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Apolipoprotein AV (APOA5) lowers plasma triglyceride (TG) levels by binding to the
angiopoietin-like protein 3/8 complex (ANGPTL3/8) and suppressing its capacity to
inhibit lipoprotein lipase (LPL) catalytic activity and its ability to detach LPL from
binding sites within capillaries. However, the sequences in APOA5 that are required for
suppressing ANGPTL3/8 activity have never been defined. A clue to the identity of those
sequences was the presence of severe hypertriglyceridemia in two patients harboring
an APOA5 mutation that truncates APOA5 by 35 residues ("APOA5A35”). We found
that wild-type (WT) human APOA5, but not APOAS5A35, suppressed ANGPTL3/8’s
ability to inhibit LPL catalytic activity. To pursue that finding, we prepared a mutant
mouse APOA5 protein lacking 40 C-terminal amino acids (“APOA5A40”). Mouse
WT-APOAS5, but not APOA5A40, suppressed ANGPTL3/8’s capacity to inhibit LPL
catalytic activity and sharply reduced plasma TG levels in mice. WT-APOA5, but
not APOA5 A40, increased intracapillary LPL levels and reduced plasma TG levels in
Apoaf mice (where TG levels are high and intravascular LPL levels are low). Also,
WT-APOAS5, but not APOA5A40, blocked the ability of ANGPTL3/8 to detach LPL
from cultured cells. Finally, an antibody against a synthetic peptide corresponding to the
last 26 amino acids of mouse APOAS5 reduced intracapillary LPL levels and increased
plasma TG levels in WT mice. We conclude that C-terminal sequences in APOA5 are
crucial for suppressing ANGPTL3/8 activity in vitro and for regulating intracapillary
LPL levels and plasma TG levels in vivo.

ANGPTL3/8 | apolipoprotein AV | triglycerides | lipoprotein lipase

For more than 20y, apolipoprotein AV (APOA5) has been recognized as a regulator of
plasma triglyceride (TG) metabolism, evident from hypertriglyceridemia in Apoa5™"
mice and the fact that overexpression of human APOA5 reduces plasma TG levels (1).

APOAS is a PPARa-responsive apolipoprotein produced by the liver (2—4). APOAS is
found on chylomicrons, VLDL, and HDL, but APOA5 concentrations in the plasma
(~6 nM) are much lower than levels of other apolipoproteins (which are present in uM
levels) (5-7). The APOAS sequences that form lipid-binding amphipathic a-helices
(8, 9) and a heparin-binding domain (10) have been defined, but for many years the
mechanism by which APOAS5 regulates plasma TG metabolism has remained a mystery.
Opver the past 2 y, however, the mechanism for APOAS5 function has come into focus.
Chen et al. (11) found that APOAS5 binds to the angiopoietin-like protein 3/8 complex
(ANGPTL3/8) and suppresses its ability to inhibit the catalytic activity of lipoprotein
lipase (LPL). This observation suggested that ANGPTL3/8 activity would be higher
(i.e., unsuppressed) in the absence of APOAS5, leading to increased inhibition of LPL

Significance

Apolipoprotein AV (APOAS) binds
to the angiopoietin-like protein
3/8 complex (ANGPTL3/8) and
suppresses its ability to inhibit
lipoprotein lipase (LPL), but the
APOAS sequences required for
regulating ANGPTL3/8 have never
been defined. We found that
wild-type (WT) human APOAS,
but not truncated APOA5
proteins associated with
hypertriglyceridemia, blocked the
capacity of ANGPTL3/8 to inhibit
LPL activity. Mouse WT-APOAS5,
but not a truncated APOA5
lacking 40 C-terminal amino
acids, increased intracapillary
LPL levels in Apoa5™" mice and
sharply reduced plasma
triglyceride levels. Also, WT-
APOAS5, but not the truncated
APOAS5, blocked ANGPTL3/8-
mediated detachment of LPL
from cultured cells. Thus,
carboxyl-terminal sequences in
APOAGS are crucial for
suppressing ANGPTL3/8 activity.
Our findings explain the
hypertriglyceridemia in patients
with truncating APOA5 mutations.

activity and higher plasma TG levels. Consistent with that model, an inhibitory
ANGPTL3/8-specific monoclonal antibody (mAb) reduces plasma TG levels in both
mice and humans with hyperlipidemia (12, 13).

Recent studies by Yang etal. (14) added to our understanding of APOA5 and
ANGPTL3/8 physiology; they found that amounts of LPL on the lumlnal surface of
caplllarles in heart and brown adipose tissue (BAT) are lower in Apoa5' mice than in
Apoa5™ mice. That finding led them to predict that APOA5 not only suppresses the
ability of ANGPTL3/8 to inhibit LPL activity but also prevents ANGPTL3/8 from
detaching LPL from its binding sites within capillaries. In support of that idea, they found
that recombinant ANGPTL3/8 detached LPL from the surface of cultured cells and that
ANGPTL3/8-mediated detachment of LPL could be blocked by recombinant APOA5
and by an inhibitory ANGPTL3/8-specific mAb (14). Both recombinant APOAS and
the inhibitory ANGPTL3/8 mAb increased intracapillary LPL levels in Apoa5~" mice,
resulting in sharply reduced plasma TG levels (14).
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Despite progress in understanding APOAS’s function, the APOAS
sequences that are important for suppressing ANGPTL3/8 activity
have remained a mystery. In considering this issue, we were intrigued
by the observation that a pair of APOA5 mutations (Q275X and
D332V1sX4, which truncate APOAS5 by 92 and 35 residues, respec-
tively) are associated with severe hypertriglyceridemia (chylomicrone-
mia) (15, 16). A 70-y-old compound heterozygote (275X and
Q97X mutations) had plasma TG levels >8,000 mg/dL; a 4-y-old
compound heterozygote (Q97X and D332VfsX4 mutations) had
TG levels >1,500 mg/dL; and a 35-y-old D332V{sX4 homozygote
had TG levels >2,500 mg/dL (15, 16). Based on those observations,
we wanted to test whether truncated APOAS proteins retain the abil-
ity to suppress ANGPTL3/8 activity.

We recognized that performing assays of LPL catalytic activity
would be insufficient to understand the effects of APOAS5 truncations.
It was clear to us that we would need to define the impact of APOA5
truncations on plasma TG levels and intracapillary LPL levels in
hypertriglyceridemic mice (including Apoa5™ "~ mice). We recognized
that mouse experiments would require us to examine the effects of
recombinant mouse proteins. Accordingly, we produced mouse
WT-APOAS5 and a mutant mouse APOAS lacking 40 C-terminal
residues ("APOA5A40”) and examined their effects on ANGPTL3/8-
mediated inhibition of LPL catalytic activity, ANGPTL3/8-mediated
detachment of LPL from cultured cells, and plasma TG levels and
intracapillary LPL levels in Apoa5”'~ mice.

