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Lipoprotein lipase (LPL), the enzyme that carries out the lipolytic processing of
triglyceride-rich lipoproteins (TRLs), is synthesized by adipocytes and myocytes and
secreted into the interstitial spaces. The LPL is then bound by GPIHBP1, a GPI-anchored
protein of endothelial cells (ECs), and transported across ECs to the capillary lumen.
The assumption has been that the LPL that is moved into capillaries remains attached to
GPIHBP1 and that GPTHBP1 serves as a platform for TRL processing. In the current
studies, we examined the validity of that assumption. We found that an LPL-specific
monoclonal antibody (mAb), 88B8, which lacks the ability to detect GPIHBP1-bound
LPL, binds avidly to LPL within capillaries. We further demonstrated, by confocal
microscopy, immunogold electron microscopy, and nanoscale secondary ion mass
spectrometry analyses, that the LPL detected by mAb 88B8 is located within the EC
glycocalyx, distant from the GPIHBP1 on the EC plasma membrane. The LPL within
the glycocalyx mediates the margination of TRLs along capillaries and is active in
TRL processing, resulting in the delivery of lipoprotein-derived lipids to immediately
adjacent parenchymal cells. Thus, the LPL that GPIHBP1 transports into capillaries
can detach and move into the EC glycocalyx, where it functions in the intravascular
processing of TRLs.

triglycerides | GPIHBP1 | lipoprotein lipase | endothelial cells

Lipoprotein lipase (LPL), the enzyme that carries out the lipolytic processing of
triglyceride-rich lipoproteins (TRLs), is synthesized primarily by myocytes and adipocytes
and secreted into the interstitial spaces. GPIHBP1, a GPI-anchored protein of capillary
endothelial cells (ECs), captures the interstitial LPL and shuttles it across ECs to its site
of action within the capillary lumen (1, 2). The binding of LPL by GPIHBP1 is understood
in detail, thanks to a crystal structure of the LPL-GPIHBP1 complex (3) and biophysical
analyses of LPL-GPTHBP1 interactions (4—7). GPIHBP1’s three-fingered LU (Ly6/uPAR)
domain binds in a specific fashion, largely by hydrophobic contacts, to LPLs
carboxyl-terminal lipid-binding domain (8-10). GPIHBP1’s N-terminal acidic domain,
which contains a sulfated tyrosine and many aspartates and glutamates, contributes to
LPL binding (4, 11). The acidic domain binds, by electrostatic forces, to a large basic
patch on the surface of LPL (3) and increases the affinity of LPL-GPIHBP1 interactions
(4, 11). GPIHBP!’s acidic domain also stabilizes the conformation of LPLs catalytic
domain and preserves catalytic activity (4, 11). Finally, the acidic domain is important
for LPL transport across ECs (12). In the absence of the acidic domain, LPLs large basic
patch is left exposed and free to bind to negatively charged heparan sulfate proteoglycans
(HSPGs) on the abluminal surface of capillaries, limiting LPL movement across ECs (12).
GPIHBPT’s acidic domain sheathes LPLs basic patch, thereby abrogating abluminal HSPG
interactions and freeing GPIHBP1eLPL complexes to move to the capillary lumen (12).

Following the identification of GPTHBP1 as an LPL-binding protein (1), the prevailing
assumption has been that LPL remains attached to GPIHBP1 and that GPIHBP1 func-
tions as a “platform” for the processing of TRLs (1). This assumption seemed reasonable.
First, early confocal micrographs of mouse tissues revealed strong colocalization of LPL
and GPIHBP1 along the luminal surface of capillary ECs (2). Second, GPIHBP1-bound
LPL is catalytically active (4, 13, 14), and the binding of LPL to GPIHBP1 stabilizes LPL
activity (4, 5). Third, the notion that LPL remains attached to GPTHBP1 was consistent
with the fact that LPL can be released into the bloodstream with a bolus of heparin (a
sulfated glycosaminoglycan) (15). Heparin disrupts the electrostatic interactions that aug-
ment the affinity of LPL-GPIHBP1 interactions (4). Despite these considerations, we
have harbored doubts about the primacy of GPIHBP1-bound LPL for TRL processing.
We were not confident that the EC glycocalyx [a gelatinous heparan sulfate proteoglycan
(HSPG)-rich structure that extends >250 nm into the capillary lumen (16)] would permit
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Significance

Lipoprotein lipase (LPL) carries out
the intravascular lipolytic
processing of triglyceride-rich
lipoproteins (TRLs), a physiologic
process that delivers lipid nutrients
to tissues. LPL is synthesized and
secreted by parenchymal cells but
is subsequently captured by an
endothelial cell (EC) protein,
GPIHBP1, and moved to the
capillary lumen. LPL is generally
assumed to remain attached to
GPIHBP1, but the precise location
of LPL in capillaries has never been
studied. Using confocal
microscopy, immunogold EM, and
NanoSIMS (nanoscale secondary
ion mass spectrometry) analyses,
we found that much of the LPL
that GPIHBP1 shuttles into
capillaries detaches and is
captured within the EC glycocalyx.
“Glycocalyx LPL" mediates TRL
margination and processing and
results in the delivery of TRL-
derived lipid nutrients to
parenchymal cells.

Author contributions: W.S., P.T., HJ., M.P,, LG.F,, and S.G.Y.
designed research; W.S,, A.P.B., TAW., KC, Y. LP.N,
P.G, HJ., AP.T, Y.T, CT, HJ., M.P,, and S.G.Y. performed
research; W.S., AP.B, Y.Y,, G.B.,, KM, KN., M.M., M.P., and
S.G.Y. contributed new reagents/analytic tools; W.S., A.P.B.,
P.T., HJ., M.P, L.G.F,, and S.G.Y. analyzed data; and W.S,,
A.P.B., M.P, LG.F, and S.G.Y. wrote the paper.

Reviewers: J.D.H., University of Texas Southwestern
Medical Center; and R.Z., Karl-Franzens-Universitat Graz.

Competing interest statement: S.G.Y. is scientific
advisory board member of Kyttaro, Inc. K.N. holds stock
in Immuno-Biological Laboratories and serves as a
consultant for Skylight and Sysmex.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
Ifong@mednet.ucla.edu or sgyoung@mednet.ucla.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2313825120/-/DCSupplemental.

Published October 23, 2023.

10f 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lfong@mednet.ucla.edu
mailto:sgyoung@mednet.ucla.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2313825120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2313825120/-/DCSupplemental
https://orcid.org/0000-0002-6568-4461
https://orcid.org/0000-0002-7892-150X
https://orcid.org/0000-0003-3720-8633
https://orcid.org/0000-0003-3488-6754
https://orcid.org/0000-0002-6343-4338
https://orcid.org/0000-0002-4630-9113
https://orcid.org/0000-0002-1798-8938
https://orcid.org/0000-0002-1759-5499
https://orcid.org/0000-0002-3783-1452
https://orcid.org/0000-0001-8795-5712
https://orcid.org/0000-0003-1259-0477
https://orcid.org/0000-0002-2384-4826
https://orcid.org/0000-0003-2215-4265
mailto:
https://orcid.org/0000-0002-4465-5290
mailto:
https://orcid.org/0000-0001-7270-3176
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2313825120&domain=pdf&date_stamp=2023-10-21

20f12

TRLs [some with diameters >500 nm (17)] to come into contact
with GPIHBP1°LPL complexes on the luminal plasma membrane
(PM) of ECs. Furthermore, we were not confident that the LPL
within capillaries would remain attached to GPIHBP1. Surface
plasmon resonance studies with purified proteins revealed that the
GPIHBP1eLPL complex has a half-life of 1.9 min at 20 °C, such
that ~one-half of the LPL dissociates from GPIHBP1 every 2 min
(11). If LPL were to detach from GPIHBPI in vivo, it seemed
conceivable to us that the LPL could be captured by negatively
charged HSPGs in the glycocalyx.

