brain, gizzard, heart,
white skeletal muscle, and red skeletal muscle were harvested from 9-day-old chickens (approved by UCLA’s
Animal Research Committee). Tissue samples (~2 mm?) were placed in 1.0 ml of ice-cold RTPA buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP40 [vol/vol], 0.25% sodium deoxycholate, 1 mM
PMSE and 1 mM NaF) containing a protease inhibitor cocktail (cOmplete ULTRA EDTA -free, Roche) and
homogenized with a motorized homogenizer on ice. The lysate was centrifuged at 18,000 g in a microcentri-
fuge at 4°C, and the supernatant was collected for analysis. Tissue extracts (30 ug protein) and recombinant
cLPL from E. coli were electrophoresed in 12% Bis-Tris SDS-PAGE gels in MES buffer (ThermoFisher Sci-
entific). Size-fractioned proteins were transferred to a nitrocellulose membrane, and Western blots were per-
formed with anti-chicken goat antibodies purified over a Sepharose—cLPL immunoaffinity column (1.75 pg/
ml) or the same immunopurified antibodies that had been purified again with the immunoaffinity column
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Figure 9. Testing the ability of chiclen lipopratein lipase {cLPL) ta bind ta chiclken Ly6E-like proteins on the surface of transfected cells, CHO pgsA-745
cells were transfected with an expression vector for S-protein-tagged human GPIHBP1 (hGPIHBP1) or for S-protein-tagged versions of the chicken Ly6-like
prateins. Immunocytochemistry studies were performed on permeabilized and nonpermeabilized cells with a goat antibody against the S-pratein tag (red)
and a mouse antibody against the VS tag (green). DNA was stained with DAPI (blue). (A) Immunocytochemistry studies performed with expression vectors
for ENSCALGODOD0039585, ENSCALGODD00043582, and ENSCALGOO000041621 showing than none of these chicken Ly6-like proteins bound cLPL (no
colocalization). (B) Immunocytochemistry studies performed with 2 different expression vectors for ENSGALGO0000045170 (451702 and 45170b). Vector
45170a contained the Lys domain of ENSGALGO0000045170 and alse included the acidic domain of hGPIHBPT; vectar 45170b contained the Ly domain of
ENSGALGOO000045170. Neither vector conferred upon CHO cells the ability to bind cLPL. Scale bars: 20 um.
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generated with E. coli-expressed cLPL (1.75 pg/ml). Binding of goat IgGs was detected with an IRDye800-
conjugated donkey anti-goat [gG (LI-COR; 1:2,000). Antibody binding was detected with an Odyssey infra-
red scanner (LI-COR).

Detecting cLPL in CHO cells that had been transfected with V5-tagged cLPL. A modified version of CHO
pgsA-745 cells (in which the small amounts of hamster LPL expression were eliminated by CRISPR/
Cas9 genome editing) were electroporated with a plasmid encoding V5-tagged cLPL (2 pg DNA for 2 x
10¢ cells). After 24 hours, the cells were washed with PBS/Ca/Mg, fixed in methanol at —20°C for 10 min-
utes or with 3% paraformaldehyde (PFA) at room temperature for 15 minutes, permeabilized with 0.2%
Triton X-100, and blocked with 10% donkey serum. Cells were then incubated for 1 hour at room tem-
perature with the immunopurified goat anti-cLPL antibody (5 pg/ml) and a mouse anti-V35 tag antibody
(ThermoFisher Scientific; 11.6 pg/ml), followed by a 30-minute incubation at room temperature with an
Alexa Fluor 555-conjugated donkey anti-goat IgG (ThermoFisher Scientific; 1:800) and an Alexa Fluor
488-conjugated donkey anti-mouse IgG (ThermoFisher Scientific; 1:800). All antibodies were diluted in
3% donkey serum in PBS. After the staining of cells, they were fixed with 3% PFA at room temperature for
15 minutes. DNA was stained with 4’,6-diamidino-2-phenylindole (DAPI). Images were recorded with an
LSM700 confocal fluorescence microscope (Zeiss) and processed with Zen 2010 software (Zeiss). Micro-
scope exposure conditions were identical within each experiment.

Detecting cLPL in tissues by immunohistochemistry. A 9-day-old chicken was anesthetized and perfused
through the heart with 50 ml of PBS. WAT and heart were collected, rinsed in PBS, embedded in OCT com-
pound (Tissue Tek), and frozen sections prepared (50-um sections for WAT; 10-um sections for heart). Sections
were fixed in methanol at —20°C for 10 minutes, permeabilized with 0.2% Triton X-100 for 5 minutes, and
incubated with a blocking buffer containing 10% FBS (HyClone) and 0.2% BSA in PBS/Ca/Mg. Tissues were
incubated overnight at 4°C with a rabbit polyclonal antibody against human vWF (Dako; 1:200), followed by
a 1-hour incubation with Alexa Fluor 555-labeled goat anti-cLPL IgG (5 pg/ml) and an Alexa Fluor 488-
labeled donkey anti-rabbit IgG (ThermoFisher Scientific; 1:1,000). After washing with PBS, tissues were fixed
with 3% PFA in PBS for 5 minutes at room temperature. DNA was stained with DAPI. Immunofluorescence
microscopy was performed as described above. Microscope exposure conditions were identical for each tissue.

Detecting LPL in capillaries of chicken tissues. A 9-day-old chicken was anesthetized and injected intra-
venously through the brachial vein with a solution containing 73 pl of Alexa Fluor 555-labeled goat anti-
cLPL IgG (9.5 mg/ml), 50 pl of fluorescein-labeled Lens culinaris agglutinin (lectin, 10 mg/ml; Vector
Laboratories), and 70 ul of Alexa Fluor 647-labeled nonimmune goat IgG (10 mg/ml). After 4 minutes,
the chicken was perfused through the heart with 50 ml of PBS, followed by 30 ml of PBS containing 3%
PFA. WAT, heart, liver, and cerebellum were harvested and fixed in 3% PFA at 4°C for 2 hours. Tissues
were embedded in OCT compound, and 10-pm sections prepared. Immunofluorescence microscopy was
performed as described above. Microscope exposures were identical within each experiment.

