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Abstract GPIHBP1, 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 1) defining the functional rel-
evance of GPIHBP1’s Ly6 and acidic domains to the bind-
ing of LPL; 2) ascertaining whether human GPIHBP1 is
expressed exclusively in capillary endothelial cells; and 3)
testing whether GPIHBP1 is detectable in human plasma.El
Here, we report the development of a panel of human
GPIHBP1-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
GPIHBPI containing an Ly6 domain mutation (W109S) that
abolishes LPL binding. Immunohistochemistry studies with
the GPIHBP1 mAbs revealed that human GPIHBP1 is ex-
pressed only in capillary endothelial cells. Finally, we created
an ELISA that detects GPIHBP1 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. S. Jung, A. Mapar,
T. Machida, M. Murakami, K. Nakajima, M. Ploug, L. G.
Fong, S. G. Young, and A. P. Beigneux. Monoclonal antibod-
ies that bind to the Ly6 domain of GPIHBP1 abolish the
binding of LPL. J. Lipid Res. 2017. 58: 208-215.
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LPL, a triglyceride hydrolase secreted by myocytes and
adipocytes, is crucial for the lipolytic processing of triglyc-
eride-rich 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). GPIHBPI 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 at its amino
terminus, with 21 of 26 consecutive residues in human
GPIHBP1 being aspartate or glutamate (7). Surface plasmon
resonance (SPR) studies with purified proteins have
strongly suggested that GPIHBP1’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
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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
GPIHBPI, 11A12, that binds downstream from GPIHBP1’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 GPIHBP1 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 GPIHBPI1. 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 GPIHBPl—for three reasons. First, we
wanted to generate mAbs against both the acidic and Ly6
domains of GPIHBP1 and then use the mAbs to elucidate
the relevance of those domains for LPL binding. Second,
we wanted to determine whether GPIHBPI1 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 GPIHBP1 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 GPIl-anchored Ly6 protein, urokinase-type
plasminogen activator receptor (uPAR), 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 GPIHBP1 ELISA
might allow clinical investigators to test whether GPIHBP1
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 Drosophila S2
cells. The medium was concentrated 20-fold with Amicon Ultra
10k MWCO centrifugal filters (Millipore), and the concentration
of human GPIHBP1 in the medium was determined by Western
blotting using a highly purified GPIHBP1 standard (8). Point mu-
tations in GPIHBP1 were introduced in expression vectors by PCR
with the QuickChange Lightning kit (Agilent Technologies).

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 GPIHBP1 proteins or conditioned medium from GPI-
HBP1-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 GPIHBP1-specific mAbs (4 pg/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
IRDye680-labeled antibody 11A12 (1:500); an IRDye680-labeled
antibody R24 (1:500); or an IRDye800-labeled 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 pg 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
(DAPT). 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 GPTHBP1
by SPR

Purified mAbs RG3 and RE3 in 10 mM of sodium acetate
(pH 5.0) were covalently immobilized on a CMb5 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 GPIHBPI. 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

GPIHBPI1 monoclonal antibodies 209



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 NacCl, 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-s dissociation step. For single-cycle kinetic titration of
the RF4 x GPIHBP1 interaction, five consecutive injections of
20 pl of purified GPIHBP1 (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 H;3;PO,. For
multicycle analyses, the kinetic rate constants (k,, and k) 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 GPIHBP1-specific mAbs to block
LPL binding in a cell-free LPL-GPIHBP1 binding assay

Human GPIHBPI 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 11A12—coated agarose beads
and then incubated for 30 min at 4°C with or without GPIHBP1-
specific mAbs (final concentration, 5 pg/ml) and Vb5-tagged
human LPL (18). After washing the beads, the GPIHBP1 (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 GPIHBPI 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 GPIHBP1-specific antibodies to
block LPL binding to GPIHBP1-expressing cells

CHO pgsA-745 cells (2 x 10° cells and 2 pg 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 (GPIHBP1-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 times in 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 wg/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 wm) 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 pg/ml

210 Journal of Lipid Research Volume 58, 2017

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 InmPRESS
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 (~10 s). 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 pg/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 wg/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 V5-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 wul 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 GPIHBP1 in human plasma

We coated 96-well plates with 1 pg/well of mAb RF4 overnight
at 4°C. After blocking overnight at 4°C with PBS containing 1%
BSA and 0.05% NaNj, 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 pg/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 ng/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.



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. S1). Some of the
mAbs bound exclusively to nonreduced GPIHBPI1; some
bound exclusively to GPIHBP1 monomers; others bound
both monomers and multimers. Several mAbs did not bind
toamutant GPTHBP1 lacking the acidic domain (GPIHBP1-
Aacidic) (supplemental Fig. S2). We chose five mAbs for
further study: RG3 (IgG2bk), RE3 (IgG2ak), RH1 (IgGlk),
RE6 (IgGlk), and RF4 (IgG2bk). RG3, RE3, and RHI
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 GPIHBP1
monomers, whereas RE6, RH1, and RF4 bound to both
monomers and dimers. RF4 did not bind to GPIHBPI1-
Aacidic (Fig. 1) and bound avidly to a GPIHBP1-CD59 chi-
mera containing GPIHBP1’s acidic domain but CD59’s Ly6
domain (supplemental Fig. S3). All mAbs except RHI1 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 GPIHBP1 with high affinity (Kp < 5 nM)
Table 1, Fig. 3). The kinetics of RE3 and RG3 binding to
full-length 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 Drosophila 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,
RE3, RF4, RH1, and RE6 (10 pg/ml; green) and a rabbit antibody
against the S-protein tag (red). DNA was stained with DAPI (blue).
Scale bar (lower left panel), 20 pm.

on GPIHBP1’s acidic domain. Both RG3 and RE3 bound to
GPIHBP1-W109S with reduced affinity—a consequence of
an increase in kg (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. S4) 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 GPIHBP1).