Results

Truncated Human APOAS Proteins Do Not Suppress the Ability
of the ANGPTL3/8 Complex to Inhibit LPL Activity. We were
intrigued by reports of chylomicronemia in patients with truncating
APOAS5 mutations (15, 16). To determine whether truncated
APOAS5 proteins are functionally defective, we expressed and
purified human WT-APOA5 and the truncated APOA5 proteins
resulting from the Q275X and D332V{sX4 mutations. The Q275X
mutation eliminates 92 C-terminal residues (“APOA5A92”); the
D332VfsX4 mutation eliminates 35 residues (‘APOA5A35”). We
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Fig. 1. Human WT-APOAS5, but not human APOA5A35 or human APOA5A92,
suppresses human ANGPTL3/8-mediated inhibition of LPL catalytic activity.
HEK293 cells expressing human LPL were incubated in medium containing
increasing concentrations of human ANGPTL3/8 that had been preincubated
with 20 nM human WT-APOAS5, APOA5A35, APOA5A92, the inhibitory
ANGPTL3/8 mAb IBA490, or vehicle (PBS) alone; ICs, values for inhibition of
LPL catalytic activity by ANGPTL3/8 were 6.14, 0.19, 0.23, 19.20, and 0.19 nM,
respectively. Results show mean + SD (n = 3 to 5 from three independent
experiments).

compared the ability of human WT-APOAS5 and the truncated
APOAS5 proteins to suppress the capacity of human ANGPTL3/8
to inhibit the catalytic activity of human LPL. WT-APOA5
blocked ANGPTL3/8-mediated inhibition of LPL activity, whereas
recombinant APOA5A92 and APOAS5A35 did not (Fig. 1). We also
showed that an ANGPTL3/8-specific mAb (IBA490) blocked the
ability of ANGPTL3/8 to inhibit LPL activity (Fig. 1).

Recombinant Proteins. We prepared recombinant proteins (human
ANGPTL3/8, mouse ANGPTL3/8, human APOAS5, and mouse
APOA5) and then examined the ability of the different APOAS5 proteins
to suppress ANGPTL3/8-mediated inhibition of LPL catalytic activity.
Mouse ANGPTL3/8 inhibited human LPL with an ICy; of 0.46 nM,
whereas human ANGPTL3/8 inhibited human LPL with an IC; of
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Fig. 2. Characterizing recombinant mouse pro-
teins. (A) Human and mouse ANGPTL3/8 inhibit
human LPL with ICs, values of 0.32 nM and 0.46 nM,
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respectively. Results show mean + SD; n = 4 meas-
urements; two independent experiments. (B)
Mouse LPL is 4.4-fold more susceptible than hu-
man LPL to inhibition by human ANGPTL3/8 and
9.3-fold more susceptible to inhibition by mouse
ANGPTL3/8 (ICs, values of 0.073 nM and 0.050
nM, respectively). Results show mean + SD; n =6
measurements; three independent experiments.
(€) Human WT-APOAS and mouse WT-APOAS sup-
press human ANGPTL3/8-mediated inhibition of
LPL activity (ICs, values of 6.00 nM and 8.12 nM,
respectively). Results show mean + SD; n=3to 5
measurements; three independent experiments.
(D) Mouse WT-APOAS is 3.6-fold more potent
than human WT-APOAS in suppressing mouse
ANGPTL3/8-mediated inhibition of mouse LPL ac-
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0.32 nM (Fig. 24). Mouse LPL was 4.4-fold more susceptible than
human LPL to inhibition by human ANGPTL3/8 and 9.3-fold more
susceptible to inhibition by mouse ANGPTL3/8 (Fig. 2B). Mouse WT-
APOAS5 and human WT-APOAS had comparable abilities to suppress
human ANGPTL3/8 activity (Fig. 2C), but mouse WT-APOAS was
3.6-fold more potent than human WT-APOAS3 in suppressing mouse
ANGPTL3/8 activity (Fig. 2D).

Serum Levels of TGs, ANGPTL3/8, and APOAS5 in WT Mice. We
measured serum levels of triglycerides (TGs), ANGPTL3/8, and
APOAS5 in WT mice during fasting and 4 h after refeeding. TG
levels were higher after feeding (89.4 + 25.7 mg/dL vs. 67.4 + 12.3
mg/dL during fasting) (Table 1). ANGPTL3/8 levels increased
after feeding (565.2 + 166.2 pM vs. 63.6 + 23.4 pM during
fasting) (Table 1). Mouse APOAS5 levels were lower after feeding
(4.4 £ 1.0 nM vs. 5.8 + 0.9 nM during fasting) (Table 1).

A Truncated Mouse APOA5 Does Not Bind to ANGPTL3/8 or
Suppress ANGPTL3/8 Activity. To assess the properties of a
truncated version of mouse APOAS, we expressed and purified
mouse WT-APOAS and a truncated mouse APOAS5 lacking 40
C-terminal residues (“APOA5A40”). [APOA5A40 results from
the same mutation that causes APOA5A35 in humans; mouse
APOAS5 has a five-residue C-terminal extension (explaining why
the total number of deleted residues is greater in the mouse)].
The purity of mouse APOA5A40 was comparable to that of
mouse WT-APOAS5, as judged by Coomassie Blue staining (of
reduced and nonreduced proteins), size-exclusion chromatography
(SEC), and mass photometry (S/ Appendix, Fig. S1 A-E). SEC
revealed that mouse WT-APOAS and APOA5A40 were mixtures
of monomers and dimers (S/ Appendix, Fig. S1 B and C); that
finding was confirmed by mass photometry (S Appendix, Fig. S1
D and E). Mouse APOA5A40 was not detected by western
blotting with a rabbit polyclonal antibody (CT-APOAS5 pAb)
against the last 26 residues in mouse APOA5, nor was it detected
by a sandwich immunoassay that used an N-terminal APOA5
mAb (NT-APOA5 mAb) for capture and the CT-APOA5 pAb
for detection (87 Appendix, Fig. S2 A and B). Surface plasmon
resonance (SPR) studies revealed that APOA5A40 cannot bind to
ANGPTL3/8, whereas mouse WT-APOAS5 binds to ANGPTL3/8
with a nanomolar affinity (K = 0.53 nM) (Fig. 34). Consistent
with that finding, mouse WT-APOAS5 (but not APOA5A40)
blocked the capacity of mouse ANGPTL3/8 to inhibit the
catalytic activity of mouse LPL (Fig. 3B). In these studies, the
ability of mouse ANGPTL3/8 to inhibit LPL was blocked by
IBA490, and we confirmed that human WT-APOAS5 (but not
human APOA5A35) inhibited ANGPTL3/8 activity (Fig. 3B).