In the years following the identification of LPL as an intravascular
heparin-releasable enzyme (4), LPL was presumed to be bound, by
electrostatic interactions, to the luminal surface of blood vessels,
but the location of LPL in blood vessels was unclear. Several immu-
nohistochemistry studies concluded that LPL was located in virtu-
ally all blood vessels, including large arteries and blood vessels of
the brain (18-21), but we now recognize that is not the case and
that LPL is confined to capillaries of peripheral tissues (where
GPIHBP1 is expressed) (1, 2). An immunogold EM study, pub-
lished >15 y before GPIHBP1’s role in lipolysis was uncovered (22),
used chicken antibodies against bovine LPL (along with a rabbit
secondary antibody and a gold-conjugated goat tertiary antibody)
to visualize LPL in the mouse heart. Gold nanoparticles were
detected in cardiomyocytes and in capillaries (where they appeared
to be concentrated on EC “processes” that extended into the capil-
lary lumen). Unfortunately, the images of capillaries were limited
and the morphology was difficult to interpret. Also, chicken anti-
bodies against bovine LPL were later shown to be contaminated by
antibodies against antithrombin III (23), a heparin-binding plasma
protein that is known to bind to HSPGs on the surface of ECs (24).

In the current study, we used monospecific LPL antibodies,
super-resolution confocal microscopy, immunogold electron micro-
scopy, and nanoscale secondary ion mass spectrometry (NanoSIMS)
analyses to define the location of LPL within capillaries. We were
interested in determining whether some of the LPL that is shuttled
into capillaries by GPIHBP1 detaches and enters the glycocalyx
and, if so, whether the glycocalyx-bound LPL is relevant to the

margination of TRLs along capillaries and to the delivery of
TRL-derived lipid nutrients to parenchymal cells.

Results

LPL and GPIHBP1 Expression in Capillaries. We examined the
binding of two LPL-specific monoclonal antibodies (mAbs),
5D2 and 88B8, to hLPL in tissues of Lp/f/f mice harboring a
hLPL transgene driven by the muscle creatine kinase promoter
(Lpl’/’MCK—hLPL) (25). In those mice, the hLPL is expressed
at low levels in the heart (25). The hLPL that is produced by
cardiomyocytes is captured by GPIHBP1 and shuttled into
capillaries by GPIHBP1. The epitope for 5D2 is located in a
C-terminal Trp-rich loop that is distant from LPUs GPIHBP1-
binding domains (26); hence, 5D2 binds both free and GPIHBP1-
bound LPL (SI Appendix, Fig. S1A). 88B8 binds to LPLs
GPIHBP1-binding domain (7); consequently, it cannot detect
GPIHBP1-bound LPL (87 Appendix, Fig. S1A). 88B8 abolishes
LPL binding to GPIHBP1 in cell-based (SI Appendix, Fig. S1B)
and cell-free assays (SI Appendix, Fig. S1C).

We gave Lpl”"MCK-hLPL mice an intravenous injection of
88B8, 5D2, and the GPIHBP1-specific mAb 11A12 (each labeled
with an Alexa Fluor dye). [11A12 binds to the C-terminus of
GPIHBP1, distant from sequences involved in LPL binding (8)].
After 2 min, the vasculature was perfused with PBS, and tissue
sections were prepared for fluorescence microscopy. 88B8, 5D2,
and 11A12 bound to capillaries of the heart and skeletal muscle
(Fig. 14), but there was no binding to larger blood vessels (detected
by the CD31-specific mAb 2H8) (Fig. 1B) or to capillaries of the
brain (87 Appendix, Fig. S2). Of note, the hLPL inside heart cap-
illaries of Zp/"MCK-hLPL mice had been transported into cap-
illaries by GPIHBP1, evident by the fact that there was no 88B8
or 5D2 binding to the capillary lumen in Gpihbp 1™~ Lpl" MCK-
hLPL mice (SI Appendix, Fig. S3) and by the fact that hLPL and
mouse LPL (mLPL) in those mice were trapped within the inter-
stitial spaces surrounding cardiomyocytes (S Appendix, Fig. S4).
[LPL distribution was examined in Gpihbp 1" Lpl" MCK-hLPL

88B8 + 11A12 5D2 + 11A12

Fig. 1. Confocal micrographs of mAb 88B8 and 5D2 binding to capillaries of Lp/""MCK-hLPL mice. (A) Fluorescent micrographs showing binding of mAbs 88B8,
5D2, and 11A12 to the luminal surface of blood vessels. Alexa Fluor 647-88B8 (green), Alexa Fluor 555-5D2 (white), and Alexa Fluor 488-11A12 (magenta) were
injected intravenously into Gpihbp1**Lpl""MCK-hLPL mice. After 2 min, the mice were perfused with PBS and perfusion-fixed with PFA. mAbs 88B8, 5D2, and
11A12 bound to skeletal muscle and heart capillaries of Gpihbp1**LpI”"MCK-hLPL mice. Sk. mu., skeletal muscle. (Scale bar, 20 pm.) (B) Fluorescent micrographs

+/+

showing binding of mAbs 88B8 and 5D2 to heart capillaries in Gpihbp1
arrow). (Scale bar, 50 pm.)

https://doi.org/10.1073/pnas.2313825120

LpI"MCK-hLPL mice but not to CD31-positive larger blood vessels (detected by 2H8,
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mice because Gpihbp1 7/7Lpf "“MCK-hLPL mice, like Lpl "~ mice
(27), do not survive after birth.]

The rapid binding (within 2 min) of 88B8 to the capillary
lumen cannot be explained by proposing that 88B8 detaches LPL
from GPIHBPI, thereby permitting LPL to move onto other
binding sites. First, 88B8 does not bind to GPIHBP1 in GPIHBP1-
transfected cells (S Appendix, Fig. S1 A and B). Second, 88B8
binds to LPL along the luminal surface of capillaries in Zp/'
MCK-hLPL mice affer perfusion-fixation of the vasculature with
PFA (SI Appendix, Fig. S5).

The Binding of mAbs 88B8 and 5D2 to Capillaries Is Distinct.
The fact that 88B8 binds to hLPL along capillaries in Zp/'~
MCK-hLPL mice implied the existence of a pool of hLPL that
was not attached to GPIHBP1. To understand the binding of
88B8 to capillaries, we imaged heart capillary cross-sections with
super-resolution microscopy. The binding of 88B8 to capillaries
exhibited a “lumpy—bumpy” pattern and extended into the

capillary lumen, away from 11A12 binding to GPIHBP1 on
the luminal PM of ECs (Fig. 24 and SI Appendix, Fig. S6). In
the images shown in Fig. 24 and S7 Appendix, Fig. S6, there was
minimal overlap between 88B8 and 11A12 binding, and Pearson
correlation coefficients were low (Fig. 2B). 5D2 bound to the
hLPL detected by 88B8, but colocalization with 11A12 was also
observed, reflecting 5D2’s capacity to bind GPIHBP1-bound
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LPL. An analysis of 16 capillary cross-sections revealed that 30.4
+ 2.0% of the LPL in capillaries that was detected by 5D2 was
also detected by 88B8 (mean + SEM), implying that ~30% of the
intracapillary LPL is not attached to GPIHBP1.

We performed similar studies in Lp/” "~ Tie2-hLPL mice, which
express hLPL in ECs (30). Those mice were given an intravenous
injection of Alexa Fluor—labeled 88B8, 5D2, and 11A12; then,
after 2 min, the vasculature was perfused, cryosections were pre-
pared, and mAb binding was assessed by fluorescence microscopy
(SI Appendix, Fig. S7). 88B8 bound to “patches” of LPL that
extended into the capillary lumen, away from 11A12 binding to
GPIHBP1 on the luminal PM (8] Appendix, Fig. S8A4). 5D2
bound to the same patches detected by 88B8, but in addition,
there was colocalization of 5D2 with 11A12, reflecting 5D2’s
ability to bind GPIHBP1-bound LPL ( S[Apfpendzx, Fig. S84).
We performed the same studies in Gpihbpl Lp[ Tie2—hLPL
mice, except that the mice were infused with mAb 2H8 rather
than 11A12. In those mice, the 88B8 and 5D2 binding patterns
were identical, with the binding of both antibodies extending into
the capillary lumen, away from 2H8 binding to CD31 on the
luminal PM (87 Appendix, Fig. S8B).

