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Abstract

Recent genetic studies have established that hypertriglyceridemia (HTG) is causally related to
cardiovascular disease, making it an active area for drug development. We describe a strategy for
lowering triglycerides (TG) with an apolipoprotein C-1I (apoC-11) mimetic peptide called D6PV
that activates lipoprotein lipase (LPL), the main plasma TG-hydrolyzing enzyme, and antagonizes
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the TG-raising effect of apoC-I11. The design of D6PV was motivated by a combination of
all-atom molecular dynamics simulation of apoC-Il on the Anton 2 supercomputer, structural
prediction programs, and biophysical techniques. Efficacy of D6PV was assessed ex vivo in
human HTG plasma and was found to be more potent than full-length apoC-I1 in activating LPL.
D6PV markedly lowered TG by more than 80% within a few hours in both apoC-I1I-deficient mice
and hAPOC3transgenic (Tg) mice. In FAPOC3-Tg mice, D6PV treatment reduced plasma apoC-
I11 by 80% and apoB by 65%. Furthermore, low-density lipoprotein (LDL) cholesterol did not
accumulate but rather was decreased by 10% when hAPOC3-Tg mice lacking the LDL-receptor
(hAPOC3Tqg x Ldlr”™) were treated with the peptide. D6PV lowered TG by 50% in whole-body
inducible £p/knockout (iLp/™") mice, confirming that it can also act independently of LPL.
D6PV displayed good subcutaneous bioavailability of approximately 80% in nonhuman primates.
Because it binds to high-density lipoproteins, which serve as a long-term reservoir, it also has

an extended terminal half-life (42-50 h) in nonhuman primates. In summary, D6PV decreases
plasma TG by acting as a dual apoC-1I mimetic and apoC-I1I antagonist, thereby demonstrating its
potential as a treatment for HTG.

One Sentence Summary:

An apolipoprotein C-11 peptide mimetic for the treatment of hypertriglyceridemia activates
lipoprotein lipase and blocks apolipoprotein C-111.

Introduction

Apolipoprotein C-11 (apoC-I11) plays a crucial role in triglyceride-rich lipoprotein (TRL)
metabolism by activating lipoprotein lipase (LPL) (1-3), the primary plasma enzyme that
hydrolyzes triglycerides (TG). Patients with familial hyperchylomicronemia (FC) with
severe hypertriglyceridemia (HTG) due to mutations in genes involved in TG hydrolysis

are at increased risk for pancreatitis (3). FC does not typically respond well to lipid-lowering
therapies and thus represents an unmet clinical need (3, 4). Epidemiologic and genetic
studies have revealed that patients with only moderately increased plasma TG are at
increased risk of cardiovascular disease (CVD) (5, 6). Although the mechanistic link
between plasma TG and CVD is not definitively established, it is likely related to the
presence of cholesterol-enriched remnant lipoproteins, which can enter the blood vessel wall
and trigger atherosclerosis (7).

Several new HTG therapies are in development (8), including anti-sense oligonucleotides

to APOC3. ApoC-IlI inhibits LPL (9, 10) and blocks hepatic uptake of remnant

lipoproteins (11). Monoclonal antibodies are also being developed against ApoC-111 (12)
and angiopoietin-like 3 (ANGPTL3), another LPL inhibitor (13). We have developed apoC-
I mimetic peptides for decreasing plasma TG by activating LPL (14, 15). Our original
peptides were designed based on the structure of human apoC-11, which contains 79 amino
acids (16). The N-terminus of apoC-1l forms a 26-amino acid long Type-A amphipathic
helix that mediates binding to lipoproteins (17). The C-terminus contains a Type-G helix and
is responsible for LPL activation (1, 18). Residues 40-57 between the two helices form a
random coil (16, 19). Our first apoC-1l1 mimetic peptide, 18A-ClI, contained the C-terminal
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helix of apoC-Il, but the N-terminal helix was replaced by 18A (14), a synthetic helical
peptide that was designed to bind tightly to lipoproteins (20, 21).

The 18A helix used in our original apoC-Il1 mimetic peptide has no homology to any

known human protein (21), thus raising the risk of immunogenicity. Based on structural
insights gained from all-atom molecular dynamics (MD) simulations, we describe here a
new peptide, called D6PV, which replaces 18A with a modified central region of apoC-II,
while retaining the C-terminal LPL-activation domain. D6PV not only directly activates
LPL but also blocks the ability of apoC-ll1 to inhibit lipolysis and markedly lowers TG in
human APOC3-transgenic (hAPOC3-Tg) mice. D6PV also partially lowered TG in whole-
body inducible £p/iknockout (iLp/7") mice, indicating that it has TG-lowering effects
independent of LPL. Pharmacokinetic (PK) studies in mice and nonhuman primates showed
that D6PV has a relatively long terminal half-life of several days due to its ability to bind not
only very low-density lipoproteins (VLDL), but also high-density lipoproteins (HDL), which
serve as a long-term reservoir. Thus, we have revealed a new strategy for broadly treating
HTG with a peptide that has dual apoC-11 mimetic and apoC-I1l antagonist activity.

MD simulation of apoC-Ill-lipid trilayer and peptide design

All-atom MD simulations were performed to gain insight into the interaction of apoC-II
with lipids. A lipid trilayer, consisting of two layers of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) surrounding a central layer of TG (3-palmitoyl-2-oleoyl-D-
glycerol-1-linoleoyl), modelled the surface and neutral core lipids of TRL, respectively.
Starting with a nuclear magnetic resonance (NMR) spectroscopy-derived structure (19, 22),
apoC-Il was placed on the top and bottom leaflets of the trilayer (Fig. 1A). Two simulations
of 4.12 and 1 ps yielded structures for four apoC-I1 copies. Figure 1B shows snapshots

for two copies in the longer simulation. The secondary structure (Fig. 1C) revealed three
structurally distinct domains. Fig. 1D plots the distances of these three domains from the C2
atoms of the sn-2 acyl chains of phospholipids (fig. S1). The N-terminal region (~residues
13-39) of both copies of apoC-I1 was helical throughout the simulation and buried in POPC
head groups, with average heights above the C2 atoms for the top and bottom copies of 3.2
+0.1Aand 3.3 +0.2 A respectively (#> 2.5 ps). In contrast, the central region (~residues
40-57) was largely random coil and further from the C2 atoms. One copy contained several
short helical segments, consistent with the relatively low helicity and predicted hydrophobic
moment of the central region (Fig. 1E). The C-terminal region (~residues 58-79) for the
top apoC-I1l copy (Fig. 1B) initially lost contact with lipids, adopted a condensed structure,
and then re-associated with lipids after ~2.5 ps. The stability of the globular structure in
this region stems from strong intra-peptide salt bridges (K76-D46, E78-K48, E78-K55, and
E79-K55). This region also forms short and transient B-structures with the central domain
(Fig. 1C).