Mouse WT-APOAS, but Not APOA5A 40, Reduces TG Levels in CETP/

APOA1 Transgenic Mice and Apoa5 '~ Mice. To assess the activity of
the mouse APOAS5 proteins in vivo, CETP/APOA1 transgenic mice

Table 1. Serum TG, ANGPTL3/8, and APOAS5 levels in
C57BL/6 mice after an overnight fast and after refeeding
with a chow diet for 4 h

ANGPTL3/8

TG (mg/dL) (pM) APOAS (nM)
Fasted (1=10) 67.4+123  63.6+23.4 58+0.9
Refed (n=10) 89.4+257 565241662  44+1.0
p 0.025 <0.0001 0.0045

Results show mean + SD; differences were analyzed with an unpaired Student's ¢ test.
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A — Bimolecular interaction model
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Fig. 3. Mouse WT-APOAS5, but not mouse APOA5A40, binds ANGPTL3/8
and suppresses ANGPTL3/8-mediated inhibition of LPL activity. (A) Real-time
SPR binding of APOAS to ANGPTL3/8. A rabbit anti-mouse IgG coupled to
CM4 sensor chip was primed with ANGPTL3/8-specific mAb 1G12 (which
recognizes ANGPTL3's C-terminal fibrinogen-like domain) or mAb IBA490
(which recognizes the APOA5-binding region in ANGPTL3/8). After an injection
of 25 nM ANGPTL3/8, comparable levels of ANGPTL3/8 were captured by
1G12 and IBA490. For the ligand binding event, serial twofold dilutions of 0.5
to 8 nM mouse WT-APOAS or mouse APOA5A40 were injected (arrows). WT-
APOAS bound with high affinity to ANGPTL3/8 captured on 1G12 (red curve)
but did not bind to the ANGPTL3/8 captured on IBA490 (green curve). The
binding of APOAS5 to 1G12 captured-ANGPTL3/8 fit to a simple bimolecular
interaction model (thin black line) and yielded an association rate (k,,) of
1.57 £ 0.04 x 10° M™'s™ and a dissociation rate (k) of 8.32 + 0.02 x 107*s™,

resulting in a dissociation constant (Ky) of 0.53 nM. There was no binding of
APOA5A40 when it was injected over 1G12 captured-ANGPTL3/8 (blue curve).
(B) Assessing the ability of APOAS proteins to suppress ANGPTL3/8-mediated
inhibition of LPL catalytic activity. Mouse LPL-expressing cells were incubated
with medium containing increasing concentrations of mouse ANGPTL3/8 that
had been preincubated with 20 nM APOAS proteins (human WT-APOA5, mouse
WT-APOAS5, human APOA5A35, mouse APOA5A40), 20 nM IBA490, or vehicle
alone; 1Cs, values for LPL activity inhibition by ANGPTL3/8 were 2.18, 6.90,
0.023, 0.028, 1.54, and 0.036 nM, respectively. Results show mean + SD (n =3
independent experiments).

[which have baseline serum TG levels of ~500 mg/dL (12)] were
given an injection of mouse WT-APOA5, mouse APOA5A40, mAb
IBA490, or vehicle (PBS) alone. Serum TG levels were measured
at baseline and 1, 3, and 6 h later (Fig. 44). Mouse WT-APOA5
and mAb IBA490 sharply reduced serum TG levels, whereas
APOA5A40 did not (Fig. 44). We observed similar findings in
Apoa5”" mice; mouse WT-APOAS and IBA490 sharply reduced
plasma TG levels, whereas APOA5A40 did not (Fig. 4B).

Recombinant Mouse WT-APOAS5, but Not APOA5A40, Increases
Intracapillary LPL Levels in Apous " Mice. We suspected that the
lower plasma TG levels in Apoa 57" mice after an injection of WT~-

APOAD5 resulted from 1ncreased amounts of LPL in capillaries. To
test that suspicion, Apoa 57" mice were givenan intravenous injection

of WT-APOA5, APOA5A40, or PBS alone (n = 6 mice/group),

https://doi.org/10.1073/pnas.2322332121
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followed 4 h later by an intravenous injection of IRDye-
labeled mAbs 27A7 (against mouse LPL) and 11A12 (against
the endothelial cell protein GPIHBP1). Sections of the entire
heart and an entire BAT pad were prepared, and both IRDye
signals were quantified with an infrared scanner. This method for
quantifying intravascular LPL levels is useful because i) a large
expanse of tissue is examined; ii) background infrared signals
are negligible; iii) quantification of IRDyes with an infrared
scanner has a linear range of >4,000-fold (17). The WT-APOA5
treatment significantly increased mAb 27A7 binding, relative
to 11A12 binding, in the heart, reflecting increased amounts of
LPL inside blood vessels (Fig. 5 A, C, and E and SI Appendix,
Fig. $3). In contrast, the injection of APOA5A40 did not alter
intravascular LPL levels (Fig. 5 A, C, and E and SI Appendix,
Fig. $3). Similar findings were observed in BAT; WT-APOAS, but
not APOA5A40, significantly increased amounts of LPL in blood
vessels (Fig. 5 B, D, and F and S/ Appendix, Fig. S3).

To visualize the changes in LPL levels in capillaries, we performed
confocal immunofluorescence microscopy studies. Ap0¢5 mice
were given an intravenous injection of mouse WT-APOAS,
APOA5A40, or PBS. After 4 h, the mice were given an intravenous

https://doi.org/10.1073/pnas.2322332121

Fig. 4. Mouse WT-APOAS, but not mouse APOA5A40, lowers TG levels
in CETP/APOA1 and ApoaS'/' mice. (A) Serum TG levels in CETP/APOA1
transgenic mice (n =7 to 8/group) after a single dose of mouse WT-APOA5
(1 nmole), APOA5A40 (1 nmole), IBA490 (2.5 nmole), or vehicle (PBS). TG
levels were measured at baseline and 1 h, 3 h, and 6 h after the injection.
(B) Plasma TG levels in Apoa5”’ mice (n = 6 to 7/group) after a single
intravenous injection of mouse WT-APOAS (0.5 nmole), mouse APOA5A40
(0.5 nmole), or vehicle (PBS) alone. As a control, IBA490 (1.25 nmole) was
given to Apoa5™ mice (n = 2/group). TG levels were measured at baseline
and 4 h after the injection. Data show mean + SD in (A) and (B). A one-way
ANOVA test revealed that wild-type and truncated APOAS proteins had
distinct effects on TG levels in CETP/APOAT and Apoa5™" mice. Tukey's
HSD (“honestly significant difference”) post hoc test revealed that mouse
WT-APOAS, but not APOA5A40, significantly reduced TG levels. *P < 0.05;
*%P < 0.025; ***P < 0.001; ns, not significant.

injection of Alexa Fluor—labeled 27A7, 11A12, and 2H8 (which is
a mADb against the endothelial cell protein CD31). After 10 min,
the vasculature was perfused with PBS and perfusion-fixed with 4%
PFA. In four independent experiments, fluorescence microscopy of
heart sections revealed that WT-APOAS, but not APOA5A40,
increased amounts of LPL inside capillaries (relative to GPIHBP1
or CD31) (Fig. 6 A-F and SI Appendix, Fig. S4).

