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Lipoprotein(a) (Lp(a)), anindependent, causal cardiovascular risk factor, isa
lipoprotein particle that is formed by the interaction of alow-density lipoprotein
(LDL) particle and apolipoprotein(a) (apo(a))**. Apo(a) first binds to lysine residues of
apolipoprotein B-100 (apoB-100) on LDL through the Kringle IV (K,y) 7and 8 domains,
before a disulfide bond forms between apo(a) and apoB-100 to create Lp(a) (refs. 3-7).

Here we show that the first step of Lp(a) formation can be inhibited through
small-moleculeinteractions with apo(a) K,,7-8. We identify compounds that bind
toapo(a) K,,7-8, and, through chemical optimization and further application of
multivalency, we create compounds with subnanomolar potency that inhibit the
formation of Lp(a). Oral doses of prototype compounds and a potent, multivalent
disruptor, LY3473329 (muvalaplin), reduced the levels of Lp(a) in transgenic mice and
in cynomolgus monkeys. Although multivalent molecules bind to the Kringle
domains of rat plasminogen and reduce plasmin activity, species-selective differences
in plasminogen sequences suggest that inhibitor molecules will reduce the levels of
Lp(a), but not those of plasminogen, in humans. These data support the clinical
development of LY3473329—whichis already in phase 2 studies—as a potent and
specific orally administered agent for reducing the levels of Lp(a).

Lp(a) is a genetically determined, independent cardiovascular risk
factor that cannot be modified through lifestyle changes, and no
therapeutic agents are available that specifically reduce the levels of
Lp(a) without having other effects. High serum levels of Lp(a) (more
than 50 mg dI™ or 125 nmol I), which are found in around 20% of the
population, confer an increase in risk of more than 1.6-fold for a first
cardiovascular event® and more than 1.42-fold for a second event®, with
riskincreasing indirect proportion toserum Lp(a) levels'. Circulating
levels of Lp(a) are determined mainly by the hypervariable number
of Kringle IV subtype 2 (K,,2) domains, as well as by single-nucleotide
polymorphisms (SNP) of the LPA gene. Epidemiological studies have
determined that Lp(a) is an independent cardiovascular risk factor,
and because Lp(a) levels are determined by gene structure, Mendelian
randomization studies have shown that Lp(a) hasarolein causingboth
atherosclerosis and calcific aortic valve disease™ ™,

Lp(a) is a lipoprotein particle that is formed by a two-step process
involving interactions between a LDL particle and another protein,
apo(a). In the first step, apo(a) binds non-covalently to lysine-rich
regions in apoB-100 that reside on LDL particles through structural
elements of the unique K,,5-8, the lysine-binding sites of which are
cognate to the lysine-coordinating residues of apoB. In the second
step, a disulfide bond is formed between the unpaired Cys67 residue
of K9 of apo(a) (refs. 5,7) and Cys3734 of apoB-100 (refs. 3,6), which
covalently links the two proteins.

Apo(a) is encoded by the LPA gene, which is present only in the
genomes of humans and some non-human primates®. The LPA gene
arose from the plasminogen (PLG) gene by a gene duplication event
late in evolution, in which the plasminogen Kringle domains|, Il and
Illwere lost, and the K,y domain expanded and diverged to 10 subtypes
(K, 1-10) (Extended Data Fig. 1); thus, the K,, domains of apo(a) share
70-85% sequence identity with plasminogen Kringle domains.

At present, there are no therapeutics available in clinical practice
that specifically reduce the levels of Lp(a) by itself. Pelacarsen, an anti-
sense oligonucleotide that targets LPA, and olpasiran, an LPA small
interfering RNA, are both injectable therapeutics that are currently
in phase 3 clinical studies. These interventions have shown a robust
Lp(a)-lowering effect, with good tolerability'®"”. Results from ongoing
phase 3 cardiovascular outcome trials, suchas HORIZON and OCEAN(a),
will provide much-needed evidence about the therapeutic utility of
Lp(a)-lowering treatments'®*, So far, no small molecule that specifically
targetsapo(a) has been studied in humans; however, the plasminogen
inhibitor tranexamic acid was found to reduce the levels of Lp(a) ina
small clinical study®. The goal of our research was to develop a potent
and selective orally delivered small-molecule therapeutic to inhibit the
formation of Lp(a) by blocking the first interaction between apo(a)
and apoB to reduce the circulating levels of Lp(a). A potent and selec-
tive small-molecule Lp(a)-reducing therapeutic could provide a way
to decrease the number of primary and/or secondary major adverse
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Fig.1|Identification of asmall-molecule apo(a) binder and inhibitor of
Lp(a) formation. a, Chemical structure of LSN3353871.b, ITC of LSN3353871
interacting with the apo(a) domainsK,,8 (orange, one experiment), K,,7-8
(blue, two experiments) and K,,5-8 (violet, two experiments). DP, power
differential; AH, enthalpy change. ¢, Average data for the inhibition of in vitro
Lp(a) assembly by LSN3353871 (43 independent experiments; compound
concentration 0.03-10 uM).d, Left, crystal structure of the K,8-LSN3353871
complex (Protein DataBank (PDB) ID: 8TCE), with the amino acidsinvolvedin
ligand bindinglabelled. Ligand hydrogenbonds to D54, E56, Y62 and R69 are
shownasyellowrods. The weak hydrogenbond between the pyrrolidine ring
and W70isshownasadotted line.Right, theligandis alsoshowninthe same
orientation as aspace-fillingmodelin aribbon structure of the whole Kringle
domain with disulfide bondslabelled. e, Percentage change in the steady-state

cardiovascular events in patients who are at risk of cardiovascular dis-
ease because of their high levels of Lp(a).

Our strategy centred on identifying molecules that bind apo(a)
K,,7-8 to inhibit the initial interaction between apo(a) and apoB.
This approachis founded in knowledge obtained from three sources:
(1) invitrostudies of recombinant apo(a) mutant proteins, which show
that apo(a) binds non-covalently to lysine-rich regions in apoB-100
through the K,,6-8 domains; (2) analyses of the K,,8 domain SNP G17R
in African populations, which is associated with significantly lower
Lp(a) plasma concentrations than would be predicted by apo(a) K;,2
repeat polymorphisms; and (3) evidence that a G to A substitution
at the +1 donor splice site of the K, 8 intron in Caucasian individuals
is associated with a congenital deficiency of Lp(a) in the plasma® %,
Together, these findings created the hypothesis that blocking the
K,y,7-8lysine-binding domains of apo(a) might prevent the formation
of Lp(a). As a proof of principle, the in vitro assembly of Lp(a) is inhib-
ited by e-aminocaproic acid and tranexamic acid, which bind to the
lysine-binding domain of apo(a) K,,7, despite their low binding affini-
ties for K,,7 asmeasured by the equilibrium dissociation constant (K;)
(230 pM and 63 pM, respectively)?. Similarly, low-affinity but selective
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levels of Lp(a) in LPA x ApoBI10O0 transgenic mice after five days of oral dosing.
Dataare from one experimentwith n=5pergroup exceptn=4forthe

10 mg kg™ group, and are shown as mean + s.e.m. withindividuals plotted as
circles. Two-sided Pvalues were calculated using one-way ANOVA with
Dunnett’s comparison to vehicle. f, Percentage change from baselinein the
steady-state levels of Lp(a) in female cynomolgus monkeys during 14 days of
oral dosing (n =8 per group except n=9 for the vehicle group) inasingle
experiment.Intersectinglines between box plotsindicate medianvalues,
box limitsindicate the 25thand 75th percentile and whiskers indicate the
smallest and largest value. Two-sided Pvalues are from arepeated measures
ANOVA with Bonferroni comparisonsto vehicle at each time point. The null
hypothesis wasrejected at P< 0.05. BID, twice daily; QD, once daily; NS, not
significant.