The C-terminal region of the other apoC-11 copy remained associated with lipids as an
extended helix. The average heights of the C-terminal region of top and bottom copies above
the C2 atoms were 7.7 £ 0.3 A and 3.3 £ 0.3 A, respectively (¢> 2.5 us). Thus, when in

the extended configuration, the C-terminus is predicted to insert deeper into the lipid trilayer.
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Consistent with the 4.12-us simulation, the shorter 1-us simulation (fig. S2, S3) also showed
condensed and extended helices of the C-terminus. Overall, the MD simulations revealed
that the N-terminal domain of apoC-I1 forms a long amphipathic helix that stably associates
with lipids and the central domain is relatively unstructured. The C-terminal domain can
form a helix that interacts with lipids or with the central domain, and accordingly adopts
different types of secondary and tertiary structures.

Based on these structural insights, we engineered four new apoC-1l1 mimetic peptides (D4,
D5, D6, and D6PV) (Table 1) to replace the non-native 18A helix in 18A-CII. All new
peptides lacked the N-terminal helix of apoC-I1 and started at the central random coil
domain (residue 40). We introduced several amino acid substitutions into this region to
increase its helicity and lipid binding properties. D6PV had the most substitutions and had
a higher hydrophobic moment than 18A (Fig. 1E). An alanine to a proline replacement

at position 19 provides a hinge between the two helices, and a methionine to a valine
substitution at position 21 reduces potential oxidation. The predicted changes in free energy
(AGtransfer) for the interaction of D6PV and 18A-ClIl with lipids were similar (Table 2).

In an all-atom MD simulations (1 pus) of D6PV with a lipid trilayer (Fig. 2A), both copies
remained helical and closely associated with lipids (fig. S4). D6PV caused a thinning of the
phospholipid bilayers (Fig. 2B), and increased interdigitation of TG with the acyl chains of
phospholipids (no peptide: 17.8 + 0.2 mol%; D6PV: 21.0 £ 0.2 mol%, P< 0.001).

Circular dichroism (CD) spectroscopy indicated that D6PV was highly helical, particularly
in the presence of 2,2,2-trifluoroethanol (TFE) (Fig. 2C). D6PV was more helical than

the native random coil region linked with C-terminal helix of apoC-11 (RCH2) (Fig. 2D),
but less helical than D4, D5, and D6. Proline 19 (not present in the other peptides) likely
interferes with hydrogen bonding of the D6PV backbone across the interhelical region and
reduces its helicity.

The lipid binding properties of the peptides were assessed by a 1,2-dimyristol-sn-glycero-3-
phosphatidylcholine (DMPC) vesicle clearance assay, which requires the peptide to bind and
solubilize the lipid vesicle. The C-terminal helix of apoC-I1 (H2) by itself was ineffective. In
contrast, D6PV had the best vesicle solubilization ability, followed by 18A-Cll and RCH2
(Fig. 2E). The more structured helical peptides D4, D5, and D6 exhibited only modest
activity. Like other strongly helical apolipoprotein mimetics, this may be due to peptide
oligomerization at their hydrophobic faces, which limits interaction with lipids (20).

D6PV is a potent ex vivo activator of LPL in human plasma

D6PV was more potent in stimulating ex vivo lipolysis in apoC-1I-deficient human plasma
than full-length apoC-I11 (Fig. 3A, B). In contrast, H2 was almost completely inactive

and RCH2 had only partial activity. Similar to 18A-CII (14, 15), D6PV increased LPL-
dependent lipolysis in pooled plasma from patients with moderate HTG (Fig. 3C).

D6PV increases TG lipolysis in mouse models of HTG

Intraperitoneal (IP) injection of D6PV into apoC-I1l-deficient mice led to a rapid decrease
of plasma TG, with a reduction of approximately 70% after 1 h and 85% after 3 h (Fig.
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4A, fig. S5). TG did not return to baseline until 72 h (fig. S5), and there was no apparent
hepatic toxicity after the treatment (Table S1). Plasma non-esterified fatty acids (NEFA) also
decreased after peptide treatment (Fig. 4B), suggesting a rapid uptake of the released fatty
acids by surrounding tissues and suppression of intracellular adipocyte lipolysis (23). D6PV
also reduced TG after a bolus injection of Intralipid, an artificial TG emulsion (24), in both
apoC-ll-deficient (Fig. 4C) and C57BI/6 (Fig. 4D) mice, indicating that apoC-11 may be
rate-limiting under certain physiological circumstances even in wild-type mice.

D6PV can displace apoC-lll from lipoproteins

We hypothesized that the effect of D6PV in stimulating lipolysis in human HTG plasma
(Fig. 3C) may be related to the antagonism of apoC-111. ApoC-ll1 is known to raise plasma
TG by inhibiting LPL activity (10), as well as by reducing hepatic uptake of TRL (25).
Addition of apoC-1l1 to human HTG plasma inhibited the ex vivo lipolysis of TG by
approximately 40% (Fig. 5A), but D6PV completely prevented this inhibition at a molar
ratio of 0.6:1 (D6PV:apoC-I1l). To explore the mechanism, we incubated human VLDL
with varying concentrations of D6PV. The D6PV-VLDL mixture was then centrifuged
through a 100 kDa-pore filter membrane to remove dissociated proteins. The VLDL-bound
proteins were separated by sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig. 5B) and bands were identified by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF). D6PV caused a dose-dependent decrease
in VLDL-bound apoC-I1l. There was also a decrease in other proteins bound to VLDL,
including apoC-1I, but the concomitant increase in bound D6PV should compensate for the
loss of apoC-1l in terms of LPL activation. D6PV can similarly displace apoC-I1l from HDL
(fig. S6), which serves as a reservoir for this protein (11).