In the hLPL transgenic mouse models, we suspected that 88B8
was binding to hLPL in the EC glycocalyx. To explore that idea,
we performed immunogold EM studies. We injected 10-nm gold
nanoparticle—88B8 into isolated hearts of Zp/""MCK-hLPL

Fig. 2. mAb 88B8 binding to heart capillaries in Lp/""MCK-
hLPL mice projects toward the capillary lumen, away from
mAb 11A12 binding to GPIHBP1 on the luminal PM. (A)
Confocal micrographs of a capillary cross-section from an
LpI"MCK-hLPL mouse after an intravenous injection of two
hLPL-specific mAbs (Alexa Fluor 647-88B8, Alexa Fluor 555-
5D2) and a GPIHBP1-specific mAb (Alexa Fluor 488-11A12).
The binding of 88B8 to the capillary lumen exhibited a lumpy-
bumpy pattern (arrows), extending toward the capillary lumen
and away from 11A12 binding to GPIHBP1 on the luminal PM
of the EC. 5D2 bound to the same pool of hLPL detected by
88B8 but in addition bound to GPIHBP1-bound LPL on the
luminal PM. (Scale bar, 1 um.) (B) Violin plot showing Pearson
correlation coefficients for 88B8:11A12, 5D2:11A12, and
88B8:5D2 binding, where 1.0 is complete colocalization and
0.0 is absent colocalization. The minimal Pearson coefficient
value for significant colocalization is 0.5 (horizontal dashed
line) (28, 29). Correlation coefficients were calculated from
54 capillary cross-sections. The violin plot shows the median
and interquartile range. ****pP < 0.0001 by one-way ANOVA.

https://doi.org/10.1073/pnas.2313825120 3 of 12
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and wild-type mice, followed by perfusion of the vasculature,
staining of the glycocalyx with LaCl;/DyCl;, and glutaralde-
hyde fixation. By transmission EM, numerous 88B8—gold nan-
oparticles were detected in the glycocalyx of heart capillary ECs
in Lp/""MCK-hLPL mice but not wild-type mice (Fig. 3 and
SI Appendix, Fig. S9). There was no binding of an irrelevant
gold-conjugated rat mAb [3C8, against mouse prelamin A
(31)] to the glycocalyx (S Appendix, Fig. S10). When gold
nanoparticle-11A12 was injected into isolated hearts, nearly
all of the gold was located within 20 nm of the luminal PM
[the size of an IgG is ~14 nm (32)] (SI Appendix, Fig. S11).
When gold nanoparticle-5D2 was injected into hearts of Lp/~
"MCK=hLPL mice, gold nanoparticles were observed in the
glycocalyx and adjacent to the EC PM (Fig. 3).

We also used backscattered electron (BSE) imaging with a scanning
electron microscope to examine binding of 10-nm gold nanoparti-
cle—88B8 to heart capillaries of Lp/” “MCK-hLPL mice. Again, many
gold nanoparticles were located in the glycocalyx (SI Appendix,
Fig. S12). Following BSE imaging, the elemental composition of the
sections was examined by NanoSIMS, which makes it possible to
create high-resolution images (33) based solely on the isotopic content
of the tissue. Consistent with the BSE images, 7 Au-88B8 was
detected in the glycocalyx (Fig. 4 and SI Appendix, Fig. S134). The

PM + Au—88B8
Lu

Au—88B8
’ Lu

Fig.3. Immunogold electron micrographs showing binding of gold-conjugated
88B8 and 5D2 to the glycocalyx of heart capillaries in Lp/"MCK-hLPL mice.
LpI"MCK-hLPL and wild-type mice were injected with 10-nm gold nanobead-
conjugated 88B8 or 5D2. The glycocalyx (Gx) was stained with LaCl;/DyCl;. For
clarity, each micrograph is shown in duplicate; on the right, nanoparticles are
outlined by a white circle, and the EC PM is colored purple. In heart capillaries
of Lpl"MCK-hLPL mice (but not wild-type mice), gold-conjugated 88B8 bound
to LPL in the glycocalyx (yellow arrows). Gold-conjugated 5D2 bound to LPL in
the glycocalyx and to LPL on the luminal PM (white arrows), reflecting 5D2's
ability to detect GPIHBP1-bound LPL. (Scale bar, 100 nm.)

https://doi.org/10.1073/pnas.2313825120

'Cs* beam of the NanoSIMS instrument dislodges '”’Au” ions
(from gold nanoparticle-88B8) efficiendy but "**Dy'°O™ and
1a'°0" jons (from the LaCly/DyCly-stained glycocalyx) ineffi-
ciently, but we were still able to create images from "”’Au_ ions and
from the sum of '*Dy'®O™ and "*La'®O™ ions. The '”’Au” ions
overlapped with the "**Dy'°O" + '’La"°O" ions within the glycocalyx

BSE 2C1N-

£

4N-

- .-‘( —
197Au—+ 12(:14er—1

Fig. 4. BSE and NanoSIMS imaging showing binding of 10-nm gold nano-
particle-88B8 to LPL on the luminal surface of heart capillaries in Lp/"MCK-
hLPL mice. Shown here are correlative BSE and NanoSIMS images of two
different heart capillaries in Lp/""MCK-hLPL mice that had been injected with
10-nm gold nanoparticle-88B8, followed by perfusion with PBS, fixation, and
LaCly/DyCl, staining of the glycocalyx. The '*C'*N™ NanoSIMS images were
useful for morphology. In the capillary cross-section on the top, '*’Au was
detected in the EC glycocalyx [yellow arrows in the capillary lumen (LU)]. The EC
glycocalyx was detected in the BSE image and in the '*C'*N~ NanoSIMS image.
The white dashed line outlines the capillary EC. In the capillary cross-section
on the bottom, "’Au was detected in the EC glycocalyx, reflecting 88B8 binding
to LPL in the glycocalyx. (Scale bars, 500 nm.)

pnas.org
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(SI Appendix, Fig. S13 A and B). When gold nanoparticles were
detected in the glycocalyx in BSE images, '”’Au was detected by
NanoSIMS (Fig. 4 and ST Appendix, Fig. S13 A-C).

mLPL Is Also Located in the Glycocalyx. A rat mAb against
mLPL (27A7) and a rabbit polyclonal antibody against mLPL
(Ab3174) were used to define the intravascular location of
mLPL. Both antibodies bind native mLPL, evident from
their ability to immunoprecipitate freshly secreted LPL and
GPIHBP1eLPL complexes (S Appendix, Fig. S14A). 27A7 binds
to GPIHBP1-bound mLPL in cell-free (S] Appendix, Fig. S14B)
and cell-based assays (S Appendix, Fig. S14C). Antibodies 27A7
and Ab3174 are specific for mLPL and do not detect hLPL
(81 Appendix, Fig. S14D). SPR studies revealed that 27A7 binds
mLPLemGPIHBP1 complexes with subnanomolar affinity
but does not bind hLPLehGPIHBP1 complexes (S7 Appendix,
Fig. S15A). SPR studies also revealed that 27A7 binds to the
Trp-rich loop in the C-terminus of mLPL; the binding of 27A7
to mLPL (but not hLPL) appears to depend on the presence of
a proline in the Trp-rich loop (87 Appendix, Fig. S15 B and C).

To determine whether mLPL is located in the glycocalyx, we
gave Lpl”"MCK-hLPL mice an intravenous injection of Alexa
Fluor—labeled 88B8, 27A7, and 11A12. As expected, 88B8
bound to hLPL in the glycocalyx—away from 11A12 on the
surface of ECs (S Appendix, Fig. S16A). 27A7 also bound to
mLPL in the glycocalyx (colocalizing with 88B8), but in addi-
tion, there was colocalization with 11A12 (S Appendix,
Fig. S16A), consistent with 27A7’s ability to bind GPIHBP1-
bound mLPL. Pearson correlation coefficients, generated from
70 capillary cross sections, revealed negligible 88B8-11A12
colocalization but substantial 27A7-11A12 and 88B8-27A7
colocalization (S Appendix, Fig. S16B). An analysis of capillary
cross-sections (7 = 8) revealed that 27.2 + 3.8% of the LPL in
capillaries that was detected by 27A7 was also detected by 88B8
(mean + SEM), implying that 25 to 30% of the intracapillary
mLPL is not attached to GPIHBP1.

We gave wild-type mice an intravenous injection of 10-nm
gold nanoparticle-27A7, followed by vascular perfusion and
LaCl,/DyCl; staining of the glycocalyx. Numerous 27A7-gold
nanoparticles were present in the glycocalyx of heart capillaries
(Fig. 54 and SI Appendix, Fig. S16C). We also performed cor-
relative BSE/NanoSIMS imaging of heart capillaries after infus-
ing an isolated heart from a wild-type mouse with 1.4-nm
gold—Ab3174 and ['’N]11A12, followed by PBS perfusion and
LaNO;/DyCl; staining. BSE imaging revealed strong staining
of the glycocalyx, and NanoSIMS analyses revealed a strong
2CMN signal in the EC glycocalyx (reflecting LaNO);, staining)
(Fig. 5B and SI Appendix, Fig. S17A). 97 Au was detected in the
glycocalyx but was also present at the luminal surface of capil-
laries (reflecting Ab3174 binding to GPIHBP1-bound LPL)
(Fig. 5B and SI Appendix, Fig. S17 A-C). In this experiment, we
observed enrichment of ">C"”N™ ions at the boundary between
the EC and the glycocalyx (S Appendix, Fig. S17C), reflecting
[°N]11A12 binding to GPIHBP1 on the surface of ECs. The
distributions of "N enrichment and '’Au in capillaries were
distinct; the overlap between '’ Au-labeled 3174 and the glyco-
calyx was greater than the overlap between [>N]11A12 and the
glycocalyx (87 Appendix, Fig. S17D).