We performed two independent confocal microscopy studies
of intracapillary LPL levels in BAT. Consistent with the IRDye
experiments presented in Fig. 5, we found that WT-APOAS5, but
not APOA5A40, increased intracapillary LPL levels in BAT
(81 Appendix, Fig. S5).

Mouse WT-APOAS5, but Not APOA5A40, Blocks the Ability of
ANGPTL3/8 to Detach LPL from Cultured Cells. Yang ct al. (14)
recently showed that the unsuppressed ANGPTL3/8 activity in
Apoa5” mice not only inhibited LPL caralytic activity but also
detached LPL from binding sites within capillaries. Also, studies by
Song et al. (18) revealed that much of the LPL that is transported
into capillaries detaches from GPIHBP1 and is captured within
the heparan sulfate proteoglycan (HSPG)-rich endothelial cell
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glycocalyx. To explore the idea that mouse WT-APOA5 and
APOA5A40 differ in their capacities to suppress ANGPTL3/8-
mediated detachment of LPL, we prepared CHO-K1 cells and
loaded the cell-surface HSPGs with recombinant human LPL.
After washing, the cells were incubated for 15 min at 37 °C with
mouse ANGPTL3/8 alone or ANGPTL3/8 in the presence of
either mouse WT-APOAS5 or APOA5A40. Nonpermeabilized
cells were then stained with an Alexa Fluor 555—conjugated LPL-
specific mAb (5D2); amounts of LPL on the surface of cells (as
judged by 5D2 staining) were assessed by fluorescence microscopy.
In three independent experiments, we found that ANGPTL3/8
detached LPL from cells and that the ANGPTL3/8-mediated LPL
detachment was blocked by WT-APOAS but not APOA5A40
(Fig. 7 A and B and SI Appendix, Fig. S6 A and B).

An Antibody against C-terminal Sequences in Mouse APOA5
Neutralizes the Impact of APOA5 on ANGPTL3/8 Activity In Vitro
and Increases Plasma TG Levels In Vivo. Our studies with human
APOA5A35 and mouse APOA5A40 implied that C-terminal
sequences in APOAS5 are important for suppressing ANGPTL3/8
activity. To explore that possibility, we developed a rabbit
polyclonal antibody against the C-terminal 26 residues of mouse
APOAS5 (CT-APOAS5 pAb) and tested the ability of that antibody
to inhibit the ability of WT-APOAS5 to suppress ANGPTL3/8

activity. As a control, we tested a mixture of mAbs against the
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intravenous injection of mouse WT-APOAS (0.5
nmole), APOA5A40 (0.5 nmole), or vehicle (PBS) alone
(n=6/group in four independent experiments). After
4 h, IRDye-labeled mAbs against mouse LPL (27A7)
and GPIHBP1 (11A12) were injected intravenously.
After 10 min, the vasculature was perfused with PBS
and perfusion-fixed with paraformaldehyde. The
relative signal intensities of mAbs 27A7 and 11A12,
measured with an infrared scanner, reflect relative
amounts of LPL and GPIHBP1 along the luminal
surface of blood vessels. (A and B) Representative
infrared scans of heart (A) and BAT (B) sections. (Scale
bars, 2 mm.) (C and D) LPL/GPIHBP1 infrared signal
ratios in heart (C) and BAT (D) sections in each of four
independent experiments. Each dot represents the
mean signal intensity ratios measured in 10 tissue
sections of each mouse, normalized to the mean
ratio in vehicle-treated mice in the same experiment
(set as 100). The horizontal lines in experiment | and
experiment [l show mean ratios. (E and F) Mean LPL/
GPIHBP1 infrared signal ratios in heart (£) and BAT
(F) of the six mice in the four experiments. A one-way
ANOVA test identified differences in the impact of the
.%l different APOAS proteins on LPL/GPIHBP1 ratios in
u both heart and BAT of Apoa5~~ mice. Tukey's HSD
post hoc test revealed that mouse WT-APOAS, but
not APOA5A4Q, significantly increased LPL/GPIHBP1
ratios (confirmed by sensitivity analyses with a
generalized linear model with logarithmic linkage).
Results show mean + SEM. *P < 0.05; **P < 0.025;
**%P < 0.001; ns, not significant.

N-terminal 23 residues of mouse APOA5 (NT-APOA5 mAbs).
CT-APOA5 pAb bound to WT-APOAS5 but not APOA5A40,
whereas the NT-APOA5 mAbs bound to both WT-APOAS5 and
APOAS5A40 (SI Appendix, Fig. S2 A-C). The ability of WT-
APOAS5 to suppress ANGPTL3/8-mediated inhibition of LPL
activity was blocked by CT-APOAS5 pAb but not by NT-APOA5
mAbs (Fig. 84).

The finding that CT-APOAS5 pAb neutralized the impact of
WT-APOAS5 to suppress ANGPTL3/8’s ability to inhibit LPL
catalytic activity prompted us to examine the effects of CT-APOA5
pAD on plasma TG levels in WT mice (FVB/N] strain). The mice
were fasted for 18 h and then given an intravenous injection of
CT-APOAS5 pAb or an injection of rabbit IgG purified from
nonimmune rabbit serum (control IgG). The mice were then refed
a chow diet. Plasma TG levels were measured at baseline (TO,
immediately after the antibody infusion) and after 6 h of refeeding
(T6). TG levels in the CT-APOA5 pAb-treated mice increased
from 96.2 + 22.5 mg/dL at TO to 304.7 + 74.5 mg/dL at T6
(P < 0.0001); no significant changes in TG levels were observed
in mice treated with the control IgG (Fig. 8B). Neither CT-APOA5
pAb nor the control IgG changed TG levels in Apoa5”™ mice
(Fig. 8C).