D6PV lowering of plasma TG in mice is partly LPL-independent

D6PV was then tested in hAPOC3-Tg mice treated daily for 5 days (26). Plasma TG
decreased 80% three hours after the first D6PV treatment (Fig. 6A). A comparable TG
reduction was also observed on day 5 (Fig. 6A). In contrast, we observed only a 18%
reduction in TG by 3 h in the vehicle control group, most likely because the mice were
fasted for the first 6 h after the peptide or vehicle control treatment. D6PV also decreased
total plasma apoC-111 by approximately 85% (Fig. 6B), as well as apoC-I1l bound to VLDL
(Fig. 6C), low-density lipoproteins (LDL) (Fig. 6D), and HDL (Fig. 6E). These results
were confirmed by MALDI-TOF, which enabled the detection of the various glycoforms of
human and mouse apoC-111 and showed that human ApoC-I1l on VLDL was significantly
reduced (P < 0.05) (fig. S7). Although variable, there was a marked increase in urinary
apoC-I11 concentrations 1 and 3 h after D6PV injection (Fig. 6F). Plasma apoB also
decreased by 3 h after peptide treatment by approximately 65% (~ < 0.01) compared to
baseline (26% compared to vehicle) (Fig. 6G). When the peptide was given to hAPOC3-Tg
x Ldlr” mice that lack the LDL-receptor (Fig. 6H), TG decreased to a similar degree as
in hAPOC3-Tg-treated mice (Fig. 6A) and LDL-cholesterol was approximately 10% lower
after peptide treatment (fig. S8).

The above results are consistent with a mechanism whereby D6PV, independent of its
direct effect in activating LPL, can lower TG by displacing apoC-I11 from TRL. The
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displacement of apoC-I11 from TRL could reverse its inhibitory effect on LPL (Fig. 5A)

or alternatively, by a potential LPL-independent mechanism, could also increase hepatic
clearance of TRL before TRL can undergo complete lipolysis to LDL (27, 28). To test

the latter possibility, iZp/”~ mice were injected intravenously with the peptide. Plasma TG
decreased by approximately 50% from baseline after 6 h (Fig. 61). We obtained similar but
slightly lower TG reduction after IP injection of D6PV into iLp/’~ mice that had higher
baseline TG (fig. S9A). We also observed a similar 50% reduction of TG after D6PV
treatment in both iLp/ '~ and non-induced floxed £p/ (Lpf/™) mice, which still retain LPL
but have a much lower baseline TG (fig. S9B). D6PV also decreased plasma NEFA in
iLp/~ mice similar to what we observed in hAPOC3Tg mice (fig. S10). Overall, these
results are consistent with the known LPL-independent effects of apoC-I11 in decreasing
plasma clearance of TRL by hepatic uptake (11).

D6PV enhances ex vivo lipolysis of human HTG plasma samples

To determine whether the stimulation of ex vivo lipolysis by D6PV could serve as
companion diagnostic to predict the in vivo response to the therapy, human plasma with

TG ranging from 331 to 1669 mg/dL were tested (Fig. 7A). D6PV increased LPL-induced
lipolysis for all samples (Fig. 7A). Total plasma apoC-I11 concentrations were positively
associated with plasma TG (R? = 0.7376, = 0.003). There appears to be an inverse

trend between the degree of LPL activation and plasma TG (R? = 0.1608, 2= 0.2847)
similar to that previously seen with 18A-ClII (14). However, no significant association was
observed between the degree of LPL activation and total plasma apoC-111 concentrations (R2
=0.07014, P=0.4910). Furthermore, unlike C57BI/6 mice, we were unable to improve ex
vivo lipolysis after the addition of D6PV to mouse plasma from hAPOC3-Tg mice (Fig. 7B),
which is discordant with the in vivo mouse studies.

D6PV has arelatively long plasma half-life

Subcutaneously injected D6PV in apoC-1l-deficient mice (Fig. 8A) acted similarly in
lowering TG as when given IP (Fig. 4A). When D6PV was given SC (1, 10, and 100

mg/kg) (Fig. 8B) a dose-proportional increase in the maximum concentration (Cpax) Of
D6PV in plasma was observed. In SC-administered animals plasma peptide levels peaked

at 3 h (Tmax) and the estimated bioavailability was over 65% for doses 1 and 10 mg/kg.

The Cmax concentration for D6PV (0.15 mg/mL) at a dose of 10 mg/kg BW, about half the
dose used in our mouse studies (23.4 mg/kg BW), should be sufficient to maximally activate
LPL based on our ex vivo sudies (Fig. 5A) and to displace apoC-111 from VLDL (Fig. 5B).
A nonlinear increase in the area-under-the-curve (AUC) was observed between the 10 and
100 mg/kg dose groups. The steady-state volume of distribution (V¢ of 81 mL/kg) was 60%
larger than the plasma volume, indicating a relatively wide tissue distribution. The clearance
rate was ~8 mL/kg/h, about 10% of the glomerular filtration rate, indicating that D6PV

is not cleared renally. Although the elimination half-life for the initial phase (t1/2 o) after
intravenous (V) injection in mice was 3 h, the elimination half-life for the terminal phase
(t1/2.2), which is primarily due to its catabolism, was 9 h (fig. S11).