GPIHBP1 is required for transporting LPL into capillaries
(Fig. 14 and SI Appendix, Fig. S3), but our studies indicated that
some of that LPL detaches and enters the HSPG-rich glycocalyx.
To explore the plausibility of LPL release from GPIHBP1 and
its subsequent capture by sulfated glycosaminoglycans, we per-
formed in vitro studies. We coupled mAb 11A12 to agarose
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A Au-27A7

PM + Au-27A7

Fig. 5. mLPL is located within the glycocalyx. (A) Electron micrographs of
heart capillaries of a wild-type mouse after an intravenous injection of
10-nm gold nanoparticle-27A7, revealing nanoparticles in the LaCly/DyCls-
stained glycocalyx (Gx). In the duplicate images, the gold nanoparticles were
highlighted with white circles and the PM was colored purple. (Scale bar, 100
nm.) Lu, lumen; EC, endothelial cell. (B) Correlative BSE and NanoSIMS imaging
of a capillary after perfusing an isolated heart from a wild-type mouse with
1.4-nm gold-conjugated Ab3174 (followed by glycocalyx staining with LaNO/
DyCl,). Binding of Ab3174 to intravascular LPL was detected with a "¥’Au”
NanoSIMS image. Ab3174 was located both on the EC PM (white arrows) and
in the glycocalyx (magenta arrows). The glycocalyx was delineated in the BSE
image and in the "2C'*N~ NanoSIMS image (reflecting strong LaNO; staining).
(Scale bars, 1 pm.)

beads; loaded the 11A12-coated beads with GPIHBP1eLPL
complexes; washed the beads; and then incubated the 11A12—
GPIHBP1LPL beads with heparin-coated magnetic beads. After
30 min, we observed transfer of LPL onto the heparin-coated

beads (see lane 3, SI Appendix, Fig. S18).
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The Glycocalyx Pool of LPL Remains in the Capillary Lumen
and Does Not Move “Backward” to the Abluminal Surface of
Capillaries. In earlier studies (2, 34), we found that 11A12, when
injected into a BAT pad of a living mouse, moves in a GPIHBP1-
dependent fashion to the luminal surface of capillaries. When
11A12 is injected intravenously, it is captured by GPIHBP1 and
moves to the abluminal surface of ECs. Whether intracapillary
LPL moves (along with GPIHBP1) to the abluminal surface of
capillary ECs is unknown. To explore the mobility of intracapillary
LPL, Lpl "MCK-hLPL mice were given an intravenous injection
of Alexa Fluor—labeled 11A12, 88B8, and 5D2. After 2 h, cryo-
sections of BAT were prepared for microscopy. We observed
11A12 on the abluminal surface of ECs, indicating that GPIHBP1
had moved from the luminal to the abluminal surface of ECs
(SI Appendix, Fig. $19). In contrast, 88B8 remained within the
capillary lumen and did not appear on the abluminal surface of
ECs (SI Appendix, Fig. S19). Like 11A12, 5D2 moved to the
abluminal surface of ECs (SI Appendix, Fig. S19). Thus, in contrast
to the glycocalyx LPL pool (detected by 88B8), the LPL that is
attached to GPTHBP1 moved to the abluminal surface of ECs.

Recombinant hLPL, When Injected Intravenously, Binds to the
Glycocalyx. To confirm the ability of LPL to bind to the glycocalyx,
we infused isolated hearts of Gpihbp1 '~ mice with recombinant,
catalytically active hLPL (or normal saline alone), followed by an
infusion of Alexa Fluor—labeled 88B8, 2HS8, and 11A12. After 10
min, the vasculature was perfused with PBS, and sections were
prepared for microscopy. 2H8 bound avidly to CD31 on the
luminal surface of capillaries and larger blood vessels, but 11A12
binding was absent. In hearts that had been infused with hLPL,
we observed avid binding of 88B8 to hLPL in capillaries but
not larger blood vessels (Fig. 6A4). Super-resolution microscopy
revealed that 88B8 was bound to hLPL in the glycocalyx, distant

A 88B8

—LPL

from 2H8 on the luminal surface of ECs (Fig. 68 and S/ Appendix,
Fig. S20 A and B).

In parallel, we injected recombinant hLPL into isolated hearts
of wild-type mice, followed by injections of Alexa Fluor—labeled
88B8, 27A7, and 2HS. All three mAbs bound avidly to the lumi-
nal surface of capillaries (87 Appendix, Fig. S21A). Super-resolution
microscopy revealed 88B8 binding to tufts of glycocalyx, distant
from 2HS8 binding (S/ Appendix, Fig. S21B). Of note, 27A7
detected endogenous mLPL in the same glycocalyx tufts, but there
was also colocalization of 27A7 with 2HS, consistent with 27A7’s
ability to bind GPIHBP1-bound mLPL (87 Appendix, Fig. S21B).
Pearson correlation coefficients revealed substantial 27A7:CD31
and 88B8:27A7 colocalization but negligible 88B8:CD31 colo-
calization (SI Appendix, Fig. S21C). 27A7 binding was confined
to capillaries (87 Appendix, Fig. S21A), consistent with the fact
that GPTHBP1 (and LPL transport) are restricted to capillary ECs
(2, 35). Of note, the binding of 88B8 to hLPL in the glycocalyx
was also confined to capillaries, implying that the glycocalyx of
larger blood vessels has little capacity to bind hLPL (57 Appendix,
Fig, S21A).

Glycocalyx LPL Mediates TRL Margination. The margination
of Alexa Fluor-labeled TRLs along capillaries is robust in wild-
type mice but virtually absent in GpihbpI™™ mice (35) [where
intracapillary LPL is absent (2)]. We hypothesized that glycocalyx
LPL could be important for TRL margination. If that were the case,
we reasoned that TRLs would marginate along heart capillaries of
GpihbpI™™ mice after loadin;g the glycocalyx with hLPL. To test
that idea, we gave GpihbpI™ mice an intravenous injection of
recombinant hLPL (or normal saline alone) with a lipase inhibitor,
followed by an infusion of the lipase inhibitor and Alexa Fluor—
labeled TRLs, 88BS8, and 2HS. In G])z'bbp]f/f mice that were
injected with hLPL, 88B8 binding to 2H8-positive capillaries

11A12 88B8 + 2H8

Fig. 6. Avid binding of recombinant hLPL to heart capillaries of a Gpihbp1”~ mouse. (4) Confocal micrographs of heart capillaries from an isolated heart of
a Gpihbp1™~ mouse that had been injected intravenously with recombinant hLPL (+LPL) or normal saline alone (-LPL), followed by an infusion of Alexa Fluor
647-88B8, Alexa Fluor 488-2H8, and Alexa Fluor 555-11A12. hLPL (which was detected by 88B8) binds to capillaries of a Gpihbp1™~ mouse but not to larger
blood vessels (yellow arrow). (Scale bar, 20 um.) (B) Z-stack confocal micrographs of a capillary cross-section. Most of the 88B8 binding (red) was located in the
capillary glycocalyx (arrows in the “zoom-in” image), extending toward the capillary lumen and away from 2H8 binding to CD31 (green) on the luminal PM of the
EC. The boxed region is shown at a higher magnification on the Right. (Scale bars, 1 um.)
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was robust and was accompanied by TRL margination (Fig. 74).
88B8 binding and TRL margination were absent in larger blood
vessels (Fig. 7A4). Super-resolution microscopy revealed 88B8
bound to LPL in the glycocalyx, away from 2H8 binding on the
luminal PM of capillaries (Fig. 7B and SI Appendix, Fig. S224).
TRL margination colocalized with 88B8 binding (Fig. 7B and
SI Appendix, Fig. S22.A). Pearson correlation coeflicients revealed
negligible 88B8:CD31 and TRL:CD31 colocalization but strong
88B8:TRL colocalization (S Appendix, Fig. S22B). Electron
microscopy supported these findings. In wild-type mice, we
observed margination of TRLs along the LaCl;/DyCl,-stained
glycocalyx of heart capillaries (Fig. 7C). In GpihbpI”'~ mice that
had been given an injection of hLPL (followed by an infusion
of TRLs), electron micrographs of heart capillaries revealed
margination of TRLs along the capillary EC glycocalyx (Fig. 7C).
In many cases, the TRLs were trapped within the glycocalyx. No
margination was observed in large blood vessels (S7 Appendix,
Fig. §23). In sz‘hbp]_/_ mice that had been given an injection
of normal saline (followed by TRLs), TRL margination along
capillaries was negligible or absent (Fig. 7C).