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 GPIHBPI, we initially utilized a cell-free
LPL-GPIHBP1 binding assay (9). Equimolar amounts of
LPL, recombinant human GPIHBP1 harboring the mAb
11A12 epitope, and GPIHBPIl-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 Fon (10° M7's7) b (10757 Kp (nM) n Epitopes
RE3 GPIHBP1 42+18 1.64 +0.27 44+18 4 RF4
RE3 GPIHBP1-W109S 8.2+1.9 7.82 +1.80 10.0 + 3.3 3

RES$ GPIHBP1-Aacidic 7.6+27 1.34+0.11 2.0+0.6 3

RG3 GPIHBP1 0.64 + 0.22 0.17 £ 0.04 3.1+1.8 4 RF4
RG3 GPIHBP1-W109S 0.93+0.15 1.23 + 0.06 18.7+24 3

RG3 GPIHBP1-Aacidic 1.26 +0.21 0.27 £0.11 23+1.3 2

RF4 GPIHBP1 54+19 0.74 + 0.06 1.4+0.2 3 RE3, RG3

Kinetics rate constants were derived from data recorded with a BiacoreT200 for three-fold dilutions of various
purified GPIHBP1 proteins (8) and were fitted to a 1:1 binding model. GPIHBP1 is full-length GPIHBP1; GPIHBP1-
WI109S contains a serine for tryptophan mutation in a highly conserved region of the Ly6 domain; GPIHBP1-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 anti-mouse IgG. Epitope mapping was performed with sequential injections, as is illustrated by Fig. 3.

binding of LPL to GPIHBP1, 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-GPIHBPI1 binding assay and an ELISA. Again, these
studies revealed that the binding of mAbs RG3 and RE3 to
GPIHBPI abolished LPL binding (Figs. 5, 6). Of note,
mAb RF4 bound avidly to GPTHBP1 but did not block LPL
binding (Figs. b, 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 GPIHBP1 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 GPIHBP1 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
GPIHBPI1 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
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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 GPIHBPI (black curves). One
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repeat measurement of 10 nM GPIHBP1 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 GPIHBP1 in a cellfree LPL-GPIHBP1 binding assay. Soluble
wild-type human GPIHBP1 with a carboxyl-terminal 11A12 epitope
tag was incubated with 11A12-coated agarose beads and V5-tagged
human LPL, in the presence or absence of mAbs RH1, RG3, RE3,
RE6, RF4, or R24. After washing the beads, GPIHBP1 and any GPI-
HBP1-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 IRDye800-labeled 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

GPIHBP1 LPL
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Fig. 5. RG3 and RE3, but not RF4, block the binding of LPL to
GPIHBP1 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 pg/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 Alexab55-
conjugated mouse anti-V5 antibody (red). DNA was stained with
DAPI (yellow). Scale bar (lower left panel), 20 wm.
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Fig. 6. Dose-dependentinhibition 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 GPIHBP1 (0.5 ng/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 HRP-labeled V5 antibody. The
binding of the GPIHBPIl-specific mAbs to GPIHBP1 was docu-
mented in an independent assay with HRP-labeled mAbs RG3, RE3,
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-
HBPI 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 GPIHBPI 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 GPIHBP1 standard and was able to detect GPIHBP1
in normal human plasma. In two normal subjects, the plasma
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Fig. 7. Detection of GPTHBPI in human tissues with GPIHBP1-
specific monoclonal antibodies. Sections of human cardiac adipose
tssue (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
GPIHBPI1 (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 pg/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 vWF 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 wm;
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 GPIHBPI1
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 GPIHBP1 in our
initial screening efforts and selected five for further study—
four against GPIHBPI’s cysteine-rich Ly6 domain (RG3,
RE3, RHI, 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 ug/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 GPIHBP1, the “1:2 dilution”
corresponds to 500 pg/ml of recombinant GPIHBPI1, and the
“1:256 dilution” corresponds to buffer alone (no recombinant GPI-
HBP1). After washing the plates, GPIHBP1 captured by mAb RF4
was detected with HRP-labeled 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 GPTHBP1 levels in samples 8 and 17 were 1,043
and 1,051 pg/ml, respectively. As expected, the GPIHBP1 levels in
the GPIHBPI1-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 GPIHBPI, 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 GPIHBP1 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 GPIHBP1
can be detected in the plasma of normal subjects but not
subjects with GPIHBPI deficiency.

In our immunohistochemistry studies, we were able to
detect GPIHBP1 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 GPIHBPI in heart capillaries was initially perplexing



because we invariably observed robust GPIHBP1 expression
in mouse heart capillaries (4, 5). Follow-up studies revealed
that our inability to detect GPIHBPI in heart capillaries
was probably related to lower amounts of GPIHBP1 ex-
pression in human heart.

One of our principal goals in creating GPIHBP1-specific
monoclonal antibodies was to develop an ELISA for the
detection of GPIHBPI in human plasma, just as others
had done for uPAR, another GPI-anchored Ly6 protein
(13). The combination of mAb RF4 (to capture GPTHBP1
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 GPIHBP1 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 GPIHBP1 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 GPIHBPI 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 GPIHBP1-specific
mAbs, clinical lipidologists will now be able to test the util-
ity of plasma GPIHBPI 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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