LPL levels in capillaries of mice that had received CT-APOA5 pAb
were assessed with an intravenous injection of Alexa Fluor-labeled
mADbs 27A7, 11A12, and 2H8. Fluorescence microscopy revealed that
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Fig. 6. Mouse WT-APOAS, but not mouse APOA5A40, increases intracapillary LPL levels in the heart of Apoa5™ mice. Apoa5™" mice were given an intravenous
injection of mouse WT-APOA5 (0.5 nmole), mouse APOA5A40 (0.5 nmole), or vehicle (PBS) alone (one mouse per group in four independent experiments). After
4 h, the mice were given an intravenous injection of Alexa Fluor-labeled mAbs against mouse LPL (27A7), GPIHBP1 (11A12), and CD31 (2H8). After 10 min, the
vasculature was perfused and fixed; tissue sections were prepared; and amounts of LPL, GPIHBP1, and CD31 along the luminal surface of heart capillaries were
assessed by fluorescence microscopy. (4) Representative micrographs showing amounts of LPL, GPIHBP1, and CD31 in the heart of Apoa5™~ mice in experiment |.
(Scale bars, 20 um.) See S/ Appendix, Fig. S3 for representative micrographs in experiments Il Ill, and IV. (B and C) LPL/GPIHBP1 (B) and LPL/CD31 (C) fluorescence
intensity ratios in heart capillary segments. Each dot represents the ratio in one capillary segment (n = 146 to 1,774/heart); ratios were normalized to the mean
fluorescence intensity ratios in heart capillaries of vehicle-treated mice (set as 1.0). The horizontal lines show the mean ratios in each mouse heart. (D and E) Mean
LPL/GPIHBP1 (D) and LPL/CD31 ratios (E) in the heart in each of four independent experiments. Each dot represents the mean ratio in one mouse, normalized
to the mean ratios in the heart of the vehicle-treated mice (set as 100). A one-way ANOVA found significant effect of APOAS proteins on LPL/GPIHBP1 and LPL/
CD31 ratios in the heart of Apoa5™~ mice. Tukey's HSD post hoc test showed that mouse WT-APOAS, but not APOA5A40, significantly increased LPL/GPIHBP1
and LPL/CD31 ratios (confirmed by sensitivity analyses with a generalized linear model with logarithmic linkage and SEs clustered by experiment). Results show
mean + SEM. *P < 0.05; **P < 0.025; ***P < 0.001; ns, not significant.
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Fig. 7. Mouse WT-APOAS5, but not mouse APOA5A40, inhibits ANGPTL3/8-mediated detachment of LPL from CHO-K1 cells. CHO-K1 cells were incubated in
medium in the presence or absence of 50 nM human LPL (hLPL) at 37 °C for 10 min. After washing with PBS/Ca/Mg, the cells were incubated for 15 min at
37 °C with cell culture medium alone, 0.1 U/mL heparin, or 100 nM mouse ANGPTL3/8—either alone or in the presence of 1.4 uM mouse WT-APOAS or 1.4 uM
APOA5A40. (A) Amounts of hLPL on the surface of cells, as judged by fluorescence microscopy, after staining nonpermeabilized cells with Alexa Fluor 555-labeled
mAb 5D2. (Scale bars, 10 um.) (B) LPL remaining on the surface of CHO-K1 cells, as judged by mAb 5D2 fluorescence intensity, after treatment with heparin or
treatment with ANGPTL3/8 (alone or in the presence of 1.4 uM mouse WT-APOAS or 1.4 uM APOA5A40). Each dot represents the mean signal intensity in each
treatment group, normalized to the mean intensity in culture medium-treated cells (set as 100). A one-way ANOVA found significant differences between mouse
WT-APOAS5 and APOA5A40 (in the presence of ANGPTL3/8) on amounts of LPL on the surface of cells. Tukey's HSD post hoc test found no significant differences
in amounts of LPL on cells that had been incubated with medium alone and cells that had been incubated with ANGPTL3/8 + mouse WT-APOAS. Amounts of
LPL on cells that had been incubated with heparin, ANGPTL3/8, or ANGPTL3/8 + APOA5A40 were significantly lower than in cells that had been incubated with
medium alone. Similar results were found in sensitivity analyses from a generalized linear model with logarithmic linkage and SEs clustered by experiment.

Results show mean + SEM. ***P < 0.001; ns, not significant.

amounts of LPL in heart and BAT capillaries, relative to GPIHBP1
or CD31, were lower in mice that received CT-APOAS5 pAb than in
mice that received the control IgG (87 Appendix, Fig. S7 A-C). Given
those findings, we predicted that CT-APOA5 pAb would interfere
with the ability of WT-APOA5 to block ANGPTL3/8-mediated
detachment of LPL from the surface of cultured cells. To test that
prediction, CHO-K1 cells loaded with human LPL were incubated
with medium alone, ANGPTL3/8 alone, ANGPTL3/8 with mouse
WT-APOAS5 or APOA5A40 that had been preincubated with
CT-APOA5 pAb, or ANGPTL3/8 with mouse WT-APOA5 or
APOA5A40 that had been preincubated with the control IgG.
Amounts of LPL remaining on the surface of cells were assessed by
staining the cells with Alexa Fluor 555-labeled 5D2 and then quan-
tifying the fluorescent signal by confocal microscopy. Our prediction
was upheld; in three independent experiments, CT-APOAS5 (but not
the control IgG) prevented WT-APOAS5 from blocking ANGPTL3/8-
mediated detachment of LPL from the surface of cells (Fig. 9 A and
B and SI Appendix, Fig. S8 A and B).

Discussion

The observations that APOAS suppresses the capacity of ANGPTL3/8
to inhibit LPL catalytic activity (11) and prevents ANGPTL3/8-
mediated detachment of LPL from cultured cells (14) were important
insights into the regulation of plasma TG metabolism (19). In the
current study, we investigated the sequences within APOA5 required
for APOA5’s ability to regulate ANGPTL3/8 activity. We began by
investigating human APOA5 mutations, Q275X and D332VfsX4,
that had been uncovered in patients with chylomicronemia (15, 16);
those mutations truncate APOAS5 by 92 and 35 residues, respectively.
In biochemical assays, neither truncated APOAS5 suppressed the ability
of ANGPTL3/8 to inhibit LPL activity. That observation was

PNAS 2024 Vol. 121 No.17 e2322332121

consistent with the presence of chylomicronemia in affected patients,
but we recognized that defining the impact of the truncations would
necessitate experiments in mice. We went on to show that recombi-
nant mouse WT-APOAS, but not a truncated mouse APOA5
(APOA5A40), suppressed the capacity of mouse ANGPTL3/8 to
inactivate mouse LPL activity. We also found that mouse WT-APOA5
sharply reduced plasma TG levels in two lines of hypertriglyceridemic
mice, whereas APOA5A40 did not. Consistent with those findings,
an injection of WT-APOAS5 (but not APOA5A40) increased amounts
of LPL inside heart and BAT capillaries of Apoa5"'~ mice. Also, WT-
APOAS5 (but not APOA5A40) blocked the capacity of ANGPTL3/8
to detach LPL from cultured cells. SPR made sense of all of these
observations; WT-APOAS5 bound to the ANGPTL3/8 complex with
nM affinity, whereas there was no binding of APOA5A40.