We created a mutant hLPL in which three tryptophans
(W390A, W393A, and W394A) in LPLs carboxyl-terminal
lipid-binding domain were replaced with alanine (3); these sub-
stitutions abolish LPLs ability to hydrolyze long-chain triglyceride
substrates without affecting activity against soluble substrates (36).
The tryptophan mutations are distant from LPLs basic patch (3).

>

B

88B8

When the mutant hLPL was infused into Gpibbpl”™ mice, it
bound avidly to the EC glycocalyx in BAT and heart capillaries
but did not mediate TRL margination (S Appendix, Fig. S24).
Capillary ECs of the brain do not express GPIHBP1 (2), and
intracapillary LPL is absent in brain capillaries (S Appendix,
Fig. $25). We hypothesized that the glycocalyx of brain capillaries,
like that of the glycocalyx of larger blood vessels in peripheral
tissues, lacks the ability to bind recombinant hLPL (and therefore
the ability to mediate TRL margination). To test this hypothesis,
GpihbpI”™ mice were given an intravenous injection of large
amounts of wild-type hLPL followed by an infusion of Alexa
Fluor—labeled 2HS8, 88B8, and TRLs. We observed avid 88B8
binding to LPL in 2H8-positive capillaries of the heart, along with
TRL margination along 88B8-positive capillaries (S Appendix,
Fig. §26). In contrast, there was no binding of 88B8 to 2H8-
positive capillaries of the brain, nor was there TRL margination

(SI Appendix, Fig. S26).

Glycocalyx LPL Can Mediate the Delivery of TRL-Derived Lipid
Nutrients to Cardiomyocytes. While the infusion of recombinant
hLPL into GpihbpI™™ mice led to TRL margination in heart
capillaries, the key issue was whether TRL processing by glycocalyx
LPL results in the delivery of lipid nutrients to cardiomyocytes.
To address this issue, we prepared ["H]TRLs from the plasma of
sz’hbpf/f mice (after administering [*H]mixed fatty acids for
4.5 d). The [*H]TRLs were highly enriched in ’H (>8,000-fold

2H8 TRL

merge

Fig.7. TRLmargination along heart capillaries. (4) Confocal micrographs of the heart of a Gpihbp1”~ mouse that had been injected intravenously with recombinant
hLPL (+LPL) or normal saline alone (-LPL), followed by an infusion of Alexa Fluor 647-88B8 (magenta), Alexa Fluor 488-TRLs (green), and Alexa Fluor 555-2H8 (red).
After 30 s, Gpihbp 17~ mice were euthanized; the vasculature was perfused with PBS; and the heart was harvested and prepared for microscopy. In the mice that
were injected with normal saline, 88B8 binding was absent and TRL margination was negligible. In mice injected with recombinant hLPL, 88B8 binding and TRL
binding in capillaries were robust. (Scale bar, 20 um.) (B) Cross-section of a Gpihbp1~~ heart capillary from the experiment in panel A. 88B8 binding was located
in tufts of glycocalyx, extending toward the capillary lumen and away from the binding of 2H8 to CD31 on the luminal PM. TRLs marginated along glycocalyx
LPL (detected by 88B8). (Scale bar, 1 um.) (C) Electron micrographs of heart capillaries from wild-type (+/+) and Gpihbp1’/’ mice (-/-) that had been injected with
recombinant hLPL (+LPL) or normal saline alone, followed by an infusion of TRLs. The glycocalyx (Gx) was stained with LaCl;/DyCl;. TRLs were colored blue.

(Scale bar, 200 nm.) Lu, lumen; EC, endothelial cell.

PNAS 2023 Vol.120 No.44 e2313825120

https://doi.org/10.1073/pnas.2313825120 7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313825120#supplementary-materials

8 of 12

greater than natural abundance). Gpihbpl_/_ mice that had been
maintained on a low-fat diet for 13 d (to reduce plasma triglyceride
levels to ~500 mg/dL) were given an intravenous injection of hLPL
(or normal saline alone). hLPL was undetectable in the plasma
compartment after 3 min (S/ Appendix, Fig. S27), consistent with
our studies showing hLPL binds avidly to the glycocalyx lining
of capillaries (Fig. 6 and SI Appendix, Fig. S21). At that time
point, the mice were given an intravenous infusion of the [*H]
TRLs. After allowing the [*H]TRLs to circulate for 3 min, the
mice were euthanized, and resin-embedded sections were prepared
for NanoSIMS analyses. In mice that had been injected with
hLPL, NanoSIMS imaging revealed [*H]TRL margination along
capillaries and H enrichment in mitochondria and cytosolic lipid
droplets of cardiomyocytes (Fig. 8 and S/ Appendix, Fig. S284).
’H enrichment in cardiomyocytes was significantly lower in mice
that had been injected with normal saline rather than hLPL (Fig. 8
and S/ Appendix, Fig. $28).

Discussion

In the years after LPL was characterized as a heparin-releasable
triglyceride hydrolase (15, 37), the assumption was that LPL
was bound, by electrostatic forces, to sulfated polysaccharides
in blood vessels (38—40). This model was widely accepted, but
it was incomplete. The model did not explain how LPL, which
is secreted by myocytes and adipocytes, traversed ECs to reach
the capillary lumen. Also, the location of LPL in blood vessels
was unknown. Over the past 15 years, a series of discoveries has
changed the model for plasma triglyceride metabolism. We
found that 7) a protein of capillary ECs, GPIHBP1, captures
LPL and transports it to the capillary lumen (2); 77) GPIHBP1
binds LPL with great specificity, largely by hydrophobic contacts
between GPIHBP1’s LU domain and LPLs C-terminal lipid-
binding domain (3, 8, 10, 41); iii) electrostatic interactions
between GPIHBP1’s acidic domain and LPLs large basic patch
increase the affinity of these interactions (3, 4, 11, 42); i) mis-
sense mutations that disrupt LPL-GPIHBP1 interactions pre-
vent LPL transport and cause hypertriglyceridemia (3, 43—46);
v) GPIHBP1 stabilizes LPL conformation and catalytic activity
(3-5, 11); and »i) GPIHBP1-bound LPL is catalytically active
(4, 13, 14). In light of these observations, it seemed likely that
GPIHBP1 functioned as the binding site for LPL in capillaries
and that it represented the platform for TRL processing. Our
current studies show that it is not that simple. We found that
much of the LPL that is transported into capillaries by GPIHBP1
enters the glycocalyx. The presence of LPL within the EC gly-
cocalyx was documented by super-resolution microscopy,
immunogold EM, and NanoSIMS analyses. We further demon-
strated, by confocal and electron microscopy, that loading of
the capillary glycocalyx of GpihbpI™™ mice with catalytically
active hLPL results in TRL margination in capillaries, and we
showed, by NanoSIMS analyses, that ["H] TRL processing along
the hLPL-loaded glycocalyx of GpihbpI™'~ mice results in the
delivery of ["H] TRL-derived nutrients to adjacent cardiomyo-
cytes. These findings have changed our understanding of intra-
vascular lipolysis.