In nonhuman primates, D6PV was tested both by subcutaneous (SC) (Fig. 8C) and IV (fig.
S11) dosing routes. A dose-proportional increase in Cyax Was observed after SC injection
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and Tmax Was similar to mice. The SC bioavailability was approximately 80% for both
doses, 8 and 80 mg/kg. A nonlinear increase in AUC between the 8 and 80 mg/kg SC dose
groups is indicative of a two-compartment model. Consistent with mice, D6PV had a wide
tissue distribution. The clearance rate at the 80 mg/kg dose was about 4-fold greater than the
8 mg/kg dose. This implies that when the plasma is saturated with the peptide, D6PV may
undergo more rapid clearance. The terminal t1, ; of D6PV after IV injection ranged from 42
to 50 h. Based on the PK properties of D6PV in mice and nonhuman primates, allometric
scaling translates to a terminal half-life of approximately 3—4 days in humans.

The terminal half-life of most small peptides is typically much less than an hour due to
peptide degradation and/or rapid renal clearance. The prolonged half-life of D6PV and its
sustained TG-lowering effect in mice after a single dose could be explained by the binding
to lipoproteins. To test this, we incubated fluorescent-tagged D6PV with pooled human
HTG plasma and separated lipoproteins by fast-protein-liquid-chromatography (FPLC). The
amount of phospholipids, which provides an approximation of lipoprotein surface, was
similar for VLDL, LDL, and HDL (Fig. 8D). D6PV primarily bound to HDL and only a
relatively small amount to VLDL (Fig. 8E). The equilibrium dissociation constant (Ky) of
D6PV binding to HDL was determined to be 18.5 uM, whereas its affinity to VLDL was
more than 10-fold lower (fig. S12). When the same plasma sample was supplemented with
additional purified VLDL, a greater fraction of fluorescent D6PV was found on VLDL (Fig.
8E). When purified HDL pre-labelled with fluorescent D6PV was co-incubated with purified
VLDL, D6PV transferred from HDL to VLDL, indicating that the lipoprotein-bound D6PV
is in dynamic equilibrium between HDL and VLDL (Fig. 8F). In humans, HDL has a
half-life of approximately 3 days (29), whereas VLDL and chylomicrons have half-lives

of only a few hours (30). Thus, as has been shown for apoC-I1 (3), HDL can serve as a
long-term reservoir for D6PV.

Because of the high affinity of D6PV for HDL, we investigated whether D6PV could
interfere with the cholesterol efflux function of HDL. In fact D6PV by itself, similar to
other apolipoprotein mimetic peptides (31), promoted ATP-Binding Cassette Transporter Al
(ABCAJY)-mediated cholesterol efflux (fig. S13A) and also potentiated the cholesterol efflux
ability of HDL (fig. S13B). This possibly occurs due to its ability to promote pre-beta HDL
formation (fig. S13C) like other apolipoprotein mimetic peptides (32).

Discussion

The two major advances of this study are the design of a new apoC-11 mimetic peptide
primarily based on the native sequence of human apoC-Il, and the finding that it lowers TG
not only by activating LPL but also by antagonizing apoC-I11. D6PV has a relatively good
SC bioavailability and long plasma half-life and thus could potentially be developed as a
once-a-week SC injectable therapy.

All-atom MD simulations revealed that the N-terminal helical domain of apoC-Il is likely
the main determinant for this protein’s ability to bind to lipoproteins (16). They also guided
a strategy for substitution of amino acids in the central random coil region to improve

its ability to bind lipids and serve as a replacement for the N-terminal helix. The use of

Sci Transl Med. Author manuscript; available in PMC 2021 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolska et al.

Page 8

a proline hinge between the modified central region and the C-terminal LPL-activation
domain enabled us to produce a truncated peptide that not only retained most of the
parent apoC-I1 sequence, but also exhibited superior ex vivo and in vivo efficacy. A likely
advantage of D6PV over 18A-Cl|I is decreased immunogenicity, since D6PV is primarily
based on the native apoC-Il sequence and because short hydrophobic peptides that bind to
lipids are relatively non-immunogenic (33).

The mechanism whereby apoC-I11 activates LPL is not well understood. It has been
hypothesized that the rocking back and forth of its C-terminal helix in the phospholipid
surface of TRL promotes the translocation of TG from the neutral lipid core to the surface
where they can be hydrolyzed by LPL (19). Our simulation studies showed a thinning of

the lipid trilayer and increased interdigitation of TG with acyl chains of phospholipids after
D6PV binding, which may increase lipolysis by improving substrate availability. Another
hypothesis is that there is a protein-protein interaction between the C-terminal helix of
apoC-1l and LPL itself, leading to an LPL conformational change and its activation (34).
Because D6PV contains the last helical domain of apoC-IlI, such a protein-protein interaction
also remains a possibility.

An unexpected finding is the ability of D6PV to not only lower TG in apoC-I1l-deficient
mice but also in hAPOC3-Tg mice. Based on both rare loss-of-function mutations (35) and
common variants in large genome-wide association studies (36), apoC-I11 has been shown
to be a major determinant of plasma TG and to be causally linked to CVD. Both anti-sense
oligonucleotides (Molanesorsen) (37) and monoclonal antibodies (12) against apoC-I11 have
been investigated as possible therapies. In a phase 111 study, Volanesorsen decreased plasma
TG by as much as 77% in patients with FC and was also partially effective in LPL-deficient
patients (38), which is consistent with what we observed in our i/~ mouse studies. In
addition to decreasing plasma apoC-I111, Volanesorsen also lowers apoC-I11 by about half,
most likely due to enhanced hepatic clearance of TRL that carry both proteins (39). Since
several studies have shown that the ratio between apoC-I11 and apoC-Il may be critical for
lipolysis and TG clearance (40, 41), the lowering of plasma apoC-II by Volanesorsen may
partially limit its effectiveness in decreasing TG. D6PV, in contrast, effectively replenishes
the loss of any apoC-II.