K,y7 and K,,10 small-molecule binders have been described that reduce
the formation of Lp(a) in vitro with micromolar potency?.
Biochemical and biophysical compound screens using purified
recombinant apo(a) K,,7-8 proteinidentified interacting small mole-
cules. Optimization of the initial binding molecules led to the devel-
opment and discovery of LSN3353871, which binds to K8, K,,7-8 and
K,y5-8 with K values of 756 nM, 605 nM and 423 nM, respectively, as
determined by isothermal calorimetry (ITC) (Fig. 1a,b). By contrast,
LSN3353871 does not bind to K,,2 (Extended Data Table1).Inanin vitro
Lp(a) assembly assay, LSN3353871 disrupted the formation of Lp(a)
with a half-maximal inhibitory concentration (IC,) 0f 1.69 uM (n = 43)
(Fig.1c). Crystal structure analysis showed that LSN3353871 interacts
with the K8 amino acid residues Glu56, Asp54, Tyr62 and Arg69, illus-
trating the specificity and binding modality of the molecule (Fig. 1d
and Extended DataFig. 2a). Oral administration of LSN3353871to mice
expressing human Lp(a) resulted in dose-dependent increases in the
circulating levels of LSN3353871 and dose-dependent decreases of
up to 78% in the levels of Lp(a), with a median effective dose (EDs,) of
14 mg kg™ twice daily (BID) within five days of dosing. In cynomolgus
monkeys, administration of LSN3353871 (20 mg kg™ BID for two weeks)
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Fig.2|Mechanisticinteractions with apo(a) K,y domains and discovery of
multivalency. a, Chemical structure of the dimeric molecule LSN3441732.

b, Chemicalstructure of the optimized monovalent molecule LSN3374443.

¢, Average inhibition of in vitro Lp(a) assembly by LSN3353871 (triangles; 43
independent experiments), LSN3374443 (circles; 3independent experiments)
and LSN3441732 (squares; 8independent experiments). d, Representative data
fromdirectradioligand binding of >H-LSN3374443 (circles; three experiments)

resultedinadecrease of upto40%inthelevels of Lp(a) (Extended Data
Table2andFig. 1e,f). The differencein the magnitude of effect between
these two models could be explained by differences in the expression
levels and metabolism of Lp(a), because the mouse genome does not
inherently contain the LPA gene. These data provide a proof of concept
thatasmallmolecule that binds to the lysine-binding domains of apo(a)
caninhibit the formation of Lp(a) in vivo.

The linkage of two molecules that contain the crucial LSN3353871
K,ydomaininteraction motif created adimeric molecule, LSN3441732
(Fig.2a). This dimeric compound inhibits the formation of Lp(a) parti-
clesinvitrowithanIC,,value of 0.18 nM (n = 8), representing anincrease
in potency of three orders of magnitude compared with the parent
monomeric molecule, LSN3353871 (IC;5, = 1.69 puM; n = 43) and two
orders of magnitude compared with an optimized monomericligand,
LSN3374443 (ICs, =36 nM; n=3) (Fig. 2b,c).

To specify the apo(a) K,y binding interactions of the multivalent and
monovalentligands, we used direct radioligand-binding and ITC meth-
ods. For radioligand binding, we created dimeric *H-LSN3441732 and
monovalent*H-LSN3374443 radioligands. To identify K,, domains with
the capacity to bind to these compounds, individual K,,5, K6, K., 7, K, 8
and K,,10 were evaluated.

Except for K,,10, *H-LSN3374443 bound to all tested K,,-containing
proteins with a similar affinity to that for binding to full-length apo(a)
(Kyvalues of15-31 nM) (Extended Data Table 3). In direct binding assays,
3H-LSN3374443 bound to full-length recombinant apo(a) with amean

0.01 0.1 1 10 0 0.5 1.0
Molar ratio

0 05 1.01.5 2.025 3.035 4.0 45
Molar ratio

1.5 20 25

and>H-LSN3441732 (squares; one experiment) to full-length recombinant

16K apo(a). e, Representative data from ITC of LSN3374443 (circles; two
experiments) and LSN3441732 (squares; three experiments) with apo(a) K,,5-8.
f, Plot of direct binding of *H-LSN34 41732 to K,, 7 (black; two experiments), K, 8
(orange; two experiments), K,,7-8 (blue; two experiments) and K,,5-8 (violet;
oneexperiment); dataarerepresentative.

Ky value of 2.6 nM and an approximate maximum saturable binding
(B,.x) value of 9.8 fmol ng ' apo(a), equivalent to two to three ligands
per molecule of apo(a) (Fig. 2d). In comparison, *H-LSN3441732 bound
tofull-length apo(a) with a 50-fold affinity increase of K; = 0.05 nM and
with B,,,, = 4.9 fmol ng™ apo(a), indicative of one ligand per molecule
of apo(a) (Fig. 2d). Direct ligand-binding experiments using apo(a)
K,y/5-8 tandem domains showed the same potency and stoichiometry
relationship;*H-LSN3374443 is less potent than *H-LSN3441732, with K,
values of 13 nM and 0.33 nM, respectively (Extended Data Table 3). In
agreement with the radioligand-binding studies of full-length apo(a),
ITC datawithapo(a) K,,5-8 tandem domains indicated that LSN3374443
binds with 2:1stoichiometry, whereas LSN3441732 binds with 1:1stoichi-
ometry (Fig. 2e); bothcompounds bind with aK; value lower than15 nM.
The affinity of the multivalent ligand *H-LSN3441732 for single K,,7
(Ky=2.8 nM) and K, 8 (K; = 2.0 nM) was lower compared withits affinity
forK,7-8 (K;=0.21 nM) and K,,,5-8 (K; = 0.33 nM), confirming that mul-
tivalency resultsinasubstantialimprovementin potency (Fig. 2f). These
data, along with a crystal structure analysis of LSN3441732 bound simul-
taneously to two K;,8 domains, show that multiple apo(a) K,y domains
canbe engaged simultaneously, whichleadsto animprovementin bind-
ing affinity and Lp(a) inhibition potency (Extended DataFig. 2b). Nota-
bly, as observed with the monomeric compound LSN3353871, binding
of LSN3441732 to K,,2 was ruled out using ITC (Extended Data Table 1).

In Lp(a) transgenic mice, LSN3441732 plasma concentrations
increased in a dose-dependent manner and steady-state plasma
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Fig.3|Multivalency increases the potency and efficacy of Lp(a) reduction.
a, Percentage changein the steady-state levels of Lp(a) in LPA x ApoB100
transgenic mice after five days of BID oral dosing with LSN3441732. Dataare
fromone experiment with n=>5pergroup, shown as mean +s.e.m.with
individuals plotted as circles. Two-sided Pvalues were calculated using one-way
ANOVA with Dunnett’s comparisonto vehicle. b, Percentage change from
baselinein the steady-state levels of Lp(a) in female cynomolgus monkeys
during 14 days of BID oral dosing (n = 8 per group except n =9 for the vehicle
group) with LSN3441732in asingle experiment. Box plots asin Fig. 1f. Two-sided
Pvalues are from arepeated measures ANOVA with Bonferroni comparisons

to vehicle ateach time point. The null hypothesis was rejected at P< 0.05.

