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ABSTRACT: Merck & Co. recently reported one of the first
mRNA display-derived clinical candidates in a bioavailable
inhibitor of proprotein convertase subtilisin/kexin type 9
(PCSK9). Herein, we discuss the chemical and pharmacological
challenges surmounted in bringing this compound to trials and the
current outlook for mRNA display-based therapeutic development.
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Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a
well-characterized serine protease implicated in the

progression of hypercholesterolemia and multiple cardiovas-
cular diseases.1,2 Specifically, PCSK9 regulates levels of low-
density lipoprotein receptors (LDLRs) on hepatocytes, which
natively bind LDL cholesterol (LDLC) for uptake and
breakdown by the liver.1 PCSK9-bound LDLRs, however, are
removed via lysosomal degradation3 (Figure 1A); reduced
LDLR levels correlate directly with reduced LDLC metabo-
lism, contributing to hypercholesterolemia. Inhibition of
PCSK9 allows LDLR recycling (Figure 1B) and thereby
increases LDLC metabolism.4

PCSK9 is well-suited for targeting by larger biomolecules
because it is an extracellular protein, circulated in blood. To
date, three biologics�two monoclonal antibodies (mAbs) and
one siRNA�have been FDA-approved for PCSK9 inhibition.
The two mAbs, alirocumab and evolocumab, are both effective
in reducing LDLC levels in a variety of populations with
hypercholesterolemia5 and in reducing cardiovascular
events6−8 when combined with statin therapy. However, they
are expensive (first $14 000/year,9 now $5850/year for
alirocumab and $6056/year for evolocumab after pricing
pressures) and require biweekly or monthly subcutaneous
delivery, factors which have likely prevented the widespread
adoption that was initially expected of these therapies. The
more recently approved siRNA inclisiran produces sustained
LDLC reduction 6 six months after one dose,10 thus requiring

only two doses a year (three in the first year). However, its
price still rivals that of the mAb treatments, at $3250 per dose,
and it is still administered by injection. Several other biologics
are in clinical development for PCSK9 inhibition, including a
fusion protein containing an anti-PCSK9 binding domain11

and an orally available antisense oligonucleotide.12,13 Addi-
tionally, an anti-PCSK9 vaccine,14 CRISPR adenine base
editors,15,16 and a variety of small molecules and peptido-
mimetics17−19 are in the pre-clinical pipeline. Currently,
however, there is no orally bioavailable FDA-approved therapy
for the treatment of hypercholesterolemia via PCSK9
inhibition.
Merck & Co. recently disclosed details on the development

of an orally bioavailable peptide-based inhibitor of PCSK9
derived from an mRNA display selection.20,21 mRNA display
enriches for high-affinity peptide ligands of protein targets
from very large genetically encoded libraries. It is particularly
useful in identifying inhibitors of protein−protein interac-
tions,22,23 since peptides can extend over significantly larger
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surface areas than small molecules. Additionally, unprece-
dented library diversity is routinely achieved through the in
vitro translation of natural and unnatural amino acids and
through post-translational chemical modifications.24,25 Indeed,
as an in vitro selection technique, mRNA display is uniquely
equipped to access chemical diversity that far exceeds that
possible with other cell-based display technologies, such as
phage or yeast display.
Despite the demonstrated ability of mRNA display to

quickly identify potent peptide ligands of protein targets, this
PCSK9 inhibitor is one of the first clinical candidates to result
from an mRNA display campaign. Herein we will summarize
the steps that proved necessary to transform the initial mRNA
display hit into an orally bioavailable clinical candidate, and we
will briefly discuss the future potential and remaining
challenges for mRNA display as a tool for development of
peptide therapeutics.
Merck’s initial mRNA display selection was done in

collaboration with Ra Pharmaceuticals, one of the first
mRNA display biotech companies, and screened 7−12mer
peptide libraries flanked by cysteine residues that were
chemically cyclized via dibromoxylene (DBX) alkylation. Of
the many robust cyclization strategies in display technologies,25

DBX chemistry is one with well-documented success in both
phage and mRNA display.26,27 Upon validation of a successful
selection with initial hit compound 1 (Figure 2a, all numbering
based on the original paper, ref 20) in an LDLR FRET assay, a
medicinal chemistry campaign was initiated to improve
potency, stability, specificity, and bioavailability. Figure 2
summarizes the rationale behind the major modifications made
at each residue to arrive at the optimized lead, compound 44,
as well as key functional groups within this compound that
make important contacts with PCSK9.
One of the first changes involved reducing the size and

complexity of the molecule by removing the N-terminal tail,
which also improved the potency by almost 9-fold (Ki = 110

nM). Significant efforts were then made to improve the
resistance against gut and whole blood proteases. Metabolite
identification studies revealed a susceptible site between the
Pro8 and Cys9 residues. Addition of a methyl group at the
proline α position relieved this vulnerability while simulta-
neously bringing potency into the low nanomolar range (Ki =
4.2 nM). This drastic improvement may be rationalized by
added rigidification from the new quaternary carbon, reducing
the entropic cost of adopting the binding conformation.
Subsequent removal of the C-terminal portion of Cys9

Figure 1. PCSK9 impacts LDLC metabolism by regulating LDLR
levels. (A) PCSK9 binds LDLR on hepatocyte surfaces, triggering
their internalization and degradation by the lysosome. (B) In the
presence of a PCSK9 inhibitor (e.g., monoclonal antibody), the
prevalence of LDLR increases, leading to improved LDLC
metabolism. Adapted with permission from ref 4. Copyright 2022
Mayo Foundation for Medical Education and Research.