In hAPOC3-Tg mice, D6PV lowered total plasma apoC-I11 to a similar degree as
Volanesorsen (39). Compared to other exchangeable apolipoproteins, apoC-I1I has relatively
weak lipoprotein binding (42), which may account for its displacement from VLDL and
HDL after D6PV treatment. This finding is also consistent with natural mutations in the
amphipathic helical regions of apoC-I1I that lead to its increased renal clearance (12). The
decrease in apoC-I11 on TRL then likely leads to a reversal of inhibition of LPL as we
observed in our ex vivo lipolysis, which may then trigger further dissociation of apoC-I11
from TRL due to the build-up of fatty acids and increased surface tension from lipolysis (3,
42). The ability of D6PV to lower TG in iLp/”~ mice indicates that it can also work through
an LPL-independent pathway, most likely involving enhanced hepatic clearance of TRL due
to a decrease in apoC-I11 (27, 28). Any residual apoC-I11 still on the partially lipolyzed

TRL could then be removed by holoparticle hepatic uptake, which likely accounts for the
decrease in apoB we observed after D6PV treatment in hAPOC3-Tg mice. The fact that
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D6PV similarly lowered TG in hAPOC3-Tg x Lalr”~ mice and LDL-C did not accumulate,
indicates that the clearance of partially lipolyzed TRL depends on other receptors besides
the LDL receptor. The relative contribution of the 3 potential mechanisms for TG lowering
by D6PV (l. Direct LPL activation, Il. Reversing inhibition of LPL by displacing apoC-I11
from TRL, and I1l. LPL-independent pathway by enhancing hepatic clearance of TRL)
likely varies in our different animal models and possibly in humans, depending on the TG
level, the ratio of apoC-11 to apoC-I11 and the availability of LPL.

Although TG are primarily transported by apoB-containing lipoproteins, we observed that
D6PV most avidly bound to HDL. Because of its high curvature, which causes packing
defects in its phospholipid surface, HDL tightly binds many different types of proteins,
including apoC-I1 and apoC-I11 (43). In the case of D6PV, this may be beneficial, because
it extends its plasma half-life, by allowing HDL to serve as a long-term reservoir for the
peptide, like it does for apoC-I11 (3). As newly secreted chylomicrons or VLDL particles
enter the circulation, we hypothesize that D6PV transfers from HDL to these TRL particles
to promote their lipolysis like we observed in our in vitro binding studies. Importantly, the
binding of D6PV to HDL did not, at least based on in vitro assays, interfere with the ability
of HDL to efflux cholesterol but rather enhanced it.

ApoC-I1I deficiency is a promising indication for D6PV based on the observation that it had
a sustained effect in markedly lowering plasma TG in apoC-II-deficient mice. There are
currently no specific treatments for this rare genetic disorder except dietary therapy (3). The
dual pharmacology of D6PV in functioning as both an apoC-11 mimetic and an apoC-1lI
antagonist also makes it an attractive candidate for generalized HTG for the prevention of
CVD, particularly if it can also lower apoB, which appears to be the case, at least in our
mouse studies.

There are several hurdles, however, before D6PV can be developed into a therapy. First,

its long-term TG-lowering effect and toxicology profile need to be assessed in nonhuman
primates to more fully determine its efficacy and safety prior to testing in human subjects.

In addition, although D6PV is largely based on the native human apoC-1l sequence, it
contains several amino acid substitutions and thus may still elicit an immune response. It is
difficult, however, to assess this in preclinical studies because translation of immunogenicity
findings in animal models to humans is unpredictable. Finally, more studies are needed

to fully understand the mechanism of action of the peptide, particularly in regard to its
LPL-independent effect, by testing it in additional animal models lacking apoC-I11 and
hepatic TRL receptors (27).

In summary, we described a therapeutic strategy for decreasing plasma TG with an apoC-II
mimetic peptide that activates LPL and antagonizes the TG-raising effects of apoC-III.
Feasibility was shown in multiple animal models of HTG, thus providing strong support for
further research and development.
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Material and Methods

Study design

The objective was to develop an apoC-1l1 mimetic peptide that promotes the lipolysis

of TRL. We designed a new apoC-1lI mimetic peptide based on the native structure of
human apoC-Il; examined its structural and biophysical properties; tested its activity in
promoting TG lipolysis in human HTG plasma and in HTG mouse models; and evaluated
its bioavailability and half-life in mice and nonhuman primates. Mice were randomized
based on their age, sex, weight, and plasma TG concentrations. Numbers of mice were
based on magnitude of observed changes and variability in the results and are specified

in figure legends. All mouse studies were approved by the NHLBI Animal Care and Use
Committee (ACUC) (protocol # H-0050), New York University School of Medicine ACUC
(protocol # 160810), or University of North Carolina ACUC (protocol # 17-115.0-C). The
nonhuman primate (Cyrnomolgus monke)) single-dose PK study was done at MPI Research
Inc. (Mattawan, MI) and the mouse PK study at HD Biosciences (San Diego).

Peptide chemistry and analysis

Peptides were synthesized by Peptide 2.0, using standard 9-fluorenylmethoxycarbonyl
chemistry and purified to greater than 95% homogeneity by reverse-phase high-performance
liquid chromatography (HPLC). Peptides were dissolved in 238 mM Trehalose and 20

mM Tris buffer (TT buffer), pH 8.2. A fluorescent version of D6PV was synthesized by
adding 5-TAMRA to the N-terminal amino group. Peptide concentrations in plasma were
measured by liquid chromatography with tandem mass spectrometry (LC-MS/MS). D6PV
and an internal standard (IS; Delta6PL) were extracted from 50 uL of EDTA-plasma by
protein precipitation, using 3:1 acetonitrile (ACN):methanol (MeOH). After evaporation and
reconstitution, extracts were analyzed by LC-MS/MS. The lower limit of quantitation was
0.2 pg/mL. The calibration curve was linear from 0.2 to 40 pg/mL. Additional details of
peptide studies are available in supplementary materials (Peptide chemistry and analysis).

MD simulations

Four simulations of systems containing POPC, TG, D6PV, and apoC-1l were performed,
see table S2 for compositions and trajectory lengths. A lipid trilayer consisting of 128

TG molecules surrounded by two layers of 80 POPC molecules mimicked the core and
surface lipids of VLDL. The trilayer was assembled (44) and hydrated with water and

150 mM sodium chloride (NaCl). The area per POPC converged after 700 ns of the 1 s
simulation (fig. S14). A simulation frame from the last 300 ns with the area per POPC close
to the average value yielded a representative equilibrated trilayer. After removing solvent
molecules, two copies of either D6PV or apoC-11, one per POPC leaflet, were placed on the
equilibrated trilayer with their hydrophobic sides facing the interior. Systems were hydrated
with water and 150 mM NacCl.