The observation that LPL moves from GPTHBP1 on the luminal
surface of capillary ECs to the glycocalyx is consistent with biophys-
ical studies. SPR experiments revealed that LPLs dissociation rate
from GPIHBP1 is relatively high, such that half of the LPL detaches
from GPIHBP1 every 2 min (t;), of 1.9 min) (11). We also know
that high concentrations of sulfated glycosaminoglycans are effective
in capturing LPL from GPIHBP1 (36). When GPIHBP1LPL

complexes are loaded onto a heparin—Sepharose column, LPL

https://doi.org/10.1073/pnas.2313825120

2H/'H

2H/'H + SE

Fig. 8. NanoSIMS images showing delivery [PHJTRL-derived lipids to card-
iomyocytes in Gpihbp1™~ mice after an intravenous injection of recombinant
wild-type hLPL. NanoSIMS images of heart capillaries from Gpihbp1™~ mice that
had been injected intravenously with recombinant wild-type hLPL (+LPL) or
normal saline (-LPL), followed by an infusion of [?H]TRLs. Secondary electron
(SE)images were useful for tissue morphology; capillaries are denoted by yellow
asterisks. 2H/"H ratio images revealed [?HITRL margination along capillaries
and entry of [*H]TRL-derived lipids into surrounding cardiomyocytes. The scale
shows the 2H/"H ratio multiplied by 10,000. Composite SE (blue) and *H/"H (red)
NanoSIMS images show margination of [’HITRLs in capillaries (white arrows)
and the entry of *H-enriched lipids into cardiomyocytes.

detaches from GPIHBPI and is captured by the heparin-coated
beads (with free GPIHBP1 appearing in the “flow-through”) (36).
We suspect that this same phenomenon, LPL detachment from
GPIHBP1 followed by binding to sulfated proteoglycans, occurs
in capillaries and accounts for glycocalyx-bound LPL.

LPL is required for TRL margination along capillaries, evident
from the virtual absence of TRL marginaton in capillaries of
sz’/ybpl_/_ mice (where intravascular LPL is absent) (35, 47). In the
current studies, we showed that LPL in the glycocalyx can mediate
TRL margination, obviating a requirement for TRLs to traverse the
glycocalyx and reach the luminal PM of ECs. We observed robust
TRL margination along the /glycocalyx of heart capillary ECs in
wild-type mice and GpihbpI™™ mice after loading of the glycocalyx
with hLPL. Many of our electron micrographs suggested that TRLs
had become embedded in the glycocalyx, which could allow TRL
particles to be “attacked” by LPL from every direction. This propo-
sition would align with biochemical studies suggesting that >40 LPL
molecules are required for rapid TRL processing (48).

Our studies revealed that LPLs carboxyl-terminal Trp-rich
lipid-binding loop [known to be required for triglyceride
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hydrolysis (3, 35, 49, 50)] is crucial for TRL margination. We
produced a mutant hLPL in which three tryptophans (W390,
W393, and W394) were replaced with alanine (36). These muta-
tions abolish the ability of LPL to hydrolyze trlglycerldes (36).

When the mutant LPL was infused into GpihbpI™ mice, it bound
avidly to the EC glycocalyx in BAT and heart capillaries but failed
to mediate TRL margination. Thus, TRL margination along cap-
illaries depends on the same Trp-rich loop that is required for
triglyceride hydrolysis.

Confocal microscopy, electron microscopy, and NanoSIMS
analyses were essential for the identification of glycocalyx LPL
and for elucidating its relevance to TRL processing. Our first clue
for the existence of “free LPL” within capillaries (i.e., LPL not
attached to GPIHBPI1) came from fluorescence microscopy
experiments with the hLPL-specific mAb 88B8 (51), which does
not detect GPTHBP1-bound LPL. When injected into Lp/'
MCK-hLPL mice, 88B8 bound avidly to hLPL in heart capil-
laries, despite the inability to bind GPIHBP1-bound LPL.
Super-resolution confocal microscopy, immunogold EM, and
NanoSIMS analyses revealed that 88B8 bound to LPL in the
glycocalyx—distant from 11A12 binding to GPIHBP1 on the
luminal PM of ECs. The binding pattern for mAb 5D2, which
binds to LPLs tryptophan-rich loop (50), was distinct. 5D2
bound to LPL in the same glycocalyx tufts as 88B8, but it also
bound to GPIHBP1-bound LPL on the luminal PM, evident
from strong colocalization between 5D2 and 11A12.

Glycocalyx-bound LPL was not a peculiarity of Lpl "MCK-
hLPL mice. We also observed glycocalyx LPL in Zp/™ Tie2—hLPL
mice, where hLPL is produced by ECs. In those mice, 88B8 bound
to hLPL in the glycocalyx, and 5D2 bound to both glycocalyx LPL
and GPIHBP1-bound LPL. In szbbpl “Lpl” Tie2—-hLPL mice,
all of the LPL was located in the glycocalyx. Glycocalyx-bound LPL
was not a peculiarity of hLPL. In capillaries of Lpl”’MCK hLPL
mice, hLPL and mLPL were detected in the same “glycocalyx tufts.”
In wild-type mice, mLPL in the glycocalyx was readily detected by
immunogold electron microscopy (with gold-conjugated 27A7) and
NanoSIMS analyses (with gold-conjugated Ab3174).

In earlier studies, we showed that GPIHBP1 moves bidirection-
ally across capillary ECs (abluminal to luminal, luminal to ablumi-
nal) (2, 34). We suspected that the capacity of GPIHBP1-bound
and glycocalyx-bound LPL to move “backward” across ECs (from
the luminal to the abluminal surface of ECs) could differ. Indeed,
GPIHBP1-bound LPL (detected by 5D2) moves to the abluminal
surface of ECs, whereas glycocalyx-bound LPL (detected by 88B8)
remains within the capillary lumen. These findings imply that
GPIHBPI returns to the abluminal surface of capillaries before all
of its LPL cargo is unloaded. The backward movement of LPL may
seem ineflicient, but we suspect that this inefficiency is the price to
be paid for the existence of a mechanism for transporting LPL from
the subendothelial spaces to the capillary lumen.

When recombinant hLPL was infused into szbbpl 7~ mice, it
bound avidly to the glycocalyx of capillaries, but it is noteworthy
that the recombinant hLPL did not bind to larger blood vessels
or to brain capillaries—implying that the properties of the glyco-
calyx in those vessels are distinct. Whether the robust binding of
hLPL to the glycocalyx of heart and BAT capillaries is a conse-
quence of larger amounts of sulfated glycosaminoglycans in those
blood vessels is unknown.

In earlier studies with wild-type mice, we showed, with Nano-
SIMS analyses, that [*H]TRLs margmate along capillaries,
undergo lipolytic processing, and that the ["H] TRL—derived lipids
enter the mitochondria and cytosolic hpld droplets of cardiomy-
ocytes within 2 min (52). In sz/?bp] mlce, where intravascular
LPL is undetectable, the margination of [*H]TRLs is virtually
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absent, and the uptake of [*H]TRL-derived nutrients in cardio-
myocytes is almost undetectable (52). In the current studies, we
demonstrated, by electron microscopy, that glycocalyx LPL par-
ticipates in TRL margination in wild-type mice. We also demon-
strated that loading the glycocalyx of heart capillaries in
GpihbpI™™ mice with cartalytically active hLPL results in robust
TRL margination along capillaries. The next step was to test
whether the loading of the glycocalyx with LPL in Gpihbp I~ mice
is accompanied by delivery of TRL-derived nutrients into cardi-
omyocytes. To explore this i issue, we loaded the glycocalyx of heart
capillary ECs in GpihbpI™™ mice with catalytically active LPL,
then infused [*H]JTRLs, and then measured (with NanoSIMS
analyses) deuterium enrichment in the mltochondrla and cytosolic
lipid droplets of cardiomyocytes. In Gpihbp 1™~ mlce in which the
glycocalyx had been loaded with LPL, we observed [*H]TRL mar-
gination and, within 3 min, the entry of ["H] TRL-derived nutri-
ents into mitochondria and cytosolic fat droplets of cardiomyocytes.
The fact that the fatty acids released by TRL processing in the EC
glycocalyx would be taken up by cardiomyocytes (rather than
being swept away in the bloodstream) is probably not surprising.
The velocity of blood in capillaries is low [~0.5 mm/s (53)] and
approaches zero (due to laminar flow) along the surface of ECs
(54); this low velocity is important for the transit of many nutri-
ents (not just TRL-derived nutrients) across capillary ECs. It is
possible that the fatty acids released within the glycocalyx are
bound by albumin and then escorted to the cardiomyocyte PM.
The lipolytic processing of TRLs is crucial for the delivery of
lipid nutrients to parenchymal cells. To optimize lipid delivery,
mammals evolved strategies to confine TRL processing to blood
vessels that are immediately adjacent to parenchymal cells. One
strategy is restricting GPIHBP1 expression (and LPL transport)
to capillary ECs (2, 47). In heart and BAT, GPIHBP1 expression
disappears as soon as the capillary diameter increases by ~50% (to
become a very small venule) (2, 47). GPIHBP1 expression is also
absent in brain capillaries (55). Our findings imply a second strat-
egy for confining TRL processing to capillaries. Catalytically active
LPL, when injected intravenously, binds to the glycocalyx lining
of heart capillaries but not to the glycocalyx of larger blood vessels
or brain capillaries. This finding could be physiologically relevant.
If some of the LPL that is secreted by myocytes and adipocytes
were to escape into the lymphatics and enter the systemic circu-
lation, we suspect that it would be preferentially captured by the
glycocalyx of capillaries of the heart and other peripheral tissues.