The fact that WT-APOAS5, but not APOA5A40, suppressed
ANGPTL3/8 activity led us to predict that an antibody against
C-terminal sequences in mouse APOA5 (CT-APOAS5 pAb) would
interfere the ability of APOAS5 to suppress ANGPTL3/8 activity.
Indeed, CT-APOA5 pAb interfered with the ability of WT-APOA5
to suppress ANGPTL3/8-mediated inhibition of LPLs TG hydro-
lase activity, and it prevented the capacity of WT-APOAS5 to block
ANGPTL3/8-mediated detachment of LPL from the cultured
cells. Also, an injection of CT-APOAS5 pAb into WT mice reduced
intracapillary LPL levels and increased plasma TG levels.

We believe that the capacity of ANGPTL3/8 to inhibit LPL activ-
ityand detach LPL from cells are both manifestations of ANGPTL3/8’s
ability to unfold LPL. Hydrogen—deuterium exchange/mass spec-
trometry (HDX-MS) studies revealed that ANGPTL4 functions by
unfolding LPTs hydrolase domain, resulting in collapse of the catalytic
pocket and irreversible loss of catalytic activity (20—22). These obser-
vations were consistent with earlier studies showing that ANGPTL4
triggers intracellular degradation of LPL (23-25). We suspect that

https://doi.org/10.1073/pnas.2322332121
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Fig. 9. Animmunopurified rabbit polyclonal antibody against the C-terminal 26 residues of mouse WT-APOAS5 (CT-APOAS pAb) blocks the ability of WT mouse APOAS
to suppress ANGPTL3/8-mediated detachment of LPL from cells. CHO-K1 cells were incubated in medium in the presence or absence of 50 nM human LPL (hLPL)
at 37 °C for 10 min. After washing with PBS/Ca/Mg, the cells were incubated for 15 min at 37 °C with cell culture medium alone or with medium containing 100 nM
mouse ANGPTL3/8—alone or in the presence of 1.4 uM mouse WT-APOAS or mouse APOA5A40 that had been preincubated with 4.2 uM CT-APOAS pAb or control IgG.
(A) Amounts of hLPL on the surface of cells, as judged by fluorescence microscopy, after staining cells with Alexa Fluor 555-labeled mAb 5D2. (Scale bars, 20 um.) (B) LPL
remaining on the surface of CHO-K1 cells, as judged by 5D2 fluorescence intensity. Each dot represents the mean ratios in each treatment group, normalized to the
mean signal intensity of LPL-loaded cells incubated with medium alone (set as 100). A one-way ANOVA revealed that CT-APOA5 pAb inhibited the ability of WT-APOAS
to suppress the ability of ANGPTL3/8 to detach LPL from the surface of cells. Tukey’s HSD post hoc test found no significant differences in amounts of LPL on cells that
had been incubated with medium alone (in the absence of ANGPTL3/8) and cells that had been incubated with ANGPTL3/8 + mouse WT-APOAS5. Amounts of LPL on
cells that had been incubated with ANGPTL3/8, ANGPTL3/8 + mouse WT-APOAS + CT-APOAS pAb, ANGPTL3/8 + APOA5A40 + control IgG, or ANGPTL3/8 + APOA5A40
+ CT-APOAS pAb were similar and were significantly lower than in cells that had been incubated with medium alone. Similar results were observed with sensitivity
analyses from a generalized linear model with logarithmic linkage and SEs clustered by experiment. Results show mean + SEM; ***P < 0.001; ns, not significant.
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of the helix, raising the possibility that they could play a role in
ANGPTL3/8 binding. The parsimonious explanation for the ina-
bility of APOA5A40 to bind ANGPTL3/8 is that the C-terminal
a-helix in APOAS5 participates directly in ANGPTL3/8 binding,
but another possibility would be that the truncation induces con-
formational changes in more distant sequences that mediate
APOA5-ANGPTL3/8 interactions. A definitive understanding of
the APOAS5 sequences that interact with ANGPTL3/8 will require
HDX-MS and structural studies.

A puzzling issue is why APOAS5 evolved as an apolipoprotein
carried on lipoproteins. We speculate that the presence of APOA5
on lipoproteins ensures a reservoir of APOA5 in the plasma and
extends APOA5 bioavailability. Also, it is noteworthy that both
lipoproteins and ANGPTL3/8 interact with LPL. Even though
amounts of APOA5 on TRLs are extremely low, it is conceivable
that TRL-bound pool of APOAS5 could retard ANGPTL3/8-mediated
unfolding of TRL-bound LPL in capillaries.

Truncating APOA5 mutations block the ability of APOA5 to
bind to ANGPTL3/8 and suppress its activity. Other pathogenic
APOAS5 mutations involve different mechanisms. For example, a
deletion in APOAS5’s signal peptide, identified in an 11-mo-old
boy with severe hypertriglyceridemia, prevents secretion of APOAS
(26). Also, a p.G185C missense mutation in APOA5 (common in
East Asia) causes hypertriglyceridemia by promoting heterodisulfide
bonds with other plasma proteins and limiting APOAS5 association
with lipoproteins (27-29). However, while pathogenic APOA5
mutations can involve distinct molecular mechanisms, we suspect
that all trigger hypertriglyceridemia by interfering with the ability
of APOAS5 to suppress the activity of the ANGPTL3/8 complex.

Materials and Methods

Recombinant Proteins and Antibodies. Human ANGPTL3/8, mouse ANGPTL3/8,
human WT-APOA5, human LPL, an inhibitory ANGPTL3/8 monoclonal antibody
(mAb IBA490, which binds to ANGPTL3/8 in a region that overlaps with the APOAS
binding site), a noninhibitory ANGPTL3/8 antibody (1G12, which binds to ANGPTL3's
C-terminal fibrinogen-like domain),a mouse LPL-specific rat mAb (27A7),a human
LPL-specific mouse mAb (5D2), a mouse GPIHBP1-specific rat mAb (11A12), and
a hamster CD31 mAb (2H8) have been described (11, 12, 14, 30-32). Human
APOA5A35 (resulting from a D332VfsX4 mutation), human APOA5SA92 (from a
Q275X mutation), and mouse APOA5A40 were produced with the techniques used
to produce human WT-APOA5 (11, 12). Human APOA5S A35 and mouse APOA5A40
resultfrom the same mutation; this mutation results in the removal of 40 C-terminal
amino acids in mouse APOAS because mouse APOAS has a 5-amino acid extension
atits Cterminus.APOAS proteins contained an N-terminal albumin tag (which stabi-
lizesAPOAS). Mouse WT-APOA5 (NP_536682.2) and APOA5 A40 contained a mouse
albumin tag; human WT-APOA5, APOA5A35, and APOA5A92 contained a human
albumintag(11,12,30). Mouse WT-APOA5 and APOASA40 (0.5 pg) were analyzed
on Coomassie Blue-stained Tris-glycine/SDS 4 to 20% gradient polyacrylamide gels
(SDS-PAGE) under reducing and nonreducing conditions. mAbs againsta synthetic
peptide corresponding to amino acids 21 to 43 (RKSLWDYFSQNSWSKGVMGQPQK)
inthe N terminus of mouse APOAS (NT-APOA5 mAbs) were generated as described
(11,12, 30). Asynthetic peptide corresponding to mouse APOAS C-terminal amino
acids 343 to 368 (DLWEDIAYGLADQGHSHLSDPEGHSG) was conjugated to ovalbu-
min (via a cysteine added to the N terminus of the peptide) and used to create a
rabbit polyclonal antibody (CT-APOAS pAb) against mouse APOAS. The antibody
was purified from 110 mL of rabbit antiserum on a Sepharose 4B-peptide immu-
noaffinity column. For in vivo studies involving CT-APOAS5 pAb, nonimmune rabbit
IgG (Jackson ImmunoResearch) that had been subjected to endotoxin removal was
used as a control. Agoat antiserum against APOB (Sigma AB742) was used to detect
APOB in cryosections of the liver.