¢, Chemicalstructure of LY3473329.d, Crystal structure of LY3473329, shown

Lp(a) levels decreased after five days of oral BID dosing, with an EDs,
of4 mg kg™ and amean maximalinhibition of 79% at the 30 mg kg dose
(Extended Data Table 4 and Fig. 3a). In cynomolgus monkeys, 2 mg kg™
and 10 mg kg™ oral BID doses of LSN3441732 decreased median Lp(a)
levels by amaximum of 45% and 57%, respectively, after 5 days of dosing,
and continued to suppress the steady-state levels of Lp(a) for 14 days
(Extended Data Table 4 and Fig. 3b). Compatible with a multivalent
binding mechanism, LSN3441732 showed improvements in potency
and efficacy both in vitro and in vivo compared with the monovalent
inhibitor.

Taking further advantage of multivalency, a trimeric molecule,
LY3473329, was synthesized (Fig. 3¢). Crystal structure analysis of
the interactions between LY3473329 and K,,8 shows that the trimeric
moleculeis capable of binding to three K;,8 domains simultaneously,
which suggests that multi-K,, domaininteractions are possible inapo(a)
(Fig. 3d and Extended Data Fig. 2c). LY3473329-HCl salt binds to K,,8
selectively witha potency of22 nM and inhibits the formation of Lp(a)
particles in vitro with an IC;, value of 0.09 nM (n =9) (Extended Data
Table1and Fig. 3e). In the Lp(a) transgenic mouse model, the plasma
levels of LY3473329-HCl salt increased in a dose-dependent manner,
and treatment with LY3473329-HCl reduced the levels of Lp(a) with
anabsolute EDs, of 3 mg kg™, with a maximum Lp(a) reduction of 92%
after five days of BID oral dosing (Extended Data Table 5 and Fig. 3f).
In cynomolgus monkeys, LY3473329 reduced median Lp(a) levelsina

948 | Nature | Vol 629 | 23 May 2024

& & O ©
NSRS S

asaCPKrepresentation, bound to three separate K,,8 domains (PDB ID: 8V8Z).
e, Average inhibition ofin vitro Lp(a) assembly by LY3473329 (nine independent
experiments; compound concentration 0.03-3 nM). f, Percentage change in
thesteady-state levels of Lp(a) in LPA x ApoBI100 transgenic mice after five days
of BID oral dosing with LY3473329. Dataare from one experiment withn=>5per
group, shownasmean +s.e.m. withindividuals plotted as circles. Two-sided
Pvalues were calculated using one-way ANOVA with Dunnett’s comparison to
vehicle. g, Percentage change frombaseline in the steady-state levels of Lp(a) in
male cynomolgus monkeys during 14 days of QD oral dosing (n = 6 per group)
withLY3473329inasingle experiment. Box plots asin Fig. 1f. Two-sided Pvalues
arefromarepeated measures ANOVA with Bonferroni comparisons to vehicle
ateachtime point. The null hypothesis was rejected at P< 0.05.

dose-dependent manner by up to 71% in the 100 mg kg once daily (QD)
cohort, compared with baseline (Extended Data Table 5 and Fig. 3g).
Multivalency, which allowed the engagement of multiple apo(a) K,
domains, considerably increased the potency and efficacy of inhibitors
ofLp(a) formationinbothinvitroandinvivo models of Lp(a) reduction,
as compared with monovalency (Extended Data Table 6).

Plasminogen is the pro-enzyme precursor of the primary fibrino-
lytic protease plasmin. Circulating plasminogen, which comprises a
Pan-apple domain, five Kringle domains (KI-V) and a serine protease
domain, adopts a closed, activation-resistant conformation®*?. The
regulation of plasminogen activity is tightly controlled to ensure sys-
temic haemostasis, and the inactivation of plasmin is dependent on
the physiological inhibitor of plasmin, a2-antiplasmin, which removes
free plasmin from circulation. Because apo(a) K,,domains share a high
percentage identity with plasminogen Kringle domains, we investigated
whether the compounds could modulate plasminogen activity, as
measured by plasmin enzymatic activity.

Monomericand multivalentcompoundswereaddedtoratandhuman
plasmainvitroto assess possible interference with plasmin-mediated
clotdissolution, but plasmin activity was not affected (Extended Data
Fig.3), providing evidence that Lp(a) inhibitors do not directly modu-
late plasminogen activation or plasmin activity. Although no inhibi-
tory action on plasmin activity was observed in rats that were treated
with the monomeric compound LSN3353871, administration of the
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Fig.4|Selectivity against plasminogen. a,b, Changein plasmin activity
(blue) and plasminogen concentration (black) in rat plasma after four days

of oral dosing with LSN3441732 (a) or LY3473329 (b). Dataare fromone
experimentwith n=5pergroup andindividuals are plotted as circles.
Two-sided Pvalues are from an ANOVA with Dunnett’s comparisons to vehicle.
The null hypothesis was rejected at P< 0.05. ¢, Primary sequence alignment
of humanapo(a) K,y domains, ratand human plasminogen Kringle domains
and the presence of the consensus binding sequence (DxE) for the binding of
the small-moleculeinhibitor.d, Representative saturation binding curves of
*H-LSN3441732binding to rat (squares; seven experiments) or human (circles;
four experiments) plasminogen. e, ITC of LSN3441732 binding to rat (left) or

multivalent compound LSN3441732 and LY3473329-HCl salt at phar-
macological doses decreased plasma plasmin activity as measured
exvivo (Fig. 4a,b). Because adding these compounds to plasma did
not affect the enzymatic activity of plasmin in vitro, we investigated
mechanisms that might explain the decrease in plasmin activity in
animal models. Inrats, the levels of hepatic Plg mRNA were unchanged
after daily oral dosing with the multivalent Lp(a) disruptor LSN3441732
(Extended DataFig.4); however, the plasmalevels of plasminogen pro-
teinwere decreased inadose-dependent manner by both LSN3441732
and LY3473329-HCl salt (Fig. 4a,b). Because these results raised the
possibility that the multivalent Lp(a) disruptors could decrease the
activity of plasminin humans, we examined the underlying mechanism
that drives the reduction in plasminogen levels mediated by these
compounds.