Release of cLPL from isolated chicken hearts with heparin or PIPLC. Chickens between 9 and 21 days of age
were anesthetized and perfused with 20 ml of Tyrode’s buffer (136 mM NacCl, 5.4 mM KCl, 0.33 mM NaH-
PO, 1 mM MgCl, 10 mM Hepes, pH 7.4, and 10 mM glucose) containing 1 mM CaCl,. The hearts were
removed, cannulated through the aorta, and perfused with 3 ml of Tyrode’s buffer. To release LPL from
blood vessels, the hearts were perfused with 20 U/ml of heparin in 4 ml of Tyrode’s buffer (or buffer alone).
The LPL in the perfusate (0.2 ml/fraction) was stabilized by diluting in DOC buffer (0.1 M Tris, pH 8.5, 0.1
mM SDS, and 5 mM deoxycholate) and stored at —-80°C until analysis. LPL in the perfusate was document-
ed by Western blotting or by measuring triglyceride hydrolase activity (44). For the activity measurements,
25 pl of the sample was added to 175 ul of substrate solution composed of Intralipid containing [*H]triolein
and heat-inactivated rat serum (as a source of APOC2). In some studies, LPL activity was inhibited with
50 pl of the goat antiserum against cLPL. Released fatty acids were extracted and counted in a scintillation
counter (45). In other studies, isolated mouse hearts were perfused with PIPLC (6 U/ml) (1) in 1 ml Tyrode’s
buffer (or with buffer alone). Hearts were incubated at 37°C for 10 minutes and then perfused with 2 ml of
Tyrode’s buffer. Fractions (0.3 ml) were collected, and LPL mass and activity were measured (1).

Releasing LPL from chickens with an intravenous injection of heparin. Young male (0.5-1.0 kg) or female
chickens (0.7-0.9 kg) were anesthetized, and the brachial vein was cannulated with a 20-gauge catheter.
Chickens were injected intravenously with heparin (2 U/g body weight). Blood samples (1 ml) were drawn
from the contralateral brachial vein at baseline and 1, 3, 8, 15, and 30 minutes after the injection of heparin.
LPL activity and mass measurements were assessed as described (46, 47).
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Assessing binding of ¢cLPL to GPTHBPI. CHO pgsA-745 cells (2 X 10¢) were electroporated with 2 pg of
expression vector encoding S-protein—tagged versions of mouse or human GPIHBP1 or with V5-tagged
versions of human, mouse, or cLPL. The GPIHBPI-transfected cells were then coplated with the LPL-
transfected cells on coverslips in 24-well plates at a ratio of 1:2 (a total of 1 X 106 cells/well). After 48
hours, cells were washed with PBS/Ca/Mg, fixed with 3% PFA, and blocked with 10% donkey serum
(vol/vol). In some studies, the cells were permeabilized with 0.2% Triton X-100 (vol/vol) after PFA fixa-
tion. Cells were then incubated overnight at 4°C with a goat polyclonal antibody against the S-protein tag
(Abcam; 1:800) followed by an Alexa Fluor 568-conjugated donkey anti-goat IgG (ThermoFisher Scien-
tific; 1:800) and a mouse monoclonal antibody against the V5 tag (ThermoFisher Scientific; 11.6 pg/ml)
followed by an Alexa Fluor 488—conjugated donkey anti-mouse IgG (ThermoFisher Scientific; 1:800). All
antibodies were diluted in 3% donkey serum in PBS. Cells were washed 3 times with 3% donkey serum in
PBS and 2 times with PBS before being fixed with 3% PFA. DNA was stained with DAPI. Images were
recorded and processed as described above; microscope exposures were identical within each experiment.

Expression vectors for chicken Ly6E-like proteins. The open reading frames for ENSGALG00000039585,
ENSGALG00000041621, ENSGALG00000043582, and ENSGALG00000045170 were prepared by RT-
PCR from a chicken adipose tissue cDNA library with oligo(dT), random primers, and SuperScript 11T
(ThermoFisher Scientific). PCR fragments were initially introduced into the pGEM-T Easy Vector (Pro-
mega). The sequences for the mature proteins were amplified and subcloned into the pTriEx-4 mammalian
expression vector (Novagen) as described for expression vectors for human GPIHBP1 or human CD59
(48). In addition, we also introduced the sequences for the Ly6 domain of ENSGALG00000045170 in
frame with the acidic domain of human GPTHBP1 in the pTriEx-4 vector. All vectors contained an amino-
terminal S-protein tag. The integrity of the expression vectors was verified by DNA sequencing.

Chicken transcriptome sequencing search. Data were acquired from 2 chicken transcriptome sequencing
projects (49, 50). The data comprise Pacific Biosciences Iso-Seq sequencing of chicken brain (PRJEB13246),
whole embryo (HH stage 26, PRIEB13248), and embryonic heart (pooled HH stages 18-20, 25, and 32;
SRR1177086) samples along with Illumina short-read RNA-seq for 20 tissues of adult female J-line chick-
ens (PRJEB12891). For the Iso-Seq data, mapped and unmapped transcript models were examined with
Blastx for potential GPIHBP1 transcripts, known Ly6 protein transcripts, and LPL transcripts. For the
GPIHBP1 Blastx runs, we compared human, mouse, platypus, and sheep GPIHBP1 amino acid sequences
to chicken transcripts. For the Ly6 protein runs, we examined chicken transcripts for the Ly6 proteins
present in the Uniprot database. For the LPL runs, we used the annotated cLPL amino acid sequence.
For the short-read RNA-seq data, transcript models were assembled with Cufflinks as described in the
chicken transcriptome sequencing project (49) and examined with identical Blastx protocols. Mapped and
unmapped chicken transcript models with hits from the GPIHBP1 and Ly6 Blastx runs were analyzed
for 3 conserved features of mammalian GPTHBP1. The first is a characteristic pattern of cysteines in all
mammalian GPTHBP1 proteins (CXXXXXXXXXXXXXXXCCXXXXC). We allowed a range of 7 to 19
amino acids between the first and second cysteines, and a range of 3 to 5 amino acids between the third and
fourth cysteines. The second is a region with more than 15 acidic residues (D or E) within a 26-amino acid
window at the amino terminus of the protein. The third feature was a WCXXXC motif (allowing a range
of 3 to 5 residues between the 2 cysteines).