The initial structures of peptides as extended helices were developed using CHARMM (45).
Initial conformations of apoC-I1 on each leaflet corresponded to models 1 and 4 of the
NMR structures in dodecyl phosphocholine (DPC) (19). To ensure sufficient sampling, an
additional simulation was carried out starting from models 3 and 13 of apoC-II in DPC
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(19) and sodium dodecyl sulfate (SDS) (22), respectively. The first 12 residues of apoC-II
are missing in both NMR models and thereby absent in the simulations. The D6PV-trilayer
system was simulated for 1 ps and the apoC-ll-trilayer systems for 4.12 ps and 1 ps,
respectively. The trilayer and peptide simulations were performed on an in-house computer
cluster (Biowulf) and apoC-Il on Anton 2. Additional details are available in supplementary
materials (Simulation details).

Animal studies

C57BI/6 (all female, 5-6 months old) (Taconic Biosciences, Inc.), apoC-ll-deficient (female
and male, 7-12 months old) (15), hAPOC3-Tg (female and male, 4-9 months old) (26),
hAPOC3-Tg x Ldlr”~ (female and male, 7-10 months old) (46), and iLp/”~ (all male,
6-21 months old) and non-induced £/ (all male, 21 months old) (27, 47) mice were

fed a regular rodent chow diet (NIH-31 chow diet: Zeigler Brothers, Inc.) and were treated
with D6PV [4.7, 23.4, or 46.7 mg/kg body weight (BW)] in TT buffer or with TT buffer
alone (vehicle control) by the indicated route. Mice treated with 20% Intralipid (24) were
given either 0.6 mL or 1 mL by bolus IP injection. Blood samples were obtained from the
retroorbital plexus.

For the nonhuman primate (Cynomolgus monkey; all male, age 2.5-4.5 years old, 2-6

kg) single-dose PK study, 12 Cynomolgus monkeys were assigned into 4 groups, 2 doses
(8 and 80 mg/kg) and 2 dose routes (SC and V), with 3 animals in each group. Each
animal received a single dose of D6PV administered IV or SC on day one. IV doses

were administered via the saphenous vein. SC doses were administered via bolus injection
between the skin and underlying tissue in the scapular region.

For the mouse single-dose PK study, 72 C57BI/6 mice (all female, 2 months old) were
assigned into 4 groups, 3 doses (1, 10, and 100 mg/kg) and 2 dose routes (SC and 1V), with
18 animals in each group. Each animal received a single dose of D6PV SC or 1V on day
one. Plasma samples were collected at pre-specified time points and D6PV was measured by
LC-MS/MS.

Analyses of plasma lipids and lipoproteins

Plasma lipids and NEFA were measured enzymatically (FUJIFILM Wako Diagnostics)
(15). LPL activity was determined by measuring the generation of NEFA as described

in supplementary materials (LPL activity assay). Human apoC-I11 and mouse apoB were
measured by enzyme-linked immunosorbent assays (Cell Biolabs, Inc. for human apoC-IlI
and Abcam for mouse apoB). To investigate apoC-I11 displacement by D6PV, human VLDL
(TG=291 mg/dL) were isolated by density gradient ultracentrifugation (d=1.009-1.019
g/mL) and incubated with the indicated concentrations of D6PV for 1 h at 37°C. The
reaction mixture was centrifuged in 100-kDa cutoff spin filters (Millipore) and washed 3
times with phosphate buffered saline (PBS) to remove apolipoproteins dissociated from
VLDL after D6PV treatment. VLDL were recovered from the spin columns and bound
apolipoproteins were separated by electrophoresis on 4-12% NuPAGE Bis-Tris Protein

gels (ThermoScientific). After staining with Coomassie Blue, proteins were extracted and
identified by MALDI-TOF, as described in supplementary materials (MALDI-TOF analysis
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of plasma). HDL studies were similarly performed using HDL isolated by FPLC (AKTA
pure, GE Scientific) on Superose 6 tandem columns (GE Scientific) from hAPOC3-Tg mice.

Statistical analysis

Experimental and simulation results are presented as mean + standard deviation (S.D.).

PK of plasma peptide concentrations were analyzed by a multi-compartmental model with
WinNonLin software (Certara Inc.). Statistical tests were performed with GraphPad PRISM
version 5.0 software. Raw data are provided in data file S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. MD simulation of apoC-I1 and peptide design.
(A) Initial configuration of MD simulation of apoC-I1 interacting with a lipid trilayer

composed of a layer of TG surrounded by two layers of POPC. Proteins are shown as
ribbons with residues 13-39, 40-57, and 58-79 in blue, cyan, and red, respectively. POPC
and TG are shown as sticks (phosphorus, orange; oxygen, red; nitrogen, blue; carbons of
POPC, gray; carbons of TG, black). (B) Simulation snapshots of two copies of apoC-Il. The
structures of N-terminal region of the top apoC-Il at 1 ps, 2 s, and 4 ps are superimposed to
show the mobility of the rest of the protein. Phosphorus atoms of POPC are shown as orange
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spheres. (C) Time series of secondary structures of two copies of apoC-Il. The central,
non-helical region is indicated by arrow. Color code: a-helix, orange; w-helix, blue; coil,
black; turn, gray; p-sheet, red. (D) Time series of the height of residues 13-39 (blue), 40-57
(cyan), and 58-79 (red) of the two copies of apoC-11 above the C2 atoms of sn-2 chains of
lipids. Negative values indicate insertion into the hydrophobic region of lipids. (E) Helical
wheel plots of 18A, random coil (RC) region of apoC-Il, and helix 1 of D6PV. Red arrows
show site of amino acid residue substitutions for helix 1. First number in the center of the
helical wheel indicates hydrophobic moment. Second number in the center of the helical
wheel and black arrow indicate angle of hydrophobic moment.
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Fig. 2. MD simulation of D6PV and peptide physical characterization.
(A) Time series of the height of the N-terminal (blue) and the C-terminal (red) of one