Materials and Methods

Genetically Modified Mice. Gpihbp1™ mice (1), LpI"MCK-hLPL mice [Lp/"
mice with a hLPLtransgene driven by the Promoterofthe muscle creatine kinase
gene (25)], and Lp/" Tie2-hLPL mice [Lp/"~ mice with a hLPL transgene driven by
the Tie2 promoter (30)] have been described previously.

Antibodies and Recombinant Proteins. mLPLwas detected with rat monoclo-
nal antibody (mAb) 27A7 and a rabbit polyclonal antibody (Ab3174) (47).Ab3174
binds to the N-terminal domain of mLPL, whereas 27A7 binds to LPL's C-terminal
domain of mLPL(3). hLPL was detected with rabbit polyclonal antibody against
hLPL(1256)(13), the LPL-specific mAb 5D2 [which binds to C-terminal Trp-rich
loop distant from LPL's GPIHBP1-binding domains (26)], and mAb 88B8 [which
binds to an epitope in LPL's GPIHBP1-binding domain (7)]. GPIHBP1 was detected
with the rat mAb 11A12 (8). CD31 was detected with the hamster mAb 2H8
(Developmental Studies Hybridoma Bank, University of lowa) (56). Recombinant
hLPLand GPIHBP1 were prepared as described (3, 11). In addition, hLPLand a
mutant hLPL with three tryptophan substitutions (W390A, W393A, and W394A)
were produced as described (36). Methods to characterize the properties of anti-
bodies 5D2, 88B8, 27A7,and Ab3174 are described in S/ Appendix, Supplemental
Methods.
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Immunohistochemistry Studies. To detect human and mLPL in hearts from
Gpihbp1™LpI* MCK-hLPL mice, 10-pum-thick frozen sections were prepared,
fixed with 3% paraformaldehyde (PFA), permeabilized with 0.2% Triton X-100 in
PBS, and treated with M.0.M. Immunodetection Kit (Vector Laboratories, BMK-
2202). Sections were incubated with mAbs against hLPL(88B8 or 5D2, 20 ug/mL)
or the rabbit polyclonal antibody Ab3174 (8 ug/mL) at 4 °C overnight. Sections
were washed three times to remove unbound antibodies and then incubated
with Alexa Fluor 488-anti-mouse IgG or anti-rabbit IgG (Invitrogen, A-21202;
Jackson ImmunoResearch, 711-545-152; 1:200 dilution). After washing, the
sections were post-fixed with 3% PFA for 5 min, and cell nuclei were stained
with DAPI. Images were obtained on an LSM980 microscope (Zeiss) with 20
or 63x objectives.

Assessing the Binding of Alexa Fluor-Labeled mAbs along the Luminal
Surface of Capillaries. Mice were injected intravenously with Alexa Fluor
647-88B8, Alexa Fluor 555 5D2, and either Alexa Fluor 488-11A12 or Alexa
Fluor 488-2H8 (150 to 500 g each in 0.2 mL of PBS). After 2 min, mice were
perfused with PBS (20 mL) through the left ventricle and then perfusion-fixed
with 3% PFA (10 mL). The tissues were embedded in optimal cutting tempera-
ture (OCT) compound, and sections were processed for fluorescence microscopy.
Images were recorded with an LSM980 microscope (Zeiss) with 20x or 63x
objectives. Confocal micrographs of capillary cross-sections were captured with
a Zeiss Airyscan detector and processed with Airyscan joint deconvolution (Zen
Blue software v3.3).

For isolated mouse heart experiments, anesthetized Gpihbp1*"*Lpl ' Tie2-
hLPLand Gpihbp 1™ Lpl' Tie-hLPL mice were perfused with 10 mL of oxygenated
Tyrode’s solution (136 mM NaCl, 5.4 mM KCI, 0.33 mM NaH,PO,, T mM MgCl,, 10
mM HEPES, pH 7.4, and 10 mM glucose) through the inferior vena cava. Hearts
were removed, and the aorta was cannulated with a blunt-end 20-gauge needle
and sutured in place. Hearts were flushed with Tyrode's solution, submerged
in 30 mL of Tyrode's solution, and perfused with 1 mL of a solution containing
Alexa Fluor 647-88B8, Alexa Fluor 555-5D2, and Alexa Fluor 488-11A12 (150
to 250 pg each). After 10 min, hearts were perfused with 3 mLTyrode's solution
followed by 3 mLof 3% PFAin PBS.The hearts were frozen in OCTand processed
for fluorescence microscopy. Colocalization analyses were performed with Zen
Blue software (Zeiss) or the EzColocalization plugin (57) in ImageJ.

Inanother study, anesthetized Lp/"MCK-hLPL mice were perfused with 10 mL
of Tyrode's solution through the inferior vena cava. Isolated hearts were flushed
with Tyrode's solution, submerged in 30 mL of Tyrode's solution, and perfused with
2 mL of 3% PFA followed by 3 mL of Tyrode's solution containing 0.2% BSA and
5% donkey serum. Hearts were then perfused with 1 mLof a solution containing
Alexa Fluor 647-11A12, Alexa Fluor 555-rat1gG, and Alexa Fluor 488-88B8 (150
t0 250 pg each). After 10 min, hearts were perfused with 3 mLof Tyrode's solution,
frozen in OCT, and processed for fluorescence microscopy.

Assessing Luminal to Abluminal Movement of LPL and GPIHBP1 across
Capillary ECs. Lp/" MCK-hLPL mice were given an intravenous injection of Alexa
Fluor-labeled 11A12, 88B8, and 5D2 (200 pg each). After 2 h, the mice were per-
fused with PBS (20 mL) through the left ventricle and then perfusion-fixed with 3%
PFA (10 mL). BAT pads were embedded in OCT compound, and cryosections were
prepared. Cross-sections of BAT capillaries containing an EC nucleus were imaged
by fluorescent microscopy (2, 34). Relative levels of fluorescence on the luminal and
abluminal surfaces of ECs were quantified with Zen Blue software (Zeiss).

In Vitro Studies to Investigate the Movement of hLPL from GPIHBP1-
Coated Agarose Beads to Agarose Beads Coated with Heparin. Agarose
beads were covalently coupled to mAb 11A12 according to the manufacturer's
instructions (Thermo Fisher Scientific, 44894). After washing the beads with PBS/
Ca/Mg and blocking for 1 h at 4 °C in StartingBlock buffer (Pierce, 37578), the
beads were incubated for 30 min at 4 °C with purified recombinant mGPIHBP1
(1.2 ug) and purified recombinant hLPL(1 ug), or with hLPLalone. After washing
the beads with PBS/Ca/Mg containing 0.2% NP40, heparin- or Protein A (ProA)-
coated magnetic beads (CD Bioparticle, SMP-UM31; New England Biolabs,
§1425S) were added and incubated for 30 min at 4 °C. Next, a magnet was
used to retrieve the magnetic beads. After washing the 11A12-coated beads with
PBS/Ca/Mg containing 0.2% NP40, GPIHBP1 and any GPIHBP1-bound LPLwere
released from the beads with 0.1 M glycine, pH 2.7 (followed by neutralization
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with T M Tris, pH 9.0). The heparin- or Protein A-magnetic beads were washed
with 150 mM sodium chloride containing 20% glycerol, and any protein that
remained attached to the beads was released by incubating in SDS-sample
buffer at 70 °C for 10 min.The proteins were size-fractioned on a 4 to 12% SDS-
polyacrylamide gel and transferred to nitrocellulose forimmunoblotting. LPLwas
detected with IRDye800-Ab1256 (10 ug/mL), and GPIHBP1 was detected with
IRDye680-11A12 (4 pg/mL). Antibody binding was visualized with an Odyssey
infrared scanner (LI-COR).