Size-Exclusion Chromatography and Mass Photometry. Mouse WT-APOAS
and APOA5A40 (100 pg) were analyzed by analytical size-exclusion chroma-
tography (SEC) on 10/300 Superdex 200. Mouse WT-APOA5 and APOA5SA40
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were also analyzed by mass photometry (Refeyn). For each acquisition, 20 uL
of each protein (10 nM in DPBS, Thermo Fisher) was pipetted into a sample
well formed by Sample Well Cassettes and Ready-to-Use Sample Carrier slides
(Refeyn). After loading samples, the focus was identified and secured by the
autofocus function of the mass photometer, followed by interferometric scat-
tering contrast measurement. Data were acquired for 60 s with AcquireMP, and
protein mass histograms were analyzed with DiscoverMP (Refeyn). For mass
calibration, the interferometric scattering contrast of 10 nM -amylase (Sigma)
was measured, and calibration curves were generated with monomeric, dimeric,
and tetrameric p-amylase.

SPR Analyses. Real-time binding of mouse WT-APOA5 and mouse APOA5A40
to recombinant ANGPTL3/8 was assessed with a BiacoreT200 instrument. To
improve performance, a double-antibody sandwich capture setup was used to
obtain an oriented and homogenous presentation of the interacting proteins
(33).Apolyclonal rabbit anti-mouse 1gG was firstimmobilized on a CM4 sensor
chip with amine-directed chemistry. This surface was subsequently used to cap-
ture the mouse ANGPTL3/8 mAbs 1G12 (which recognizes the fibrinogen-like
domain in ANGPTL3) or IBA490 (which recognizes the APOA5-binding domain
of the ANGPTL3/8 complex) (100 nM of the mAbs) (12). This capture strategy
provided a binding-competent ANGPTL3/8 surface (capture with 1G12) and a
nonbinding ANGPTL3/8 surface (capture with inhibitory mAb 1BA490). Similar
levels of ANGPTL3/8 were captured by both antibodies after injecting 25 nM
ANGPTL3/8 at 20 pL/min for 200 secin running buffer[10 mM HEPES pH 7.4,
150 mM NaCl, 4 mM CaCl,, 0.05% (v/v) P20, 0.2 mg/mL, and 0.05% NaN;].
Specific interactions between APOAS and ANGPTL3/8 were recorded with a
single-cycle protocol by injecting five serial twofold dilutions of mouse WT-
APOAS or mouse APOA5A40 (ranging from 0.5 nM to 8 nM) at 50 pL/min at
25 °Cin running buffer. Two consecutive injections of 10 mM glycine/HCI, pH
1.7 regenerated the chip, enabling a new capture cycle. After double-buffer
referencing, the binding rate constants (k,, and k) for the APOA5-ANGPTL3/8
interaction were determined by fitting the data to a bimolecular interaction
model with a mathematical model developed for single-cycle kinetics (T200
Evaluation Software 3.0; GE Healthcare).

LPL Activity Assays. The nucleotide sequence for human LPL(NP_000228.1)
was inserted into plenti6.3 vector (Invitrogen), and the lentivirus was used to
create a HEK293 stable cell line. Using the nucleotide sequence for mouse LPL
(NP_032535.2), we created a stable cell line for mouse LPL. Both cell lines were
maintained in DMEM/F12 (3:1) (Invitrogen), 10% FBS (Hyclone), and 5 pug/mL
blasticidin (Invitrogen). Cells were seeded at a density of 50,000 cells/well in 96-
well plates (Costar) in growth medium (3:1 DMEM/F12, 10% FBS, 5 pug/mLblasti-
cidin). After an overnight incubation, the cell culture medium was replaced with
80 pL of growth medium containing dilutions of human or mouse ANGPTL3/8.
In some experiments, medium containing ANGPTL3/8 was preincubated for 1 h
at37 °Cinthe presence of 20 nM IBA490 or APOAS proteins (human WT-APOAS5,
APOA5A35, APOA5A92, mouse WT-APOAS, APOASA40) in the presence or
absence of CT-APOA5 pAb or an equal mixture of four different NT-APOAS mAbs).
The cells were then incubated for 1 h. Next, 20 pL of 5x substrate solution, freshly
prepared with 0.05% Zwittergent detergent 3-(N,N-dimethyl-octadecylammoni
o)-propanesulfonate (Sigma) and containing EnzChek lipase substrate BODIPY-
dabcyl-labeled TG analog (Invitrogen), were added to the cells to achieve a final
substrate concentration of 1 uM. Fluorescence was monitored at 1 and 30 min
with a Synergy Neo2 plate reader with excitation and emission wavelengths of
485 and 516 nm, respectively. To correct for background, fluorescence readings
at 1 min were subtracted from 30-min readings.

Animal Studies. CETP/APOAT transgenic mice and Apoa5~'~ mice (FVB/NJ
strain) have been described previously (12, 14). C57BL/6 mice from The Jackson
Laboratory were used as controls for studies with CETP/APOAT transgenic mice.
WT mice (FVB/NJ strain) from Charles River Laboratories were used as controls
for studies with Apoa5"/‘ mice (FVB/NJ strain). Mice were maintained in a bar-
rier facility with a 12-h light-dark cycle and fed a chow diet ad libitum unless
otherwise stated. Studies with C57BL/6 mice and CETP/APOA1 transgenic mice
were approved by the Institutional Animal Care and Use Committee of Eli Lilly
& Co; studies with Apoa5~"~ mice were approved by UCLA's Animal Research
Committee.
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TG Measurements. Serum TG levels were determined in C57BL/6 and CETP/
APOA1 transgenic mice with a Roche Cobas instrument. Plasma TG levels in
Apoa5~'"~ mice and wild-type controls were determined with a TG Colorimetric
Assay Kit (Cayman).

To examine the effects of fasting and feeding on TG levels, serum was collected
from 16- to 20-wk-old C57BL/6 mice (n = 10 mice/group) after an overnight fast
and 4 h after refeeding a chow diet.