Study approval. All the animals used in this study were housed in a facility accredited by Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC International). All animal protocols
are approved by the Chancellor’s Animal Research Committee (ARC). The ARC-approved protocols cover-
ing the work in our laboratory include 2015-097-11, 2004-127-12B, and 2015-097-03.
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Cholesterol is a crucial lipid within the plasma membrane of
mammalian cells. Recent biochemical studies showed that one
pool of cholesterol in the plasma membrane is “accessible” to
binding by a modified version of the cytolysin perfringolysin O
(PFO*), whereas another pool is sequestered by sphingomyelin
and cannot be bound by PFO* unless the sphingomyelin is destroyed
with sphingomyelinase (SMase). Thus far, it has been undear whether
PFO* and related cholesterol-binding proteins bind uniformly to the
plasma membrane or bind preferentially to specific domains or mor-
phologic features on the plasma membrane. Here, we used nanoscale
secondary ion mass spectrometry (NanoSIVS) imaging, in combina-
tion with "N-labeled cholesterol-binding proteins (PFO* and ALO-D4,
a modified anthrolysin 0}, to generate high-resolution images of cho-
lesterol distribution in the plasma membrane of Chinese hamster
ovary (CHO} cells. The NanoSIMS images revealed preferential
binding of PFO* and ALO-D4 to microvilli on the plasma membrane;
lower amounts of binding were detectable in regions of the plasma
membrane ladking microvilli. The binding of ALO-D4 to the plasma
membrane was virtually eliminated when cholesterol stores were de-
pleted with methylf-cyclodextrin. When cells were treated with
SViase, the binding of ALO-D4 to cells increased, largely due to in-
aeased binding to microvilli. Remarkably, lysenin (a sphingomyelin-
binding protein} also bound preferentially to microvilli. Thus, high-res-
olution images of lipid-binding proteins on CHO cells can be acquired
with NanoSIMS imaging. These images demonstrate that accessible
cholesterol, as judged by PFO* or ALO-D4 binding, is not evenly dis-
tributed over the entire plasma membrane but instead is highly
enriched on microvilli.

NanoSIMS | cholesterol | microvilli | anthrolysin © | perfringolysin O

n recent biochemical studies, Das et al. analyzed the binding of

PFO*, a mutant version of the cytolysin perfringolysin G, to
cholesterol in the plasma membrane of several mammalian cells,
including human fibroblasts and Chinese hamster ovary (CHO)
cells (1, 2). They found that plasma membrane cholesterol is
“accessible” to 2[-PFO* binding when cholesterol levels are
high (exceeding 35 mol% of all membrane lipids). When cho-
lesterol stores were depleted with 2-hydroxypropyl-f-cyclodex-
trin, the binding of Z[-PRO* to cells was virtually abolished.
Interventions that Increased plasma membrane cholesterol levels
resulted in more *ZI-PRO* binding (1). They went on to show
that much of the cholesterol in the plasma membrane is se-
questered by sphingomyelin and cannot bind 1251 PRO* unless
the sphingomyelin is destroyed with sphingomyelinase (SMase)
(2). The studies by Das et al. were very important becanse they
characterized distinct pools of cholesterol in the plasma mem-
brane (an accessible pool and a sphingomyelin-sequestered
pool); however, the distribution of PFO* binding sites on the
plasma membrane was not addressed.

The plasma membrane of mammalian cells is often assumed to
contain microdomains (called “lipid rafts”) enriched In sphin-
gomyelin and cholesterol. These microdomains can be purified

2000-2005 | PNAS | February 21,2017 | vol. 114 | no.8

from the plasma membrane by taking advantage of their resistance
to detergent extraction at low temperatures (3). Cholesterol- and
sphingolipid-rich microdomains are transient and small (<200 nm),
making them very difficult to visnalize by confocal microscopy (4).
To better define the distributions of cholesterol and sphingolipids in
the plasma membrane, Frisz et al. (5) used nanoscale secondary ion
mass spectrom (NanoSIMS) imaging to visualize **O-labeled
cholesterol and *N-labeled sphingolipids in the plasma membrane
of 313 fibroblasts. They reported that the cholesterol in the plasma
membrane was evenly distributed, whereas sphingolipids were
found in large (~2-3 pm) and unevenly distributed patches (5). The
distinet distributions of cholesterol and sphingolipids in the plasma
membrane were somewhat surprising, given that these lipids are
thought to interact within the plasma membrane. Of course, the
conclusions regarding the plasma membrane distributions of cho-
lesterol and sphingolipids in this NanoSIMS study relied on the
assumption that the 0 and BN ions originated exclusively from
the plasma membrane (rather than being derived in part from in-
ternal membrane compartments).

In our current study, we used NanoSIMS imaging along with
N-labeled cholesterol- and sphingomyelin-binding proteins
{cytolysins) to visnalize distributions of cholesterol and sphin-
gomyelin in the plasma membrane. We reasoned that NanoSIMS
imaging with lipid-binding proteins would hold several advantages.

Significance

Biochemical studies have demonstrated that one pool of cho-
lesterol in the plasma membrane is accessible to binding by
bacterial cholesterol-binding proteins, whereas another pool is
“sequestered” and inaccessible to binding by those proteins.
Here, we used nanoscale secondary ion mass spectrometry
(NanoSIMS) imaging, along with cholesterol-binding proteins
that had been labeled with a stable isotope, to visualize and
guantify the distribution of “accessible cholesterol” on the
plasma membrane of mammalian cells. Our studies revealed
that accessible cholesterol, as judged by cholesterol-binding
proteins, is not evenly distributed on the plasma membrane
but instead is enriched on the surface of microvilli. The acces-
sible dholesterol on microvilli could be relevant to the move-
ment of cholesterol away from the plasma membrane.
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First, we suspected that the N signal would be robust. The
cholesterol- and sphingomyelin-binding proteins were uniformly
labeled with N and therefore contaimned >100 N atoms. In
contrast, there is only a single *C atom in [*®O]cholesterol. Sec-
ond, when lipid-binding cytolysins such as PEG* are incubated with
cells, one can be confident that they bind to the plasma membrane
and not to internal membrane compartments. Third, NanoSIMS
instruments can collect ion images with spatial resolutions that are
higher than typically obtained with confocal microscopy (6).
Fourth, the NanoSIMS mstrument collects millions of ions, making
it possible to quantify binding of **N-labeled proteins to morpho-
logically distinct regions within the plasma membrane. Finally, one
can judge the validity of NanoSIMS Imaging studies according to
the lessons from earlier biochemical studies (e.g., the fact that
PFO* binding is reduced by cholesterol depletion and increased by
treating cells with SMase).

Materials and Methods

CHO-K1 Cells. Stock cultures of hamster CHO-K1 cells were grown in mono-
layer cultures at 37 °C with 8-9% {vol#vol) CO, and maintained in medium A
[Ham’s F-12 Nutrient Mixture (Thermo Fisher Scientific) containing 10%
(volivol) FBS {(HyClone), 2 mM glutamine, and antibiotic-antimycotic from
Gibico containing 100 unitsfmL of penicillin, 100 pg/mL of streptomycin, and
0.25 pg/mL of amphotericin B]. Medium B is identical to medium A except
that it contains 10% (vol/vol) lipoprotein-deficient serum {LPDS) rather than
FBS. Medium C is medium B containing 50 pM mevastatin {Calbiochem) and
50 puM mevalonolactone (Sigma). To produce LPDS, FBS was adjusted to a
density of 1.21 g/mL with NaBr and centrifuged in a SW41 rotor at 38,000
rpm for 48 h. The top layer (lipoproteins) was discarded, and the bottom
fraction (LPDS) was dialyzed against PBS and sterilized with a 0.22-pm filter.
For NanoSIMS analysis, cells were grown on 0.5-cm? silicon wafers coated
with poly-L-lysine or were plated on Thermanox plastic coverslips {Thermo
Fisher Scientific). For immunofluorescence microscopy, CHO-K1 cells were
plated on glass coverslips in 24-well plates.