Comparing the primary amino acid sequences of plasminogen
from rats, cynomolgus monkeys and humans (Fig. 4c), and under-
standing the accessibility of Kringle lysine-binding sites in the closed
activation-resistant conformation, as illustrated by the human plasmi-
nogen structure?, we hypothesized that the multivalent compounds
would have species-specific plasminogen-binding properties. The
structural data with LSN3353871 revealed a molecular interaction
between akey motif made up of an aspartic acid (D) residue, any amino
acid (x) and a glutamic acid residue (E) (DXE motif) in K8 (Fig. 1d),

o , Human: DxK
@ Rat: DxE

/ D LBS (=)
/\ LSN3441732

7

¥
Human: DxD  Human: DXE
Rat: D:

at: DxD Rat: DXE

human (right) plasminogen. Data are representative of two independent
experiments. f, Schematic model of human closed plasminogen, on the basis
ofthe crystal structure of human type Il plasminogen (PDBID: 4DUR). Crucial
interactions for maintaining the closed conformationare K-4 and K-5 with Lys
and Arg from the plasminogen-apple-nematode (PAN) domain, and K-2 with
Lys fromthe trypsin domain. Our hypothesisis that multivalent molecule
interactions with the K-2and K-3 subdomains of rat plasminogen promote a
plasminogen open (active) conformation. Box plots show the median (centre
line), 25thand 75th percentile (box limits) and the smallest and largest value
(whiskers). LBS, lysine-binding site.

sowe focused on the presence of these motifsin plasminogen. Notably,
inapo(a), each K, repeat from K,,,5 through to K,,8 contains the DxE
motif. Rat plasminogen Kringle (K) K-2 and K-3 domains both contain
a DxE motif, whereas this motifis only present in K-2 in human plasmi-
nogen (Fig. 4c). We hypothesized that multivalent compounds could
actasbivalentbinders of K-2and K-3in rat plasminogen, whereas they
could only actas monovalent binders of human plasminogen through
the exclusive interaction with K-2. If this is correct, the multivalent
compound should have a higher binding affinity for rat plasminogen
than for human plasminogen. Saturation binding experiments with
the bivalent *H-LSN3441732 molecule and rat and human plasmino-
gen showed that >H-LSN3441732 had a 50-fold higher affinity for rat
plasminogen than for human plasminogen (Fig. 4d). As assessed by
ITC, the bivalent molecule bound to the K-2to K-3 domains of rat plas-
minogen with an affinity more than 100-fold higher than that for the
K-2 to K-3 domains of human plasminogen; the K value for rat K-2 to
K-3wasless than 10 nM, whereas the K, value for human K-2 to K-3 was
1.6 uM (Fig. 4€). We hypothesize that the consequence of multivalent
moleculebindingtorat plasminogeninK-2to K-3 breaks the K-2-Lys708
interactionfoundin closed plasminogen and triggers an open confor-
mation that favours rapid degradation (Fig. 4f), thus explaining the
reductionin plasmin activity in animals treated with LSN3441732 and
LY3473329-HCl salt. Evidence that this difference in potency between

Nature | Vol 629 | 23 May 2024 | 949


https://doi.org/10.2210/pdb4DUR/pdb

Article

ratand human plasminogen binding translates into oral doses that are
capable oflowering the levels of Lp(a) without affecting plasmin activity
canbe foundinthe human phase 1study of LY3473329 (muvalaplin)®.
Analyses of other potential off-target protein interactions through mul-
tiple sequence alignments of the full Kringle domains from LPA, PLG,
plasminogen activator urokinase (PLAU), plasminogen activator tissue
type (PLAT) and prothrombin (F2) support the compound selectivity
rationale (Extended Data Fig. 5a). A comparison of residues near the
inhibitor-binding site (Extended Data Fig. 5b) reveals that only human
PLGK-2 preserves the DXE side chains that make key interactions with
LY3473329 (Extended Data Fig. 5¢).

Insummary, we report the discovery and optimization of potent and
selective small-molecule inhibitors of Lp(a) formation by exploiting
the repeated K,, domain structure of apo(a) through compound mul-
tivalency. Gaining a mechanistic understanding of the engagement
between such compounds and apo(a) enabled us to develop molecules
thatare selective for apo(a) over plasminogenin humans. Theseresults
provide a proof of concept that an orally delivered small-molecule
inhibitor of Lp(a) might be atherapeutic option for patients with high
levels of Lp(a) who are at risk of either atherosclerotic cardiovascular
disease or calcific aortic valve disease.
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Methods

Compounds
Chemical synthesis and characterization of the compounds were per-
formed as indicated in the Supplementary Information.

Recombinant protein expression

Thenucleotide sequence encoding the human LPA gene (NP_005568.2)
wasinserted into amammalian expression vector containing a cyto-
megalovirus promoter. Protein expression was performed by tran-
sient transfection of human embryonic kidney 293 (HEK293) cells
culturedinserum-free medium. The culture medium was collected five
days after transfection and human apo(a) protein was purified using
L-lysine affinity chromatography. Nucleotide sequences encoding
various K,y domains of human apo(a) and human and rat plasmino-
gen were inserted into a pET21a Escherichia coli expression vector.
Bacterial BL21(DE3) was used as the expression host, and the induc-
tion of protein expression was performedin2x TY medium with1 mM
isopropyl 3-D-1-thiogalactopyranoside at 37 °C for 5 h. Cells were
collected and stored at -80 °C for subsequent protein purification
and refolding. The frozen cell pellets were lysed and inclusion bod-
ies were purified. The protein refolding was performed using the
rapid-dilution method, and the refolded proteins were further puri-
fied by size-exclusion chromatography. All protein concentrations
were determined by A280.

ITC

Experiments were performed on a MicroCal Auto-iTC200 titration
calorimeter (Malvern Panalytical), with a cell volume of 200 pl and a
40-pl microsyringe. Experiments were performed at 25 °C while stir-
ringat 750 rpmin ITC buffer (50 mM phosphate buffer at pH 8.0). The
microsyringe was loaded with asolution of the respective compounds,
with the concentration measured by quantitative nuclear magnetic
resonance, and was inserted into the calorimetric cell prefilled with
the respective recombinant proteins of known concentration in ITC
buffer. The system was equilibrated to 25 °Cand an extradelay of 60 s
was applied. The first titrations were performed using an initial con-
trolinjection of 0.5 pl, followed by 18 identical injections of 2 pl, with
aduration of 4 s per injection and 150-s intervals between injections.
The second titration was performed over the first titration without
cleaning the cell and was carried out with continuous injections as an
automation method inaMicroCal Auto-iTC200. The second titrations
were performed using 19 identical injections of 2 pl, witha duration of
4 sperinjection and150-sinjectionintervals®. The datawere corrected
for ligand heats of dilution and were deconvoluted using MicroCal
PEAQ-ITC Analysis Software to yield the enthalpy of binding (AH) and
the binding constant (K). Thermodynamic parameters were calculated
using the basic equation of thermodynamics (AG = AH - TAS = -RTInKj),
where AG, AH and AS are the changes in free energy, enthalpy and
entropy of binding, respectively; K is the equilibrium dissociation con-
stant; Tisthe absolute temperature (kelvins); and Ris the gas constant
(1.987 cal mol ™ K™). A single-binding-site model was used in MicroCal
PEAQ-ITC Analysis Software v.0.9.

Lp(a) assembly assay

HepG2 cells (HB-8065, ATCC) were cultured in Dulbecco’s modified
Eagle’s medium, supplemented with 10% fetal bovine serum, 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
100 U ml™ penicillin-streptomycin. apoB-conditioned media were
collected after 24 h of culture at 37 °C and 5% CO, from confluent wild-
type HepG2 cells that endogenously express and secrete apoB.
Apo(a)-conditioned mediawere collected after 24 h of culture at 37 °C
and 5% CO, from HEK293 cells (CRL-1573, ATCC) that stably express
and secrete recombinant human 16K apo(a) protein containing one
K,y type 1, sixK,, type 2 repeats, one each of K, types 3-10 and one K.