copy of D6PV above the C2 atoms of s7-2 chains of lipids. Data corresponding to the

copy of D6PV on the other leaflet is not presented for clarity. Negative values indicate
insertion into the hydrophobic region of lipids. Inset shows the average structure of D6PV
with N- and C-terminals colored in blue and red, respectively. (B) Number density of POPC
and TG molecules along the direction perpendicular to the lipid trilayer surface (z-axis) in
two systems: D6PV-free lipid trilayer (POPC: black; TG: red) and D6PV-associated lipid
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trilayer (POPC: gray; TG: orange). (C) CD spectrum of D6PV in water (black) or 10%
TFE (red). (D) Percent helicity of apoC-I1l1 mimetic peptides and truncated forms of native
apoC-Il. (E) Effect of the apoC-Il mimetic peptides and truncated forms of apoC-11 on
solubilization of DMPC vesicles. A homogenous vesicle solution of DMPC (0.15 mg/mL,
in PBS) was incubated with Triton X-100 (positive control), buffer saline (negative control),
truncated forms of apoC-I1 (0.1 mg/mL), and apoC-1l1 mimetic peptides (0.1 mg/mL).
Results represent the mean of triplicates £ S.D. Two-way ANOVA and Bonferroni post-test
were used to compare means of the different treatments at each time point, *** < 0.001;
n.s. (P> 0.5), comparison to saline or D6PV.
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Fig. 3. Effect of D6PV on TG lipolysis in human HTG plasma.
(A) Efficiency of TG lipolysis in human plasma after addition of LPL and apoC-II, the

C-terminal helix of apoC-Il (H2), the random coil region with the C-terminal helix of

NEFA [nmol/h]

104

Page 21

s
- T €
6 [

4

2_

; .
N N\
N &
X®Q x % xo
~ Q~ \3\’

apoC-11 (RCH2), 18A-Cll, or D6PV (in red) to human apoC-Il-deficient plasma (TG=1711
mg/dL) at indicated concentrations. Results represent the mean of triplicates + S.D. Two-
way ANOVA test and Bonferroni post-test to compare means at the different concentrations
versus LPL (* £<0.05, *** £< 0.001) or versus LPL + apoC-1l (## P< 0.01, ### P

< 0.001). (B) Lipolysis after adding LPL and apoC-I1, 18A-Cll, or D6PV (10 pM, each)
to human apoC-ll-deficient plasma (TG=1711 mg/dL). Results represent the mean + S.D.,

N=8; Mann-Whitney test, ** £< 0.01, *** P< 0.001. (C) Lipolysis after adding LPL and

apoC-Il, 18A-CllI, or D6PV (10 uM, each) to pooled human HTG plasma (TG=300-600

mg/dL). Results represent the mean £ S.D., N=8; Mann-Whitney test, * £< 0.05.
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Fig. 4. Effect of D6PV on TG lipolysis in human HTG mouse models.

(A) Efficiency of TG lipolysis in plasma of apoC-II-deficient mice injected with a single

IP bolus of either vehicle (control) or D6PV (treated; 4.7 mg/kg or 23.4 mg/kg), N=12. (B)
NEFA concentrations in plasma of apoC-I11-deficient mice injected with a single IP bolus of
either vehicle (control) or D6PV (treated; 4.7 mg/kg or 23.4 mg/kg), N=12. (C) TG lipolysis
in the plasma of apoC-I1I-deficient mice first injected IP with a 1 mL bolus of 20% Intralipid
and then a single IP bolus of either vehicle (control) or D6PV (treated; 23.4 mg/kg), N=6.
(D) TG lipolysis in plasma of C57BI/6 mice first injected IP with a 0.6 mL bolus of 20%
Intralipid and then a single IP bolus of either vehicle (control) or D6PV (treated; 23.4 mg/
kg), N=6. Results represent the mean + S.D. Two-way ANOVA test and Bonferroni post-test
to compare means at the different time points versus vehicle control groups. * £< 0.05, ** P
<0.01, *** P<0.001.
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Fig. 5. Effect of D6PV on human apoC-I11 and LPL activity.
(A) Effect of D6PV on TG lipolysis in the presence of apoC-111 added to pooled human

HTG plasma. LPL was added to plasma (TG=360 mg/dL) and incubated in the presence

of increasing concentrations of D6PV, in a dose from 0-100 uM (0-0.47 mg/mL) with

and without 33 pM apoC-IIl. LPL alone established baseline lipolysis (gray), whereas LPL
and 100 UM D6PV established maximum uninhibited lipolysis (blue) and LPL with 33

UM apoC-I11 established maximum inhibited lipolysis (red). Results represent the mean of
triplicates £ S.D. Two-way ANOVA test and Bonferroni post-test to compare means at the
different peptide concentration, * £< 0.05 compared with LPL only; ## £< 0.01 compared
with LPL with apoC-III; ### P < 0.001 compared with LPL with apoC-IIl. (B) Human
VLDL were incubated with the indicated concentration of D6PV for 1 h at 37°C. Displaced
apolipoproteins were removed using spin filters (100-kDa cutoff) and VLDL-bound proteins
were separated by electrophoresis and identified by MALDI-TOF.
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Fig. 6. Effect of D6PV on TG, apoC-111 and apoB in mouse models for HTG.
(A-E) hAPOC3-Tg mice were injected daily with a single 1V bolus of either vehicle

(control) or D6PV (treated; 23.4 mg/kg) for 5 days, N=6. Blood samples for analysis were
obtained at the indicated day and time after injection. (A) Plasma TG concentrations on day
1 (gray) and day 5 (black) of the 5-day study. (B) Plasma apoC-I1l concentrations on day