To load CHO-K1 cells with cholesterol, cholesterol was dissolved in ethanol
and then added to medium C [final cholesterol concentration, 300 pM; final
ethanol concentration, 1.17% (volvol)]. The cells were then grown in choles-
terol-supplemented medium C for 2 d. After three 10-min washes with Dul-
becco’s PBS containing Mg?* and Ca?" (DPBS+Mg?*+Ca®"), cells were incubated
in medium B without cholesterol for 44 h. Finally, the cells were washed three
times for 10 min in DPBS+Mg?®*+Ca?" containing 0.2% (wifvol) ESA. To deplete
dholesterol, cells were inaubated with 10 mM methyl-f-cydodextrin (MBCD,
Sigma) in Ham's F-12 Nutrient Mixture at 37 °C for 15 min. To release the
sphingomyelin-sequestered pool of dolesterol on the plasma membrane, cells
were inaubated at 37 °C for 30 min in medium A containing 100 milliunitsimL of
sphingomyelinase from Staphyfococcus aureus (Sigma). For a “no treatment”
control, cells were simply incubated in medium A at 37 °C for 30 min.

Preparation of "N-labeled His-Tagged PFG*. PFO* is a 500-amino acid non-
aytolytic cysteine-less version of perfringolysin O (PFO) carrying a Y181A
substitution (1). A plasmid for His-tagged PFO* (1) {from Arun Radhakrishnan,
University of Texas Southwestern, Dallas, TX) was expressed in EL21{DE3)
pLysS Escherichia cofi {Invitrogen), and the cells were induced with 0.5 mM
IPTG in minimal medium containing 25.5 mM KH,PO,, 57.4 mM K,HPO,,
63.4 mM Na,HPO,, 13.8 mM K,50,, 20.2 mM "*NH,CI (Cambridge Isotope
Laboratories), 5 mM MgCl,, 0.2% {wt/vol) glucose, and 100 ug/mL carbe-
nicillin at 37 °C for 16 h. Cells were pelleted at 8,000 x g for 20 min at 4 °C
and resuspended in 20 mL of buffer containing 50 mM NaH,PO, (pH 7.0),
300 mM NaCl, 2 mM PMSF, and a protease inhibitor mixture tablet (Roche
Complete, Mini, EDTA-free; 1 tablet/10 mL). Cells were disrupted by soni-
cation, pulse 1.5 min on and 30 s off (four times). The lysate was centri-
fuged at 18,000 x g for 40 min at 4 °C, and the supernatant was mixed with
4 mL of HisPur Cobalt resin [50% (vol/vol) slurry, Thermo Fisher Scientific]
equilibrated in an equilibration buffer [50 mM NaH.PO, (pH 7.0) and
300 mM NaCl] with 10 mM imidazole for 45 min at 4 °C. The mixture was
then loaded into a column and the flow through was allowed to drain by
gravity from the resin. The column was washed with four column volumes
{CVs) of the equilibration buffer plus 10 mM imidazole and 4 CVs of equili-
bration buffer containing 50 mM imidazole. ['*N]PFO* was eluted with 12 CVs
of the equilibration buffer containing 300 mM imidazole. Eluates were
pooled and concentrated to 2 mL with an Amicon 10-kDa MWCO concen-
trator (Millipore). Purified protein was stored in 50% (volivol) antibody
stabilizer PES {CANDOR Bioscience) at 4 °C.

He et al.

Preparation of "*N-Labeled His-Tagged Domain 4 of Anthrolysin G. A plasmid
for domain 4 of anthrolysin O (ALC-D4, ALC amino acids 404-512with C472A
and S404C substitutions) was obtained from Arun Radhakrishnan. ALO-D4
was expressed and purified in BL21{DE3) pLysS £. cofi (7). "*N-labeled ALO-D4
was purified as described for "*N-labeled PFO*.

Preparation of '*N-Labeled His-mCherry-Tagged Lysenin. To express a nontoxic
wversion of lysenin, the sequences for lysenin amino acids 161-297 were cloned
into the vector pEADmCherry (Addgene). The cDNA for lysenin was syn-
thesized by Integrated DMNA Technologies. The vector pEADmCherry was
linearized by PCR with primers 5 -TAAGAATTCGAAGCTTGGCTG-3' and
5-CTTGTACAGCTCGTCCATGC-3°, and the lysenin cDNA was inserted with
the In-Fusion HD Cloning kit (Clontech). Lysenin was expressed in BL21(DE3)
£. cofi {Invitrogen). To produce ['*N]lysenin, £ cofiwere grown in 1L*NH,CI
minimum media and induced with 0.2% {wt#/ol) arabinose at 20 °C for 16 h.
Cells were pelleted at 8,000 x g for 20 min at 4 °C and resuspended in 20 mL
of lysis buffer containing 20 mM NaH PO, (pH 8.0), 150 mM NaCl, 1 mg/mL
lysozyme, 0.4 mg/mL PMSF, and a protease inhibitor mixture tablet (1 tablet/
20 mL, Roche, Complete, Mini, EDTA-free). Cells were disrupted with 15 strokes
in a Dounce homogenizer, incubated at 4 °C for 3 h and again subjected to
Dounce homog enization and sonication. The lysate was centrifuged at 25,000 x g
for 1 h at 4 °C. The supernatant was loaded onto a 1-mL nickel-nitrilotriacetic
acid (Ni-NTA) column (GE Healthcare) equilibrated in equilibration buffer
{20 mM NaH,PO, pH 8.0, 150 mM NacCl). The column was washed with
50 column volumes of equilibration buffer containing 30 mM imidazole; the
I‘sN]Iysenin was eluted with equilibration buffer containing a linear gradient
of imidazole (30-300 mM). Fractions containing lysenin were pooled and
concentrated to 1 mL with an Amicon 10-kDa MWCO concentrator (Millipore).
The 1-mL eluate was further purified by gel filtration on a Superdex 200 10300
column (GE Healthcare). Purified protein was stored in 50% (vol#vol) antibody
stahilizer PBS {CANDOR Bioscience) at 4 °C.

[*N]PFO* and ['*N]ALO-D4 Binding to Cells. CHO-K1 cells were washed three
times {10 min each) with DPES+Mg?*+Ca®* plus 0.2% BSA to remove MECD
or SMase. Each coverslip or silicon wafer containing CHO-K1 cells was incubated
in 24-well plates for 2 h at 4 °C with 0.4 mL of hinding buffer (25 mM Hepes-
KOH, pH 7.4, 150 mM NaCl, 0.2% BSA) containing 20 pg/mL of [*N]JALO-D4 or
20 pg/mL of ["NIPFO*. The cells were washed three times (3 min eadn) with ice-
cold DPES+Mg?*+Ca?* to remove unbound ["*NJALO-D4 or ['*N]PFO*.