The assembly assay was conducted in 96-well polypropylene plates
by combining HepG2 and apo(a)-HEK293-conditioned media in the
presence of a range of compound concentrations. After a two-hour
incubation period at 37 °C, the reaction was stopped by the addi-
tion of 6-aminocaproic acid. Lp(a) was detected using a sandwich
enzyme-linked immunosorbent assay (ELISA), with a polyclonal goat
anti-apo(a) capture antibody (Abcam ab31675) and a biotin-conjugated,
polyclonal goat anti-apoB detection antibody (Abcam ab20898). In
brief, ELISA plates were coated with 100 pl of the capture antibody
atal:12,500 dilution (around 4 pg ml™) into HEPES-buffered saline
(HBS), incubated overnight at 4 °C, washed and blocked by the addi-
tion of 200 pl of 1% casein. After removal of the blocking buffer, 20 pl
of each of the assembly reactions or of a dilution series of purified
human Lp(a) (Athens Research, 12-16-121601), diluted 1:5into HBS sup-
plemented with 0.5% casein, were added to the ELISA plate. Aftera2-h
incubation period at room temperature, plates were washed five times
with HBS + 0.1% Tween-20. To each well, 100 pl of biotin-conjugated
detectionantibody was added and allowed to bind for one hour at room
temperature. Plates were washed five times with HBS + 0.1% Tween-20,
and 100 pl of streptavidin-horseradish peroxidase (HRP) was added to
eachwell, followed by another one-hour incubation at room tempera-
ture. Unbound streptavidin-HRP was removed by washing plates five
times with HBS + 0.1% Tween-20, and the ELISA was developed using
the HRP substrate 3,3’,5,5-tetramethylbenzidine (TMB). The reaction
was stopped after 15 min by the addition of IN sulfuric acid. Absorbance
at 450 nm was measured on an Envision plate reader.

The concentration of Lp(a) formedin eachtest condition was deter-
mined on the basis of the standard curve constructed from the purified
humanLp(a) used as areference standard, and was normalized to high
(buffer) and low (no apoB) controls. Data were fitted to astandard Hill
equation. Data were analysed in GraphPad Prism v.9.5.1.

Protein crystallography

TheK,,7 and K,,8 domains (1263-1357 and 1377-1470, respectively, on
the basis of GenBank NP_005568.2) were expressed in E. coli BL21(DE3)
cells; inclusion bodies were purified by repeated centrifugation and
resuspension, then unfoldedin 6 M guanidine hydrochloride, diluted
in Tris, NaCl, 0.5 Mureaand1.25 mM oxidized and reduced glutathione.
After dialysis with Tris pH 8, the protein was purified and concentrated
to 22 mg ml™ (final buffer 50 mM Tris pH9,150 mM NaCland 10% glyc-
erol). For the monovalent compound, tagless K,,8 was set up in vapour
diffusion sitting drops at 21 °C at aratio of 1.5:1, with awell solution of
100 MM HEPES pH 6 and 1 M tri-sodium citrate pH 7. Crystals appeared
within one day and were transferred on the 30th day to asoaking drop
containing 10 mM LSN3353871,100 mM HEPES pH 6 and 1 M tri-sodium
citrate pH7.They were sealed and left at 21 °C for two hours, then trans-
ferredtoadrop containing10 mMLSN3353871,100 MM HEPESpH 6,1M
tri-sodiumcitrate pH7 and 22% glycerol, then collected and flash frozen
inliquid nitrogen. For the bivalent compound LSN3441732, K, 7 was set
up with a well solution of 100 mM MES pH 6.5 and 1.6 M magnesium
sulfate. After 11 days, the crystal was collected in similar conditions
plus 22% glycerol and flash frozen in liquid nitrogen. The trimeric com-
pound, LY3473329, was set up at 2 mM with tagless protein in vapour
diffusion sitting drops at 21 °C with a well solution of 100 mM sodium
acetatepH4.5and 30% PEG 300. After two weeks, a plate-shaped crystal
was collected in similar conditions with 22% ethylene glycol and was
flash frozenin liquid nitrogen.

Diffraction data were collected at the Lilly Research Laboratories
Collaborative Access Team (LRL-CAT) beamline at Sector 31 of the
Advanced Photon Source. Crystals stored in liquid nitrogen were
mounted on a goniometer equipped with an Oxford Cryosystems
cryostream maintained at a temperature of 100 K. The wavelength
used was 0.9793 A, collecting 900 diffractionimages at a 0.2° oscilla-
tion angle and a 0.12-s exposure time on a Pilatus3 S 6M detector at a
distance of 392 mm. The diffraction datawereindexed and integrated
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using MOSFLM 7.0.5 and merged and scaled with Scala3.3 and Truncate
6.5 from the CCP4 6.5 suite®.

Non-isomorphous datareadily yielded the initial structure by mole-
cularreplacement using aninternal proprietary crystal structure. The
initial structure coordinates for the dataset were further refined using
REFMACV.5.8 (CCP4), applying anisotropic temperature factors. Model
building was performed with Coot v.0.8 (CCP4) and final structure
validation with MolProbity v.4.02 (ref. 31) and CCP4 validation tools.
See Supplementary Table 1 for crystallographic data statistics.

Protein coordinates and structure factors have been deposited with
the Protein Data Bank (https://www.wwpdb.org/) under the access
codes 8TCE (LSN3353871), 8V9B (bivalent LSN3441732) and 8V8Z
(trimeric LY3473329).

Invivo studies

Allprocedures were conducted in compliance with the Animal Welfare
Act, the Guide for the Care and Use of Laboratory Animals and the Office
of Laboratory Animal Welfare (Covance Laboratories for cynomolgus
monkey studies and Eli Lilly and Company for mouse and rat studies).

LPA transgenic mouse studies

The LPA gene (GenBank accession code NM_005577) encoding the
human apo(a) protein with asignal peptide, oneK,, typel, sixK,, type
2repeats, one each of K, types 3-10, one K, and one protease domain
was subcloned into a transgenic vector containing a mouse albumin
promoter cassette and a human growth hormone polyadenylation
signal. The transgenic mouse line was generated by pronucleus injec-
tion of the LPA transgenic vector. Eight individual transgenic founder
mice were assessed for germline transmission of LPA by genotyping and
assessment of the levels of apo(a) in the plasma. Positive founder mice
were crossed with ApoB100 transgenic mice (Taconic model 1004),
and theresulting mouse line nomenclature (B6.SJL-Tg(APOB)1102Sgy
Tg(Alb-LPA)32Arte) was selected on the basis of the confirmation of
germline transmission, the identification of LPA and huApoBI100
transgenes and the levels of Lp(a) in the plasma. Mice hemizygous for
both transgenes were used for pharmacology studies. The studies
were conducted in female Lp(a) double transgenic mice (age around
7-17 months). Mice were housed in cages with a standard light cycle
(12-hlight, 12-h dark), at room temperature (22 + 4 °C), with arelative
humidity of 30-70%. Mice were identified by numbers on the cage
cards. After arrival, mice were fed on anormal diet (Harlan Teklad diet
2014). Mice were randomized to treatment groups (n =5 per group,
unless otherwise noted) by body weight and baseline plasma Lp(a)
concentration using a block randomized allocation tool (BRAT) for
the study. In an example Lp(a) transgenic mouse study in which 66
mice were prescreened for baseline Lp(a) levels, the average Lp(a)
level was 45 + 1.8 pg ml™ (range 20-78 pg ml™). Mice were dosed with
various compounds in vehicle (10 ml kg™, 1% hydroxyethyl cellulose
(HEC), 0.25% Tween-80, Antifoam) or with vehicle alone as a control
orally BID for five days. Blood samples were collected by tail bleeds
at designated times, and Lp(a) levels were determined by ELISA by an
investigator who wasblinded to group allocation. In brief, lipoprotein
particles were captured by a goat anti-Lp(a)-antibody-coated plate
(Abcamab31675, diluted 1:12,500 in HEPES-buffered saline), the plates
were washed and samples were detected using an HRP-conjugated goat
anti-apoB antibody (Abcam ab27622, diluted 1:3,000). Colorimetric
peroxidase substrate 3,3,5,5-TMB was added, and the reaction was
stopped using 1 N sulfuric acid. Absorbance at 450 nm was read on a
Molecular Devices SpectraMax plate reader. Blood samples were col-
lected at four hours after dosing on day 5 of dosing to confirm exposure.
Full pharmacokinetic (PK) profiles were not evaluated. Concentra-
tions of compounds were evaluated from dried blood spots through
anon-Good Laboratory Practice (GLP) liquid chromatography with
tandem mass spectrometry (LC-MS/MS) assay. Data were analysed
in GraphPad Prism v.9.5.1