Infusion of Recombmant hLPL into Mice. After cannulating isolated hearts
from wild-type or Gpihbp 1"~ mice, hearts were perfused with a 1 mLof Tyrode's
solution containing 100 g of recombinant hLPL or buffer alone. After 10 min,
hearts were flushed with 3 mLTyrode’s solution and then perfused with a 1 mL
solution containing Alexa Fluor 647-88B8, Alexa Fluor 555-27A7, and Alexa Fluor
555-11A12 or 2H8 (150 to 250 pg each). After 10 min, hearts were perfused
with 3 mLof Tyrode's solution followed by 3 mL of 3% PFAin PBS, and then pro-
cessed for fluorescence microscopy. In some cases, recombinant hLPL (100 pg)
was injected intravenously into mice rather than into isolated, perfused hearts.
In some experiments, a mutant hLPL (W390A, W393A, and W394A) (36) was
infused into isolated hearts or injected intravenously.

Assessing TRL Margination in Blood Vessels by Confocal Microscopy.
TRLs were isolated from the plasma of chow-fed Gpihbp1”~ mice by ultracen-
trifugation (35). Gpihbp1™ or wild-type mice were injected intravenously
through the inferior vena cava with recombinant hLPL(100 pg) and 5 pl of
tetrahydrolipstatin (THL, 51 mM) or saline alone. TRL infusion experiments
were carried out in two ways, depending on whether the goal was to detect
TRLmargination by fluorescence microscopy (Protocol 1) or electron microscopy
(Protocol 2). Protocol 1: Three min after the infusion of hLPL, mice were perfused
with Alexa Fluor 647-88B8 (250 pg), Alexa Fluor 555-2H8 (250 pg), and Alexa
Fluor 488-TRLs (300 pg) along with 5 pL of 51 mM THL. After 3 min, the aorta
was clamped, and hearts were perfused with 3 mL of PBS to remove unbound
TRLs. Tissues were then processed for confocal microscopy as described earlier.
Protocol 2: Three min after the infusion of hLPL, TRLs (300 pg) were injected
intravenously through the inferior vena cava with 5 pl of 51 mM THL. After
3 min, the aorta was clamped and the hearts were perfused with 5 mL of HEPES/
saline buffer (pH 7.2) containing 0.5% LaCl,/DyCl,, followed by perfusion-
fixation with 10 mL of HEPES buffer (50 mM, pH7.2) containing 0.5% LaCl/
DyCl; (Millipore Sigma, 203521-25G and 289272-25G) and 2.5% (vol/vol)
glutaraldehyde (Electron Microscopy Sciences, 16222). Sections were prepared
for transmission electron m|croscopy(52)

In related studles Gplhbp7 mice were injected with [’H]TRLs. To produce
[?H]TRLS, Gp/hbp1 mice were placed on a fat free (62% sucrose) diet (Envigo,
1D.03314) for 13 d and then given uniformly labeled [*H]mixed fatty acids
Cambrldge Isotope Laboratories, DLM-8572-PK) by gastric gavage every 12 h
for4.5d.["H]TRLs were collected as described (52).To monitor the hLPL-mediated
[2H]TRL processing, Gpihbp 1"~ mice were injected with catalytically active recom-
binanthLPL(100 pg)through the inferior vena cava, thereby loading the capillary
glycocalyx with LPL. Control Gpihbp1™~ mice were given saline alone. We sus-
pected thatthe hLPLwould be rapidly bound by the glycocalyx of capillaries (Fig. 7
and SIAppendix, Fig. S15) and therefore would rapidly disappear from the plasma
compartment. To test that suspicion, plasma was obtained 3 min after the hLPL
infusion and analyzed by immunoblotting. Plasma (0.4 uL) was size-fractioned on
a 410 12% SDS-polyacrylamide gel, and the separated proteins were transferred
to nitrocellulose. The transfer to nitrocellulose was confirmed with Ponceau S Red
staining, and immunoblots were performed with IRDye680-88B8 (20 pg/mL).
After 3 min, [*HJTRLs (300 ug) were administered intravenously through the infe-
rior vena cava. After 3 min, the hearts were clamped on the aortas and perfused
with 5 mLof HEPES/saline buffer (pH 7.2) containing 0.5% LaCl,/DyCl,, followed
by perfusion-fixation with 10 mL of HEPES buffer (50 mM, pH 7.2) containing
0.5% LaCl,/DyCl; and 2.5% (vol/vol) glutaraldehyde. Tissue sections were then
prepared for electron microscopy and NanoSIMS imaging (52).

Assessing TRL Margination in Blood Vessels by Electron Microscopy.
Tissues were trimmed and sectioned to 65 nm with a Leica UC6 ultramicrotome.
Sections were placed on 100-mesh copper grids that were coated sequentially
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with formvar and carbon and then glow-discharged (Electron Microscopy
Sciences, FCF 100-CU). The sections were stained with Reynold's lead citrate for
10 minand imaged at 200 kV with aThermo T20 iCorr microscope equipped with
a Gatan 4K camera or at 120 kV with Thermo T12 TEM equipped with a 2K camera.

Forimmunogold EM, mAbs 88B8, 5D2, and 11A12 were conjugated to 10-
nm gold nanoparticles (Cytodiagnostics, CGN5K-10-3). The conjugates were
subjected to two rounds of ultracentrifugation (40,000 x g, 45 min, 4 °C) to
eliminate unbound gold nanoparticles. Then, 10-nm gold nanoparticle-conju-
gated 88B8 or 5D2 were injected into Lp/ MCK-hLPL or wild-type mice through
the vena cava or leftventricle. In the case of left ventricle injections, the heart was
perfused with 0.5 mL of saline before the antibody infusion. Three min after anti-
bodies were injected, hearts were perfused with 3 mLof normal saline containing
50 mM HEPES to remove unbound mAbs. Next, hearts were perfused with 5 mL
HEPES/saline buffer (pH 7.2) containing 0.5% LaCl,/DyCl; at a flow rate of 3 mL/
min through the left ventricle. Finally, the hearts were perfusion-fixed through
the left ventricle with 0.5% LaCl;/DyCl; and 2.5% (vol/vol) glutaraldehyde in a
50 mM HEPES buffer (pH 7.2).

In another study, 10 mL of Tyrode's buffer containing 1 mM CaCl, was per-
fused into wild-type mice through the inferior vena cava. Hearts were then
excised, cannulated, and perfused with 3 mLof Tyrode's buffer containing 1 mM
CaCl, and 1% bovine serum albumin (BSA). The hearts were further perfused
with 1 mL of Tyrode's buffer containing 1T mM CaCl,, 1% BSA, and Ab3174
conjugated to 1.4 nm-gold nanoparticles (NanoProbes, 2025-30NMOL) and
then submerged in Tyrode's buffer for 10 min at room temperature. After per-
fusion with 3 mL of Tyrode's buffer to remove unbound antibodies, hearts were
perfused with 2 mL of HEPES/saline buffer (pH 7.2) containing 0.5% LaNO,/
DyCls, followed by perfusion-fixation with 0.5% LaNO-/DyCl, (Millipore Sigma,
203548-25G) and 2.5% (vol/vol) glutaraldehyde in a 50 mM HEPES buffer
(pH 7.2). In each study, the tip of the left ventricle, cutinto 1to 3 mm?® pieces,
was placed in 0.5% LaCl,/DyCl; (or LaNO,/DyCl;) and 2.5% glutaraldehyde in
a 50 mM HEPES buffer on ice for 1 h. Next, the samples were washed 5 times
in 0.1 M sodium cacodylate buffer with 2.1% sucrose, pH 7.4 (5 min each,
on ice). The tissues were then post-fixed in 2% 0s0, (Electron Microscopy
Sciences, 19190) and 0.1 M sodium cacodylate buffer (pH 7.4) on ice for
1h.Samples were rinsed 5 times with distilled water (5 min each, onice) and
stained with 2% uranyl acetate (SPI-Chem, 6159-44-0) at 4 °C overnight. The
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tissues were then dehydrated and embedded in EMbed812 resin (Electron
Microscopy Sciences, 14120) (52). BSE imaging and NanoSIMS analyses are
described in SI Appendix, Methods.

Statistical Analyses. GraphPad Prism v9.0.2 was used for statistical analyses.
Bar graphs show mean = SEM. A two-tailed Student's  test was used for com-
parisons between two independent groups. For multiple group comparisons,
one-way or two-way ANOVA tests were used.

study Approval. Mice were fed a chow diet and were housed in a barrier facil-
ity with a 12-h light-dark cycle. All studies were approved by UCLA's Animal
Research Committee according to guidelines described in the NIH Guide for
the Care and Use of Laboratory Animals.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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