[**N]Lysenin Binding to Cells. Cells grown on silicon wafers were washed three
times for 10 min with DPBS+Mg?*+Ca®* plus 0.2% BSA to remove MECD or
SMase. Each wafer was incubated in a 24-well plate for 1 h at 4 °C with 0.4 mL
of DPBS+Mg?"+Ca®* containing 0.2% BSA and 20 pg/mL of ['*N]lysenin. To
remove unhound protein, cells were washed three times for 3 min with ice-
cold DPBS+Mg?*+Ca®".

Preparing Cells on Silicon Wafers for NanoSIMS Imaging and Scanning Electron
Microscopy. CHO cells were fixed with 4% (vol/ivol) paraformaldehyde (PFA)
and 1% glutaraldehyde for 20 min at 4 °C, followed by 2.5% {volivol) glu-
taraldehyde in 0.1 M phosphate buffer for 1 h at room temperature. Cells
were then washed three times for 10 min with 0.1 M phosphate buffer
followed by two 5-min washes with ddH 0. The cells were then air dried and
used for NanoSIMS imaging. For scanning electron microscopy, cells were
coated with 5-nm platinum and transferred to a FEl Verios SEM. Images were
taken with a 2-KeV incident beam of 50-pA current at a 2.5-mm working
distance. In a separate fixation method, cells were fixed in a solution con-
taining 2.5% (volivol) glutaraldehyde in 0.1 M sodium cacodylate for 1 h.
The samples were rinsed three times with 0.1 M sodium cacodylate before
being postfixed in a solution of 1% osmium tetroxide in 0.1 M sodium
cacodylate for 40 min followed by three rinses with H,O. Next, the cells were
dehydrated with a graded series of ethanol concentrations and then by
critical point drying (Tousimis Autosamdri 810). The samples on stubs were
then coated with gold palladium (Pelco SC-70) and imaged with a Zeiss Su-
pra 40VP scanning electron microscope with a 7-KeV incident beam.

Preparation of Epoxy-Embedded Cells for NanoSIMS Imaging. CHO-K1 cells
were plated on Thermanox plastic coverslips in a 24-well plate. Cells
were loaded with cholesterol, treated with MECD or SMase, and incubated
with ['*NJALO-D4 as described. Next, the cells were fixed with ice-cold
4% (volivol) PFA and 1% glutaraldehyde for 20 min at 4 °C, followed by
2.5% (voliol) glutaraldehyde in 0.1 M phosphate buffer for 1 h at room
temperature. The cells were washed, then incubated in 1% osmium tetroxide
in 0.1 M phosphate buffer for 1 h, and washed again with ddH,0. The cells
were then incubated with 2% (volivol) aqueous uranyl acetate overnight
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Fig. 1. NanoSIMS imaging of cholesterol-binding proteins on the plasma
membrane of CHO-KI cells. CHO-K1 cells were plated on silicon wafers and
grown in Ham’s F-12 medium containing 10% lipoprotein-deficient serum
{Materials and Methods) for 5 d. The cells were then loaded with cholesterol
as described in Materials and Methods. The cells were subsequently grown in
medium lacking supplemental cholesterol for 44 h. Next, the cells were in-
cubated with 20 pg/mL ["®N]JPFO* (A) or ['°N]JALO-D4 (8) for 2 h at 4 °C.
NanoSIMS images were generated based on secondary electrons (SEs); other
images were created based on the ">N/'*N ratio. {Scale bar, 10 ym.) The color
scale shows the range of ">N/'*N ratios. (C) High-magnification image of the
cell shown in 8. (Scale bar, 3 pm.) (D) Line scan demonstrating the ">N/'*N
isotope ratio across microvilli on the surface of the plasma membrane {white
lines in Cand D). Pixel, ~19.5 nm. (£) SEM image of a CHO-K1 cell grown on a
silicon wafer and fixed with 4% (volivol) PFA plus 1% glutaraldehyde fol-
lowed by 2.5% (volivol) glutaraldehyde. A higher-magnification image of
the boxed area on the Left is shown in the image on the Right. Red arrow
shows a microvillus at the perimeter of the cell; white arrows show microvilli
on the surface of the cell. (F) SEM image of CHO-K1 cells grown on a silicon
wafer and fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M sodium caco-
dylate followed by 1% osmium tetroxide in 0.1 M sodium cacodylate. (Scale
bar, 10 um.)

at 4 °C, washed, dehydrated with a graded series of ethanol, transferred to
propylene oxide, and infiltrated with a 1:1 mix of propylene oxide:eponate 12
resin (Ted Pella) for 1 h and a 1:2 mix of propylene oxideresin overnight. The
cells were then transferred to fresh resin and embedded by inverting the cov-
erslip onto a Beem capsule filled with fresh resin and polymerized for 24 h at
60 °C. The coverslips were removed and 500-nm thick sections were cut en face
with a Diatome diamond knife. The sections were placed on a silicon wafer for
NanoSIMS imaging.

Imaging of ALO-D4 and Lysenin Binding with NanoSIMS and Confocal
Microscopy. Samples of cells on silicon wafers were coated with 5-nm plati-
num and transferred to a NanoSIMS 50L instrument (CAMECA) for analysis.
An 8-KeV "*>Cs" beam was used as the primary ion beam to bombard the
sample; secondary ions of -8 KeV ('2C", "°0, "2C"*N-, 2C"*N") and secondary
electrons (SEs) were collected. An area of 30 x 30 um was imaged with a
~1.5-pA beam current {primary aperture D1 = 2) and a dwell time of 10,000
ps/pixel. Scans of 256 x 256 or 512 x 512 pixels were obtained. To obtain
high-resolution images, a smaller primary aperture (D1 = 3, ~0.8 pA) was
used to image a region of 10 x 10 um. For embedded sections on silicon
wafers, a high primary beam current of ~3.5 nA was used to presputter a 40 x
40 um region for 2 min to remove the platinum coating and implant '>*Cs*
for a steady state of secondary ions. In the same region, an area of 30 x
30 pm was then imaged with a ~1.5 pA beam current and a dwell time
of 30,000 ps/pixel. Scans of 256 x 256 pixels were obtained. To quantify the
SN/'*N ratio, regions of interest were defined and "*N/'*N ratios were
measured with the OpenMIMS plugin and then processed by Prism 7.0. Re-
gions of interest {including line scans) on images were drawn pixel by pixel for
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microvilli and nonmicrovilli regions. The mass ratio of '*N/"*N was measured
with a median filter of 1-pixel radius. The mean and SDs of the "*N/"*N ratio
data points were then calculated and processed by Prism 7.0. Confocal
fluorescence microscopy images were obtained with standard experimental
approaches (S Materials and Methods) and recorded with an Axiovert 200 M
microscope.