Cynomolgus monkey studies

Female or male Chinese Macacafascicularis cynomolgus monkeys (as
describedinthe figure legends) of unspecified ages withbody weight
ranging from 2.0 kg to 5.0 kg were housed in cages with astandard light
cycle (12-hlight, 12-h dark) at room temperature (20-26 °C); the relative
humidity ranged from 30% to 70%. Monkeys were given fruits, vegeta-
blesor dietary enrichment as aformof environmental enrichment, and
various cage enrichment devices. Purina Lab diet 5048C was provided
BID and individual monkeys were identified by cage card. The monkeys
were randomized to treatment groups by body weight and baseline
plasmaLp(a) concentration, as determined by acommercially available
Randox assay (Randox LP2757), usinga BRAT for the study.Inanexample
cynomolgus monkey study in which 39 monkeys were prescreened
for baseline Lp(a) levels, the average Lp(a) level was 350 + 57 pg ml™
(range 53-1,667 ug ml™). Monkeys were dosed orally with vehicle
(purified water) or compounds QD or BID for 14 days, at dose levels
and frequencies as previously described for each compound. Plasma
samples were collected on days before dosing to establish baseline
Lp(a) and after the morning dose during the study. Lp(a) levels were
measured by aninvestigator who was blinded to group allocation using
the Randox assay, and were quantified relative to the calibrator series
(Randox LP3404). Data were analysed in GraphPad Prism v.9.5.1. The
Lp(a) percentage change from before dosing in non-human primates
was analysed by repeated measures ANOVA in SAS v.9.4 (SAS). Ateach
time point, the Lp(a) percentage change for each treated group was
compared with vehicle by the Bonferroni method.

Plasma samples were collected from all monkeys before dosing and
at four-hour time points only on days|1, 3, 5,9 and 14. A full PK profile
was obtained in the first three monkeys of each dose group on day
15, collecting samples before dosing and 1, 2, 4, 8,12,24,48 and 96 h
after dosing. Concentrations of compounds were evaluated in plasma
samples using a non-GLP LC-MS/MS assay. The non-compartmental
plasma PK parameters were calculated using Watson (v.7.5).

Radioligand-binding assays

Full-length apo(a) and various shorter constructs were prepared as
described. Human and rat plasminogen, purified from plasma by affin-
ity chromatography, were obtained from Innovative Research (IHGPG
and IRPLG, respectively).

Allreagents used inthe binding assays were prepared in assay buffer
containing 50 mM Tris-HCI, pH 7.4, and 0.1% bovine serum albumin.
All apo(a) proteins were diluted to a final concentration of 200 pM.
Humanand rat plasminogen were diluted into assay buffer,and 250 ng
was added to each well.

Saturation binding studies of *H-LSN3441732 or *H-LSN3374443
were conducted by adding to each well of a white-wall, clear-bottom
96-wellplate, 50 pl each of (1) dimethyl sulfoxide (DMSO) or asaturating
concentration (40 pM) of an unlabelled ligand; (2) proteindiluted into
assay buffer; (3) resuspended wheat germ agglutinin polyvinyltoluene
scintillation proximity assay beads (2 mg ml™); and (4) adilution series
of radioligand. Plates were incubated for one to two hours at room
temperature and counted on a Wallac Trilux 1450 liquid scintillation
counter. Non-specific binding, defined as binding in the presence of
the unlabelled ligand, was subtracted to determine specific binding.
Specific binding was plotted as afunction of ligand concentration, and
asingle-site binding equation of the formy = B, X x/(K; + x) was fitted
tothe data, where B,,,, is the maximum saturable binding and K is the
equilibrium dissociation constant.

Human and ratinvitro clot dissolution assay

Platelet-poor plasma was generated from whole blood donated by
healthy volunteers, and Sprague Dawley rat citrate plasma was pur-
chased from Innovative Research. One hundred microlitres of plasma
was added to a 96-well plate (Corning) and the following were added
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to the indicated concentrations: 7.5 mM CacCl,, 117 mM NaCl and 5 pl
of test compound in 50% DMSO. Wells were mixed and warmed to
37 °C. A mixture of thrombin (Sigma) and tissue plasminogen acti-
vator (Calbiochem) was prepared. Final concentrations in the reac-
tion were 0.05 NIH U mI™ and 0.5 nM, respectively. The mixture was
added and the plate was sealed and placed in a prewarmed plate
reader, shaken and read every 2 min for 15 h. The maximum slope for
each curve was determined and the percentage inhibition was calcu-
lated relative to untreated controls®. Data were analysed in GraphPad
Prismv.9.5.1.

Rat Plg mRNA, plasminogen activity assay and plasminogen
ELISA

Male Sprague Dawley rats (Charles River, average body weight 310 g,
aged eight to nine weeks old) were housed in cages with a standard
light cycle (12-hlight, 12-h dark), at room temperature (22 + 4 °C), with
arelative humidity of 30-70%. Rats were identified by numbers on
the cage cards. After arrival, rats were fed on a normal diet (Harlan
Teklad diet 2014) and randomized to treatment groups (n =5 per group)
by baseline plasma plasminogen concentration and activity using a
BRAT.LSN3441732 and LY3473329 were administered QD orally at three
doselevels (3.7,12.3and 37 mg kg %;3.2,10.5and 31.6 mg kg™ per dose,
respectively) or vehicle (10 ml kg™, 1% HEC, 0.25% Tween-80, Antifoam)
for four days. Terminal blood was drawn under general anaesthesia
24 h after the day-4 oral dose. Plasma samples were collected via the
abdominal aorta into a premeasured anticoagulant BD Vacutainer
used for blood collection (2.7 ml, buffered sodium citrate). The liver
was flash frozenin liquid nitrogen.