5. (C) ApoC-IlI of plasma VLDL on day 5. (D) ApoC-Il1I of plasma LDL on day 5. (E)
ApoC-ll1 of plasma HDL on day 5. (F) ApoC-I111 concentrations in urine of hAPOC3-Tg
mice after a single 1V bolus injection of either vehicle (control) or D6PV (treated; 23.4
mg/kg), N=7. (G) Plasma apoB in hAPOC3-Tg mice after a single IV bolus of either vehicle
(control) or D6PV (treated; 23.4 mg/kg), N=20. Results are presented as apoB relative to
baseline; mean plasma apoB concentrations for control and treated mice were 31 and 33
mg/dL, respectively. (H) Plasma TG in hAPOC3-Tg x Ldlr”~ mice injected with a single IP
bolus of either vehicle (control) or D6PV (treated; 23.4 mg/kg), N=18. Results are presented
as TG relative to baseline; mean plasma TG concentrations for control and treated mice were
1727 and 1734 mg/dL, respectively. (1) Plasma TG in iLp/”~ mice injected with a single IV
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bolus of either vehicle (control) or D6PV (treated; 23.4 mg/kg), N=14. Results are presented
as TG relative to baseline; mean plasma TG concentrations for control and treated mice were
364 and 449 mg/dL, respectively. Results represent the mean + S.D. Two-way ANOVA test
and Bonferroni post-test to compare means at the different time points versus vehicle control
groups. * P<0.05, ** P<0.01, *** P< 0.001.
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Fig. 7. Effect of D6PV on TG lipolysis in HTG plasma.
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Effect of D6PV on TG lipolysis in (A) plasma from patients with HTG and various
concentrations of apoC-I11, N=9. Bars represent increase in LPL activity (%) and triangle
symbols represent plasma apoC-111 concentrations [mg/dL]. (B) NEFA concentration in
C57Bl/6 and hAPOC3-Tg mouse plasma treated with LPL and D6PV, N=6. Results
represent the mean £ S.D, Mann-Whitney test. n.s. compared with hAPOC3-Tg mouse
plasma treated with LPL only; ** £< 0.01 compared with C57BI/6 mouse plasma treated

with LPL only.
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Fig. 8. Pharmacokinetics and lipoprotein binding properties of D6PV.
(A) Plasma TG in apoC-ll-deficient mice injected subcutaneously with a single bolus

of either vehicle (control) or D6PV (treated; 4.7 mg/kg or 23.4 mg/kg), N=12. Results
represent the mean £ S.D. Two-way ANOVA test and Bonferroni post-test to compare means
at the different time points versus vehicle control. *** P< 0.001. (B) PK results of C57BI/6
mice injected subcutaneously with a single dose of D6PV at 1, 10, and 100 mg/kg. (C)

PK results of nonhuman primates injected subcutaneously with a single dose of D6PV at

8 and 80 mg/kg. (D) Phospholipid distribution of lipoproteins separated by FPLC from
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pooled human HTG (TG=360 mg/dL) plasma supplemented with either PBS or VLDL (0.15
mg/mL of protein) and incubated with 0.3 mg/mL D6PV-5-TAMRA for 30 min. (E) Percent
of total fluorescence of D6PV on lipoproteins from pooled human HTG (TG=360 mg/dL)
plasma supplemented with either PBS or VLDL shown in panel D. (F) Percent of total
fluorescence of D6PV on lipoproteins after co-incubation of purified HDL (0.25 mg/mL

of protein) pre-labelled with D6PV-5-TAMRA with either human VLDL (0.15 mg/mL of
protein) or PBS for 30 min at 37°C.
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Table 1.
Sequences of apoC-1l1 mimetic peptides.
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D6 ply|L|k|E|V]|F|E|K|L|R|D|L]|Y|E|K|F|T|A]lA]|n|s|T|[Y|[T]|G]|I
pepv [D| Y| L K|E|V]|F|E|K]|L|[R|fD|L|Y|E|K|F|[T|P|A]lV|Ss|[T|Y]T]|G]|I

H2 — C-terminal helix of native apoC-II (residues 59-79). RCH2 — random coil region and C-terminal helix of native apoC-II (residues 40-79).

Residues in the table: lysine (K), arginine (R), aspartic acid (D), glutamic acid (E), serine (S), threonine (T), glutamine (Q), alanine (A), valine (V),
leucine (L), isoleucine (1), methionine (M), norleucine (nL), phenylalanine (F), tyrosine (Y), tryptophan (W), proline (P), glycine (G). Residues for
native apoC-I1 are numbered according to their position in mature form of human apoC-II with 79 amino acids following cleavage of 22-amino acid
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signal peptide. Residues substituted in peptides from RCH2 are shown in red.
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Table 2.

Physical properties of the apoC-11 mimetic peptides and truncated forms of native apoC-II.

Peptide MngL()gl Crlw\l:rtge (FZ!') Coctiaemt | Fve m(po/*l‘);’bidty AC(SIEIS;H Hy_cliD r%%tﬁébic Tilt Angle
(pH=7) (M~lcm™Y) moL)d Thickness (A)
H2 2289.6 -2 3.69 1280 38.1 -4.0 58+15 61+9
RCH2 4422.0 -2 4.25 3840 375 -8.7 27x13 699
18A-ClI 4570.2 -2 4.38 8250 45.0 -4.0 23+1.2 70+ 14
D4 4561.1 -1 4.67 3840 39.0 _142% 76+10% 80+7%
D5 4619.2 -2 4.38 3840 36.6 126 91+13" g1+8”
D6 4661.2 -3 4.22 4661 36.6 123 734+08% 8247%
D6PV 4673.2 -3 4.22 3840 375 -5.4 57+£0.7 58+7

Calculated physical properties of the apoC-I1 mimetic peptides and truncated sequences of native apoC-Il, the C-terminal helix of apoC-Il (H2) and
the random coil region with the C-terminal helix of apoC-Il (RCH2).

*
Peptides D4, D5, and D6 contain a non-natural amino acid, norleucine (nL), that could not be modeled by Pepfold3; therefore, the first 20 amino
acids were used to model the structure of D4, D5, and D6; values determined by the OPM Database are based upon the partial models.
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