Results

In our first experiments, we used NanoSIMS imaging of ["N]PFO*
to visualize the accessible pool of cholesterol on the plasma mem-
brane of CHO-K1 cells. Cells were grown on silicon wafers (1) in
cholesterol-rich medium and then incubated with [*N]JPFO*. After
washing the cells and fixing them with paraformaldehyde, NanoSIMS
imaging was performed (Fig. 14). The binding of [PN]JPFO* to
cells was visualized with images generated from the ratio of *C*°N
and ®CYN  secondary ions (ie., "N/“N images). The N/“N ratio
was high in microvilli extending from the edge of cells and in
microvilli fixed to the top surface of cells (Fig. 14). SE images
were useful for cell morphology (Fig. 14).

PFO* forms large oligomers when it binds to membranes
containing cholesterol (8), and we were concerned that PFO*
oligomerization might influence the distribution of [°N]PFO*
binding. For that reason, we performed NanoSIMS imaging with
another cholesterol-binding protein, ALO-D4, which binds choles-
terol in a manner similar to PFO* but does not form large oligo-
mers (7). NanoSIMS images of [N]JALO-D4 binding to CHO
cells were similar to those obtained with [SNJPFO* (Fig. 1B);
both bound preferentially to microvilli. Preferential binding of
[**N]JALO-D4 to microvilli was also evident in high-resolution
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Fig. 2. NanoSIMS analysis of ['>NJALO-D4 binding to the plasma membrane
of CHO-KI cells grown under standard conditions. CHO-K1 cells {imaged in
A-C) were plated on silicon wafers and grown overnight and given either no
treatment {A); treated with 10 mM methyl-g-cyclodextrin (+MBCD) for 15 min at
37 °C (B); or treated with 100 milliunits/mL of sphingomyelinase for 30 min at
37 °C (+SMase) (C). The cells were then washed and incubated with 20 pg/mL
[">N]JALO-D4 for 2 h at 4 °C. NanoSIMS images were generated based on
12C'*N- jons {to visualize cell morphology) and on the "N/'N ratio. (Scale bar,
10 um.) The color scale shows the range of "N/"N ratios. (D) '>N/'*N ratios in
microvilli {black solid circles) and nonmicrovilli regions {red solid circles) {n = 30)
of the plasma membrane of two nontreated (NT) and SMase-treated (SMase)
CHO-K1 celk. (£ and F) Bar graphs depicting "*N/"*N ratios in microvilli and
nonmicrovilli regions of the plasma membrane in NT and SMase-treated cells.
Data were analyzed with an unpaired Student’s ¢ test with Welch's correction.
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Fig. 3. NanoSIMS imaging of ['*NJALO-D4 binding to the plasma mem-
brane of CHO-KI cells that had been loaded with cholesterol. CHO-K1 cells
were plated on silicon wafers and grown for 5 d. The cells were then loaded
with cholesterol by incubating the cells for 2 d in medium containing 300 uM
cholesterol (Materials and Methods). The cells were then washed and grown
without supplemental cholesterol for 44 h. Next, the cells were plated on
silicon wafers, grown overnight, and then given no treatment (4); treated
with 10 mM methyl-p-cyclodextrin for 15 min at 37 °C (+MpCD) (8); or
treated with 100 milliunits/mL of sphingomyelinase for 30 min at 37 °C
{(+SMase) {C). The cells were then washed and incubated with 20 pg/mL
['*NJALO-D4 for 2 h at 4 °C. NanoSIMS images were generated based on
secondary electrons (SEs) and on the ratio of '2C"*N™to '2C'*N™ secondary ions
(">N/'*N). (Scale bar, 10 pm.) The color scale shows the range of "*N/"*N ratios.
(D) ">N/"*N ratios in microvilli {black solid circles) and nonmicrovilli regions {red
solid circles) {n = 30) of two nontreated (NT) and SMase-treated (SMase) cells.
(€ and F) Bar graphs of ">N/"*N ratios in microvilli and nonmicrovilli regions on
the plasma membrane of NT and SMase-treated cells. Data were analyzed with
an unpaired Student’s ¢ test with Welch's correction.

NanoSIMS images (Fig. 1C). Using those images, we analyzed the
ISN/MN ratio along straight lines that traversed microvilli; these
line scans revealed that "N/*N ratios were about fivefold higher
in microvilli than in surrounding regions free of microvilli
(“meadows™) (Fig. 1D). The high-resolution NanoSIMS images
had a lateral resolution of 70 nm (Fig. 1F) by the 16-84% defi-
nition (9). Microvilli on CHO-K1 cells on silicon wafers were also
documented by scanning electron microscopy (Fig. 1 E and F).
To gauge the specificity of [**NJALO-D4 binding to choles-
terol, we performed NanoSIMS imaging of cells in which cho-
lesterol stores had been depleted with MBCD and cells in which
the sphingomyelin-sequestered cholesterol pool had been re-
leased with SMase. In our first such experiments, we used CHO
cells that had been cultured under standard conditions (i.e., no
supplemental cholesterol) (Fig. 2). In the absence of MBCD
or SMase, the *N/*N images revealed preferential binding of
[*NJALO-D4 to microvilli on the plasma membrane (Fig. 24).
Treatment of cells with MPCD virtually eliminated ["N]JALO-D4
binding to cells (Fig. 2B). After SMase treatment of cells, the
binding of [*N]JALO-D4 increased (Fig. 2C). Further analyses
revealed that SMase treatment resulted in an average sixfold in-
crease in the "N/YN ratio on microvilli but only an approximately
twofold increase in adjacent meadows (Fig. 2 D-F). When "N/'*N
ratios from entire cells were considered, they were 0.014 + 0.003
in nontreated cells, 0.0037 + 0.0002 in MPCD-treated cells

He et al.

(identical to the natural abundance of °N), and 0.057 + 0.0096
in SMase-treated cells.

NanoSIMS imaging of [*N]JALO-D4 binding was also per-
formed on CHO-K1 cells that had been loaded with cholesterol
(Fig. 3). As expected, the amount of [**’NJALO-D4 binding to
cells was higher in cholesterol-loaded cells ("N/**N ratio of
0.033 + 0.0025 vs. 0.014 + 0.003 in cells grown without supple-
mental cholesterol). Again, [**NJALO-D4 bound preferentially to
microvilli (Fig. 34), and the binding of ["NJALO-D4 to cells was
virtually eliminated by MBCD (Fig. 3B). Treatment of cholesterol-
loaded cells with SMase resulted in increased [*NJALO-D4 binding
(®N/MN ratio of 0.042 + 0.0018 vs. 0.033 + 0.0025 in nontreated
cells) (Fig. 3C). In the cholesterol-loaded cells, SMase treatment
increased the N/*N ratio in microvilli but only by ~30% (Fig. 3
D-F), whereas the N/'N ratio in meadows nearly doubled.