RNA was isolated from the liver using the PureLink RNA Mini Kit
(Invitrogen) and quantified using the NanoDrop spectrophoto-
meter (Thermo Fisher Scientific). Complementary DNA (cDNA) was
prepared using the High Capacity cDNA Reverse Transcriptase Kit
(Applied Biosystems). Quantitative PCR was conducted using TaqMan
reagents and primers (PlgRn00585167_m1, Gapdh Rn99999916 sl).
Relative quantitation was calculated using the comparative Ct
method. Statistical significance was evaluated using JMP v.16.1.0
software (SAS).

Tomeasure plasminogen activity, 100 pl plasma per well was added
to a 96-well plate (Corning) and the following were added to the indi-
cated concentrations: 7.5 mM CaCl,and 117 mM NacCl. Wells were mixed
and warmed to 37 °C. Urokinase (Millipore) was added at 125 U per
well and the plate was incubated at 37 °C for 4 min. The plasminogen
substrate Chromogenix S-2251 (DiaPharma) wasadded toaconcentra-
tion of 3.3 mM. The mixture was added and the plate was sealed and
placedina prewarmed plate reader, shaken, and the absorbance read
every 30 sfor2 h. The maximum slope for each curve was determined
and the percentage inhibition was calculated relative to untreated
controls. Plasminogen protein was measured using ELISA kits for rat
(Abcam ab157740) according to the manufacturer’sinstructions. Plas-
minogen activity (percentage) and mass (ug ml™) inrat were analysed
by ANOVA in JMP 16.1.0. The percentage reduction of plasminogen
activity and mass for each treated group was compared with vehicle
by Dunnett’s method.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Schematic of apolipoprotein(a) domains.a, ThetypelV  Uniprot (P08519-1) and GenBank RefSeq (NP_005568.2) amino acid residue
Kringle domains of apo(a) areshown, ending with asingletype VKringledomain  numbersare providedinthetable, with the Kringle domains defined by their
and C-terminal peptidase domain. b, Numbering of domains based on the firstand last cysteine residues that formadisulfide bond.
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Extended DataFig.2|Co-crystal structures ofapo(a) K,y domains with K7 incomplex with LSN3441732 (PDB ID: 8V9B). This bivalent compound binds
small-moleculeinhibitors.a, Apo(a) K,,8in complex with LSN3353871 (PDB two Kringle domains simultaneously while conserving all the interactions
ID: 8TCE). Amino acidsinvolvedinligand binding are labelled and the ligand observedinmonomericbinding.c, Apo(a) K8 incomplex with LY3473329

hydrogenbondsto D54, E56, Y62 and R69 are shown as yellow rods. b, Apo(a) (PDBID: 8V87), also conserving the same interactions.
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ascompared to vehicle. ¢, Percentage inhibition of clot dissolution mediated
by LY3473329 in human platelet-poor plasma (compound concentration
0.03-100 pM) as compared to vehicle.d, Percentage inhibition of clot
dissolution mediated by plasminogen inhibitor, tranexamic acid (compound
concentration 0.1-1,000 uM).

Extended DataFig.3|Humanand ratinvitro clot dissolution assay.

a, Percentage inhibition of clot dissolution mediated by LSN3353871in
human platelet-poor plasma (top) or rat citrate plasma (bottom) (compound
concentration 0.03-100 pM) as compared to vehicle. b, Percentage inhibition
of clot dissolution mediated by LSN3441732in human platelet-poor plasma
(top) orrat citrate plasma (bottom) (compound concentration 0.03-100 pM)
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Extended DataFig.4|Rathepatic PIgmRNA after oral doses of LSN3441732.
Change in PlgmRNA in malerat liver after four days of oral dosing with
LSN3441732. Dataare fromone experiment withn =5 per group (circles) with
mean +s.e.m.shown. PlgmRNA was measured by RT-qPCR from liver of male
Sprague Dawley rats dosed with varying oral doses of LSN34 41732 for 4 days.
Relative quantification was calculated using the comparative Ct method and
Gapdh mRNA served as the normalizing control.
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Extended DataFig. 5| Analysis of Kringle domains in LPA and potential
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thatarelikely to reduce binding affinity. The only off-target Kringle domain

off-target proteins. a, Multiple sequence alignment of Kringle domains from
LPA, plasminogen (PLG)/angiostatin, plasminogen activator urokinase (PLAU),
plasminogenactivator tissue type (PLAT, tPA), and prothrombin (F2). Residue
numberingisbased onthetypelVKringle domainsin LPA from the first to
thelast cysteine, which form a disulfide bond. Residues interacting with
compounds published in this study are indicated with black triangles, and the
key DXE residues are indicated with red triangles. Disulfides form between
Cysl1-Cys78, Cys22-Cys61, Cys50-Cys73.b, Detailed comparison of LPAKringle
domains with off-targets containing Kringle domains, highlighting variations

that conserves the DxE motifseenin LPAK,,5/6/7/8 is that of the human
plasminogen Kringle Ildomain. Yellow squaresindicate potentially disruptive
variations, and orange squares indicate the most disruptive variations. Asp54
istheonlyresiduestrictly conserved across all these human Kringle domains.
¢,LY3473329 isshownbinding to one of three copies of LPAK,,8; interacting
residues arelabelled. The proteinribbonis coloured blue tored fromthe N to
the C terminus. Ser67 is also shown, becauseit is this residuein LPAK,9 (Cys67)
that formsadisulfide bond with ApoB (in the absence of inhibitor).



Extended Data Table 1| Assessment of apo(a) K,, domain binding selectivity using ITC

c Hz

LSN3353871 LSN3441732 LY3473329
Kiv2 (Kq in nM) >1000000 130000 3900
K8 (Kg in nM) 756 <10nM 22
Fold-difference (Kiv2:Ki/8) >1300 >13000 177

ITC of compounds with apo(a) domain K;,2 or K,,8.
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Extended Data Table 2 | Pharmacokinetics of LSN3353871in mice and monkeys after oral administration

Species (matrix) Dose (mg/kg) Day of dosing Time point or Drug concentration or PK value
PK parameter (mean + SD)
Mouse (blood) 3 5 4-h time point 13,600 + 1,020 nM
10 5 4-h time point 21,600 + 2,560 nM
30 5 4-h time point 28,000 + 4,330 nM
100 5 4-h time point 38,000 + 2,950 nM
Monkey (plasma) 20 14 AUC“Hzm 136,000 + 16,186 nM * h
40 14 AUC(MM) 209,500 £ 2,8511 nM * h
20 14 C. o 22,289 + 6,928 nM
40 14 Cmax 29,601 + 8,719 nM
20 14 Tmax 1.5+£05h
40 14 T 1.5+05h

Abbreviations: AUC(q_.,1,), area under the curve from O to 12 h after dosing; C,,,.. maximal concentration; PK, pharmacokinetic; SD, standard deviation; T,..,, time at which C,,, occurs.