The effects of mouse WT-APOA5, mouse APOA5A40, and mAb IBA490 on
TG levels were assessed in CETP/APOAT transgenic mice and Apoa5™'~ mice.
In male 16- to 20-wk-old CETP/APOAT transgenic mice, serum TG levels were
measured before and 1 h, 3 h, and 6 h after a subcutaneous injection of vehi-
cle alone (PBS), IBA490 (2.5 nmole/mouse), mouse WT-APOA5 (1.0 nmole/
mouse), or APOA5A40 (1.0 nmole/mouse) (n = 7/group). Plasma TG levels in
10- to 16-wk-old male Apoa5~'~ mice were measured before and 4 h after an
intravenous injection of vehicle (PBS), mouse WT-APOA5 (0.5 nmole), or mouse
APOA5A40 (0.5 nmole) (n = 6 to 7/group). As a controI,Apoa5"’" mice (n =2/
group) were given an intravenous injection of mAb IBA490 (1.25 nmole/mouse).

To assess the functional relevance of C-terminal sequences in mouse APOAS5,
10- to 16-wk-old WT and Apoa5"_ mice (FVB/NJ strain) were fasted for 18 h
and then given an intravenous injection of 1.25 mg of CT-APOA5 pAb or nonim-
mune rabbit IgG. After the injection, the mice were allowed to refeed a chow
diet. Plasma TG levels were obtained at baseline (before antibody injection) and
6 h after refeeding.

Mouse ANGPTL3/8 Immunoassay. MesoScale Discovery (MSD) streptavidin
plates were washed with TBST(Tris buffered saline containing 10 mmol/LTris, pH
7.40,150 mmol/LNaCl, and 1 mL/LTween 20) and blocked with TBS containing
1% bovine serum albumin (BSA) for 1 h. After washing, wells were incubated with
a biotinylated mouse ANGPTL3-specific capture mAb for 1 h. Afterwashing, 50 pL
of serial dilutions of recombinant mouse ANGPTL3/8 (for a standard curve) were
added to wells in assay buffer (50 mM HEPES, pH 7.40, 150 mM NaCl, 1% Triton
X-100, 5 mM EDTA, and 5 mM EGTA). Mouse serum samples were diluted 1:10
in assay buffer, added to the wells, and incubated for 2 h. After washing, 50 pL
of a ruthenium-labeled mouse ANGPTL3/8-specific mAb were added to the wells
for 1 h. After washing, 150 pL of MSD “read buffer” was added, and ruthenium
electrochemiluminescence was detected with an MSD plate reader.

Mouse APOAS5 Immunoassay. MSD streptavidin plates were washed with
TBSTand blocked with TBS containing 1% BSA for 1 h. After washing, wells were
incubated with a biotinylated NT-APOAS mAb for 1 h. After washing, 50 pL of
recombinant mouse APOAS5 (serially diluted for a standard curve) or mouse serum
samples (diluted 1:100 in assay buffer) were added to wells and incubated for
2 h. Afterwashing, 50 pL of a ruthenium-labeled CT-APOA5 pAb was added and
incubated for 1 h. After washing, 150 pL of MSD read buffer was added, and
ruthenium electrochemiluminescence was detected with an MSD plate reader.

Assessing Amounts of LPL in Blood Vessels. Intracapillary levels of mouse
LPL, GPIHBP1, and CD31 were examined as described (14). Briefly, 4 h after
giving Apoa5~"~ mice an intravenous injection of PBS, WT-APOAS5 (0.5 nmole/
mouse), or APOA5A40 (0.5 nmole/mouse) (and 6 h after giving wild-type mice
an intravenous injection of 1.25 mg of the CT-APOA5 pAb or nonimmune rabbit
lgG), the mice were given an intravenous injection of Alex Fluor-labeled 27A7,
11A12, and 2H8 (120 pg of each mAb). Ten minutes later, the mice were killed;
the vasculature was perfused and fixed; and heart and BAT sections were prepared
for fluorescence microscopy. Images were recorded with an LSM980 microscope
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(Zeiss) with a 20x objective. We also performed studies in which mouse WT-
APOAS- or APOA5 A40-treated Apoa5~'~ mice (0.5 nmole/mouse) were given
an intravenous injection of IRDye800-11A12 and IRDye680-27A7. Sections of
the heart and BAT were prepared, and infrared signals were quantified with a
LICOR infrared scanner.

ANGPTL3/8-Mediated Release of LPL from the Surface of Cells. Amounts
of LPL on the surface of cultured cells were measured as described (14). Briefly,
CHO-K1 cells (ATCC CCL-61) were loaded with 50 nM human LPL in serum-free
medium at 37 °C. After 10 min, cells were washed with PBS/Ca/Mg and incubated
at 37 °C for 15 min with serum-free medium alone or medium containing 0.1
U/mLheparin, 100 nM ANGPTL3/8, 100 nM ANGPTL3/8 with 1.4 uM mouse WT-
APOA5 or APOA5A40, 100 nM ANGPTL3/8 with 1.4 uM mouse WT-APOAS in the
presence of 4.2 uM CT-APOA5 pAb or control IgG, or 100 nM ANGPTL3/8 with
1.4 uM APOA5A4Q in the presence of 4.2 uM CT-APOA5 pAb or control 1gG. The
cells were washed three times in PBS/Ca/Mg and blocked in 10% donkey serum
in PBS/Ca/Mg at 4 °Cfor 1 h.To quantify the amounts of human LPLon the surface
of cells, nonpermeabilized cells were stained with Alexa Fluor 555-labeled 5D2 (3
ug/mL)in 3% donkey serum/PBS/Ca/Mg at 4 °Cfor 1 h (14, 31). After washing the
cells three times in 3% donkey serum/PBS/Ca/Mg and twice with PBS/Ca/Mg, the
cells were fixed, stained with DAPI, rinsed, and mounted. Images were recorded
with an LSM980 microscope (Zeiss) with a 20x objective.

Statistical Analyses and Data Availability. Data show mean = SD or mean
= SEM. Afour-parameter logistic nonlinear regression model was used to fit LPL
activity curves. For mouse ANGPTL3/8 and APOAS immunoassays, MSD software
was used for curve fitting (5-parameter fit with 1/y* weighting). Between-group
differences in serum TG levels were assessed with one-way ANOVA and post hoc
pairwise comparisons using Tukey's honestly significant difference (HSD) post hoc
test was used for multiple group comparisons. We established the robustness of
these statistical tests with supplementary sensitivity analyses involving general-
ized linear regression models with logarithmic linkage and clustered robust SEs
for within-experiment correlation. Statistical analyses were conducted using JMP
13 (SAS Cary, NC), Prism 9.0 (GraphPad), and Stata SE 18.1 (StataCorp) software.
Forall studies, a two-sided Pvalue <0.05 was considered statistically significant.

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