NanoSIMS imaging was sufficiently sensitive to visualize non-
specific binding of ["N]JALO-D4 to the polylysine-coated silicon
watfer substrate (Fig. S1). When we quantified "N enrichment in
cell-free regions of the silicon wafer substrate (between microvilli at
the edges of cells), we found a N/*N ratio of ~0.006 (greater than
N°s natural abundance), implying that there was nonspecific
binding of [PNJALO-D4 to the polylysine-coated silicon wafer
substrate. The "N/*N ratio in the plasma membrane of cells on the
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Fig. 4. NanoSIMS analysis of ['>NJALO-D4 binding to CHO-K1 cells. CHO-K1
cells were plated on Thermanox plastic coverslips and grown for 5 d. The
cells were then loaded with cholesterol as described in Materials and
Methods. Coverslips received no treatment {4); treatment with 10 mM
methyl-p-cyclodextrin for 15 min at 37 °C (+MpCD) {8); or treatment with
100 milliunits/mL of sphingomyelinase for 30 min at 37 °C (+SMase) (C). The
cells were then washed and incubated with 20 pg/mL ['*N]ALO-D4 at 4 °C for
2 h. Next, the cells were fixed, dehydrated, resin embedded, and sectioned.
NanoSIMS images were generated based on "2C'N~ secondary ions (to define
cell morphology) and "*N/"*N ratios {to visualize binding of ['*N]JALO-D4}. Peaks
in ">N/"*N ratios on the line graphs are centered above the plasma membrane.
(Scale bar, 10 um) {(D—F) Line graphs showing ""N/"*N ratios across cells.
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Fig. 5. NanoSIMS imaging of ["*N]lysenin binding to CHO-K1 cells. CHO-K1
cells were plated on silicon wafers. (4) The cells received either no treatment
{NT); treatment with 100 milliunitsmL of sphingomyelinase for 30 min at
37 °C (+SMase); or treatment with 10 mM MBCD for 15 min (+MpCD) at
37 °C. The cells were then washed and incubated with 20 pg/mL ["*N]lysenin
for 1 h at 4 °C. NanoSIMS images were generated based on '>C'*N~ sec-
ondary ions (to define cell morphology) and on the ">N/'*N ratio {to visualize
["®*N]lysenin binding}. (Scale bar, 10 um.) (8) "*N/"*N ratios in microvilli {black
solid circles) and nonmicrovilli regions {red solid circles) {n = 60) of nontreated
and MBCD-treated cells. (C and D) Bar graphs depicting ">N/**N ratios in microvilli
and in nonmicrovilli regions of NT cells and MpBCD-treated cells. Data were an-
alyzed with a Student’s ¢t test with Welch’s correction and with a Mann-Whitney
test. Both tests yielded the same level of statistical significance.

same silicon wafer was 0.033 + 0.0025. In cells that had been treated
with MBCD, the N/*N ratio in the plasma membrane fell to
0.0038 + 0.0001 (very close to the natural abundance of °N),
demonstratin¥ that MBCD was effective in eliminating specific
binding of [PNJALO-D4 to plasma membrane cholesterol. In
contrast, the >N/*N ratio of the cell-free substrate was 0.006 (Fig.
S1). Thus, the low levels of nonspecific [*"N]ALO-D4 binding to the
polylysine-coated silicon wafer substrate were not altered by MBCD.

In the NanoSIMS images shown in Figs. 1-3, which were ac-
quired with cells plated on silicon wafers, our assumption was
that ["NJALO-D4 binding was confined to the plasma membrane.
To assess the validity of this assumption, we performed NanoSIMS
analysis on sections of cells. The NanoSIMS images of sectioned
cells (Fig. 4) revealed that the "N-enrichment was confined to the
plasma membrane (Fig. 4 A-C). Again, [“"N]JALO-D4 binding
to the plasma membrane was virtually eliminated by MBCD,
whereas ["N]JALO-D4 binding increased after SMase treatment
(Fig. 4 A-C). Line diagrams revealed a high BN/N ratio over the
plasma membrane, whereas the N/“N ratio inside the cells was
identical to the natural value (0.0037) (Fig. 4 D-F).

An earlier NanoSIMS study found large patches of sphingo-
lipids on the plasma membrane of 3T3 fibroblasts, whereas
cholesterol was distributed evenly (5). However, because cholesterol
and sphingomyelin are thought to interact loosely and transiently in
the plasma membrane, we wanted to examine sphingomyelin dis-
tribution on the plasma membrane with lysenin (a sphingomyelin-
binding protein). We prepared a “N-labeled lysenin, incubated it
with CHO-K1 cells, and then used NanoSIMS imaging to assess the
distribution of lysenin binding (Fig. 5). As judged by N/*N im-
ages, [*N]lysenin appeared to bind preferentially to microvilli (Fig.
54). Treatment of cells with SMase markedly reduced [**N]lysenin
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binding (Fig. 5B). The *N/*N ratio in the entire plasma membrane
of SMase-treated cells was 0.0043 + 0.0003 vs. 0.012 + 0.0001 in
nontreated cells. In MBCD-treated cells, the *N/N ratio was
slightly higher (0.016 + 0.0063) (Fig. 5C). Further analyses showed a
higher N/*N ratio in microvilli of MBCD-treated cells (Fig. 5
D-F). The finding of increased lysenin binding to MBCD-treated
cells contrasts with findings of an earlier study (10) and raises the
possibility that depletion of plasma membrane cholesterol might
increase accessibility of plasma membrane sphingomyelin to lysenin.

Confocal microscopy confirmed that ALO-D4 and lysenin
bind preferentially to microvilli at the edges of cells (Fig. 6) but
the colocalization of ALO-D4 and lysenin was not perfect (e.g.,
there were patches of lysenin binding that did not coincide with
ALO-D4 binding). Confocal microscopy allowed us to detect
large differences in ALO-D4 and lysenin binding (e.g., reduced
ALO-D4 binding to MBCD-treated cells or reduced lysenin
binding to SMase-treated cells) (Fig. 6). However, confocal im-
aging did not allow us to be confident about smaller changes, for
example increased binding of ALO-D4 to SMase-treated cells

(Fig. 6).