Extended Data Table 3 | Radioligand binding to recombinant apo(a) K,, subdomains

Kiv5-8 Kiv7-8 K5 K6 K7 K8 K10

Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2
Frsazaass K, (M) 14 12 34 19 19 31 27 15 >200
[3H]3441732 K, (nM) 0.33 0.32 0.10 3.0 27 3.0 1.0

Results are shown from either one or two independent experiments. Exp 1, Experiment 1; Exp 2, Experiment 2. K, Kringle IV domain; Kj, equilibrium dissociation constant.
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Extended Data Table 4 | Pharmacokinetics of LSN3441732 in mice and monkeys after oral administration

Species (matrix) Dose (mg/kg) Day of dosing Time point or PK Drug concentration or PK
parameter value (mean + SD)

Mouse (blood) 1 5 4-h time point 147 + 126 nM

3 5 4-h time point 432 £ 203 nM

10 5 4-h time point 465 + 167 nM

30 5 4-h time point 625 + 184 nM
Monkey (plasma) 2 14 AUC(0-96 r) 5,630 £ 1,540 nM * h

10 14 AUC (0-96 r) 22,200+ 8,280 nM * h

2 14 Cinax 754 + 428 nM

10 14 Cinax 4,380 + 3,640 nM

2 14 Trnax 3.81+2.14h

10 14 Trnax 2.06+1.32h

Abbreviations: AUC(,_gs ). area under the curve from O to 96 h after dosing; C,..., maximal concentration; PK, pharmacokinetic; SD, standard deviation; T,.,,, time at which C,,, occurs.



Extended Data Table 5 | Pharmacokinetics of LY3473329 in mice and monkeys after oral administration

Species (matrix) Dose (mg/kg) Day of dosing Time point or PK Drug concentration or
parameter PK value (mean + SD)
Mouse (blood) 1 5 4-h time point 284 +11nM
3 5 4-h time point 97.3+39.1 nM
10 5 4-h time point 215+ 34.6 nM
30 5 4-h time point 264 + 39.3 nM
Monkey (Plasma) 1 15 AUC((0-96 fr) 35,800 + 11,500 nM*hr
10 15 AUC (0-96 r) 207,000 + 15,700 nM*hr
100 15 AUC (0-96 fr) 294,000 + 25,500 nM*
hr
1 15 Crnax 911+ 225 nM
10 15 Cinax 3,470 £ 186 nM
100 15 Crnax 4,850 + 89.6 nM
1 15 Trmax 7+57hr
10 15 Tonax 0.5+0hr
100 15 Trnax 1+1hr

Abbreviations: AUC(q_gs1,,), area under the curve from O to 96 h after dosing; C...,, maximal concentration; PK, pharmacokinetic; SD, standard deviation; T,,,,. time at which C,,,, occurs.
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Extended Data Table 6 | Summary comparison of in vitro and in vivo characterization of compounds

+

_'N
cr H
LSN3353871 LSN3441732 LY3473329
Lp(a) assembly ICso (nM) 1690 0.18 0.09
Lp(a) transgenic mice®
EDsg (mg/kg) /% Lp(a) max decrease 14 /78 4179 3/91.2
% max Lp(a) decrease (dose, mg/kg) 40 (20) 79 (30) 91.2 (100)
Cynomolgus monkeys®
%Lp(a) max decrease (dose, mg/kg) 40 (20)° 40 (2) 73 (100)°
56 (10)°
Monkey plasma
Cinax M (dose, mg/kg) 22,289 + 6,928 (20) 754 £428 (2) 911 +£ 225 (1)
29,601 +8,719 (40) 4,380+ 3,640 (10) 3,470 + 186 (10)
4,850 + 89.6 (100)
Tmax h (dose, mg/kg) 1.5+ 0.5h (20) 381+2.14(2) 7+5.7hr(1)
(20 & 40) 206+ 1.32(10) 05+ 0hr (10)

1 1 hr (100)

*BID, 5 days dosing. °BID, 14 days dosing. °QD, 14 days dosing.
Abbreviations: ICs, half-maximal inhibitory concentration; EDy,, median effective dose; C,,,,, maximal concentration; T, time at which C,,,, occurs; BID, twice a day; QD, once a day.
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Data collection  The crystallography diffraction data were indexed and integrated using MOSFLM 7.0.5 and merged and scaled with Scala 3.3 and Truncate 6.5
from the CCP4 6.5 suite. The coordinates were refined using Refmac 5.8 (CCP4). Model building was performed with Coot 0.8 (CCP4) and final
structure validation with MolProbity 4.02 and CCP4 validation tools.

Data analysis All'in vitro and in vivo data were analyzed in GraphPad Prism version 9.5.1. For Isothermal Calorimetry, MicroCal PEAQ-ITC Analysis Software
v.0.9. Non-human primate data were analyzed by repeated measures analysis of variance (ANOVA) in SAS 9.4. Statistical significance for
Quantitative PCR was evaluated using JMP 16.1.0 software. The non-compartmental plasma PK parameters were calculated using Watson
(version 7.5). Structural data images shown were generated with Molecular Operating Environment (MOE), 2022.02.
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All data supporting the in vivo findings are available within this article and in the extended data. The coordinates and structure factor files have been deposited in
the Worldwide Protein Data Bank (https://www.wwpdb.org/) under the following accession numbers: 8TCE (KIV8 + LSN3353871), 8V9B (KIV7 + LSN3441732), and
8V8Z (KIV8 + LY3473329).
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Sample size Sample sizes were powered to detect significant Lp(a) lowering while ensuring no more animals were studied than necessary
Data exclusions  No data were excluded
Replication Replicates are noted in the Figure legends

Randomization  Mice and cynomolgus monkeys were randomized to treatment groups by body weight and baseline plasma Lp(a) concentration using block
randomized allocation tool (BRAT). Rats were randomized to treatment groups by baseline plasma plasminogen concentration and activity
using BRAT.

Blinding The investigator measuring Lp(a) efficacy in mouse and monkey pharmacology studies was blinded to group allocation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[1IX Antibodies [ ] chiP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| g Animals and other organisms

g |:| Clinical data

|Z |:| Dual use research of concern

|Z |:| Plants

Antibodies
Antibodies used Goat anti-Lp(a) antibody (Abcam ab31675) was diluted 1:12500 in Hepes-buffered saline to create capture plates. HRP-conjugated
goat anti-apoB antibody (Abcam ab27622) was diluted 1:3000 for detection.
Validation As reported by the manufacturer, ab31675 recognizes lipoprotein a: 100%, Plasminogen: 0%, LDL: 0%, Apo B: 0%, and ab27622

recognizes Apolipoprotein B (Abcam, Cambridge, UK).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HepG2 (HB-8065, ATCC) HEK293 (CRL-1573, ATCC)
Authentication None were authenticated
Mycoplasma contamination Mycoplasma presence was not routinely evaluated

Commonly misidentified lines  None of the commonly misidentified cell lines were used in this study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Male Sprague Dawley rats, body weights ranged from 280-330 g, and age ranged from 8-9 weeks old.
Lp(a) transgenic mouse studies were conducted in female Lp(a) mice (B6.SJL-Tg(APOB)1102Sgy Tg(Alb-LPA)32Arte, Taconic,
Rensselear, NY) ranging in age from 7 to 17 months old in each study.
Female or male cynomolgus monkey studies were conducted in subjects of unspecified ages with body weights ranging from 2-5 kg.
Wild animals No wild animals were used in the study
Reporting on sex Male and female as noted in Methods and figure legends

Field-collected samples  No field collected samples were used in the study

Ethics oversight All procedures were conducted in compliance with the Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals,
and the Office of Laboratory Animal Welfare (Covance Laboratories Inc, Greenfield, IN, USA for cynomolgus monkey studies and Eli
Lilly and Company, Indianapolis, IN, USA for mouse and rat studies).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks Not applicable to this study

Novel plant genotypes  Not applicable to this study

Authentication Not applicable to this study
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