Discussion

We used NanoSIMS imaging to visualize and quantify the binding
of *N-labeled cholesterol- and sphingomyelin-binding proteins to
the plasma membrane of CHO cells. Earlier biochemical studies (2)
thoroughly characterized I-PFO* to fibroblasts and CHO cells
but did not address whether the amount of PFO* binding is influ-
enced by morphologic or topographic features of the plasma
membrane. In this study, we chose to investigate the binding of
PFO* and ALO-D4 to CHO cells because ultrastructural studies
had shown that the surface of CHO cells is not flat and featureless
but instead complex—with numerous microvilli projecting from the
surface of the cells (11). One of our goals was to define (and
quantify) the relationship between cell morphology and PFO* and
ALO-D4 binding. NanoSIMS is ideal for this purpose because it
provides high-resolution images—higher than those obtained by
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Fig. 6. Immunofluorescence microscopy to assess the binding of ALO-D4

and mcCherry-lysenin to CHO-K1 cells. CHO-K1 cells were plated on glass
coverslips and grown overnight before receiving one of three treatments:
incubating cells in medium alone at 37 °C for 30 min (i.e, no treatment);
incubating cells with medium containing 100 milliunits/mL of SMase at 37 °C
for 30 min {+SMase); or incubating cells with medium containing 10 mM
MRBCD at 37 °C for 15 min (+MBCD). Binding of ALO-D4 and lysenin to the surface
of cells was assessed by confocal microscopy as described in Sf Materials and
Methods. Cell nuclei were visualized with DAPI {blue). (Scale bar, 20 pm.)
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confocal microscopy (12). Also, NanoSIMS offers the unique ca-
pability to correlate chemical information (e.g., specific secondary
ions) to high-resolution morphology. In owr study, we assessed
bmdmg of the lipid-binding proteins to cells by calculating the ratio
of 2CPN ions (from “Nilabeled proteins) to *C*N ions (from
lipids and proteins of the plasma membrane). Images of secondary
electrons or *C*N ions were used to define cell morphology. We
found that the binding of PFO* and ALO-D4 to the plasma
membrane was not uniform; instead, these proteins bind preferen-
tially to microvilll Lysenin, a sphingomyelin-binding protein, also
bound preferentially to microvilli on cells.

Our NanoSIMS images showed markedly reduced [PNJALO-D4
binding to MPCD-treated cells and significantly increased
[®NJALO-D4 binding to SMase-treated cells. These findings are
entirely consistent with the biochemical findings by Das et al. (2).
However, NanoSIMS analysis provided a more nuanced under-
standing of ALO-D4 binding to cells, showing that [*NJALO-D4
binds in a preferential fashion to microvilli. In addition, when
CHO-KI cells grown under standard conditions were treated
with SMase, NanoSIMS analysis revealed an ~10-fold increase in
[®NJALO-D4 binding to microvilli. When the cells were loaded
with cholesterol and subsequently treated with SMase, [®NJALO-
DA binding to microvilli mcreased by only about 30%. These results
suggest that numbers of ALG-D4 binding sites on microvilli of
cholesterol-loaded cells were close to maximal, such that release
of “sphingomyelin-sequestered cholesterol” had a limited ca-
pacity to increase ALO-D4 binding.

The finding that accessible cholesterol is enriched in microvilli
is potentially relevant to cholesterol transport. Microvilli vastly
increase the surface area of the plasma membrane without ne-
cessitating a large increase In cell volume. In Intestinal entero-
cytes, microvilli are essential for absorption of nutrients. However,
microvilli exist in many other cell types and are likely relevant to
mutrient transfer as well. For example, microvilli on parenchymal
cells of the adrenal gland have been proposed to play a role in
cholesterol transport (13). Along these lines, we suspect that the
high levels of accessible cholesterol on microvilli of CHO cells (as
judged by high levels of ALO-D4 binding), conld facilitate transfer
of cholesterol away from the plasma membrane.

Studies of model membranes have suggested that cholesterol
can affect membrane curvature and in some cases may promote
positive membrane curvature (14, 15). Thus, one possibility is
that a large amount of cholesterol in plasma membrane microvilli
is relevant to both membrane curvature and increased ALG-D4
binding. A second possibility (perhaps more likely and not mu-
tually exclusive) is that the curvature of the plasma membrane
(dictated by the actin cytoskeleton) causes cholesteral to be
more exposed, thereby facilitating ALO-D4 binding. In highly
curved membranes, such as those covering microvilli, it is pos-
sible that the polar regions of lipids at the surface of the exofacial
leaflet are less densely packed than the acyl chains of plasma
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membrane phospholipids. Such a scenario might facilitate ALG-D4
binding. The NanoSIMS Images in the current studies cannot
distinguish between the two possibilities, but it is conceivable
that future NanoSIMS experiments could be useful. In principle,
it might be possible to load cultured cells with [**0]cholesterol
(5) and then use NanoSIMS imaging to quantify [ENJALO-D4
binding, relative to [**O]cholesterol, in both microvilli and re-
gions of the plasma membrane lacking microvilli. In preliminary
studies, we attemésted to visualize [**O]cholesterol in the plasma
membrane of [**O]cholesterol-loaded cells, but we were not
successful. We found abundant [**G]cholesterol in cytosolic lipid
droplets, but the amounts of [**O]cholesterol in the plasma
membrane were not sufficient to visualize microvilli at the edges
of cells.

Our NanoSIMS images suggested that the distributions of
ALO-D4 and lysenin binding sites on the plasma membrane
were similar (but not identical) to preferential binding to mi-
crovilll Earlier NanoSIMS images of 3T3 fibroblasts revealed
distinct distributions for [**O]cholesterol and [**N]sphingolipids
on the plasma membrane (5). One obvious explanation for the
different results is that the two studies used different cell lines.
Another is that the numbers of **0 secondary ions in the 3T3
fibroblast studies may not have been sufficient to discern non-
homogeneities in cholesterol distribution. Also, the O sec-
ondary ions in the 3T3 cell studies would likely reflect all
cholesterol molecules in the plasma membrane, whereas the N
ions in our studies would reflect only the accessible cholesterol
pool. Again, it is conceivable that one could resolve the distri-
bution of accessible cholesterol from the total cholesterol pool
by exami_nj.n§ [*NJALO-D4 binding to cells that had been
loaded with B*C- or ¥O-labeled cholesterol, but those sorts of
studies could prove to be challenging. Aside from needing to
enrich cells with sufficient amounts of labeled cholesterol for
imaging, one would need to be confident that the secondary ions
released from cells actually originate from labeled cholesterol on
the plasma membrane. Recent time-of-flight secondary ion mass
spectrometry (TOF-SIMS) studies of cholesterol in fixed mouse
brain sections suggested that cholesterol can migrate from
deeper portions of the section to the surface of the section, and
that this apparent migration occurs under experimental condi-
tions similar to those nsed in NanoSIMS imaging (16).
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