Figure 2. Development of macrocyclic PCSK9 inhibitor from mRNA
display hit compound 1 to clinically relevant analog compound 44 via
intermediate analog 8. (a−c) Medicinal chemistry efforts improved
potency, proteolytic stability, and pharmacokinetic properties such as
bioavailability, target specificity, and immunogenicity. Key alterations
made to compound 1 to arrive at compound 44 are highlighted and
summarized. (d) Overlay of structures of compounds 8 (green, PDB:
6XID) and 44 (magenta, PDB: 7S5H) bound to PCSK9, showing the
close conformational conservation of binding poses between the
mono- and tricyclic compounds. aStability data are for the reported
homolog closest to compound 8.
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maintained potency while eliminating a hydrogen bond donor/
acceptor pair. Another protease-susceptible site at Lys1 was
alleviated by replacing Gly2 with a D-Ala residue.
With potency now in the low nanomolar range, crystal

structures for many of the subsequent derivatives became
much more feasible. The first structure revealed that the
macrocycle adopted a “donut-like” conformation, with the
fluorine of 5F-Trp at position 4 extending from the center of
the donut and anchoring the peptide through several
interactions with a shallow pocket on the relatively flat protein
surface. Notably, subsequent analog work demonstrated the
specificity of this interaction by the aryl fluoride, highlighting
the importance of the unnatural amino acid choice in mRNA
display selections. Several areas of the peptide backbone,
including the amine and carbonyl groups of the position 2
residue, the amine of 5F-Trp3, the carbonyl of 5F-Trp4, and
the backbone carbonyl Asp5, make important hydrogen bonds
with PCSK9. Tyr6 forms hydrophobic contacts with another
shallow binding pocket, while the DBX linker sits directly atop
a hydrophobic Ile residue (Figure 2d). This initial crystal
structure also revealed solvent-exposed sites that would serve
as handles to improve potency, stability, and other
pharmacokinetic (PK) properties.
Resistance to degradation by gut proteases, especially

chymotrypsin, remained a concern due to the necessity of
the 5F-Trp4 for potency. Replacing the residues immediately
following 5F-Trp4 with Pro-Thr introduced a turn-inducing
tertiary amine that helped substantially on this front. Still
further improvements in chymotrypsin stability and significant
leaps in potency were achieved through the rather bold
addition of two new macrocyclic linkages. New structures
revealed that the indole ring of 5F-Trp3 and the beta carbon of
newly installed Pro5 might be appropriately positioned to
allow cross-linking. Thus, 5F-Trp3 was replaced with m-allyl-
Phe, and an o-allyl group was added to the beta carbon of
Pro5; cyclization via olefin cross-metathesis to the trans-alkene
resulted in a 10-fold increase in potency, breaking into the sub-
nanomolar range (Ki = 0.39 nM). A crystal structure of this
bicycle showed no new contacts with PCSK9, suggesting that
potency gain was likely entropic. Structures also suggested that
another linkage might be possible between the indole ring of
5F-Trp4 and the DBX linker. These two positions were joined
through a click cyclization between the indole nitrogen and the
meta-DBX aryl ring, installing a polar triazole. Gratifyingly, the
now tricyclic compound demonstrated a >40-fold improve-
ment in potency (Ki = 0.0094 nM). Structures again showed
these improvements to be entropic, speaking to the power of
conformational rigidity in peptide−protein interactions.
Notably, click cyclization alone did not cause a drastic potency
increase (Ki = 1.36 nM), suggesting a clear synergistic
stabilization between the click and metathesis reactions.
Remaining analogs were aimed at improving PK parameters

such as oral bioavailability, clearance, immunogenicity, and
specificity. Two important off-target activities observed in
earlier analogs were inhibition of a hepatic organic anion
transporter protein (OATP), a known contributor to renal
secretion and clearance, and mast cell degranulation, which has
been implicated in pseudoallergic drug reactions.28−30 The
authors noted that, in previous empirical evidence, they had
observed (1) a direct correlation between lipophilicity and
OATP inhibition and (2) lysine basicity contributing to off-
target effects such as mast cell degranulation and histamine
release. Lys1 proved key in efforts to circumvent both off-

target activities while also improving bioavailability, as it was
completely solvent exposed and could be readily manipulated
without perturbing other interactions. Thus, a PEG linker
equipped with a trimethylammonium group was installed at
Lys1 to arrive at the late-stage analog compound 44 (Figure
2c). Pleasingly, this removed both OATP inhibition and
degranulation concerns while maintaining the desired potency
(Ki = 0.00239 nM). When dosed with the excipient Labrasol in
rats, compound 44 showed 2.7% bioavailability, low clearance,
and a reasonable half-life of 4.6 h. Similar lipoidal excipients
have previously been used for oral delivery of the GLP-1
analog semaglutide in the treatment of type 2 diabetes,31

showing the prior utility of emulsion systems in achieving oral
peptide therapeutics. Indeed, the excipient was critical in
achieving desired pharmacological effects in this campaign, as
compound 44 did not show any bioavailability when dosed
intraduodenally with standard vehicles.
The overall goal of this campaign was to develop a lead

molecule with antibody-like affinity that demonstrated PCSK9
and LDLC reduction comparable to the standard of care
(>80% reduction of PCSK9 and >50% reduction of LDLC).
Having achieved the target potency, compound 44 was dosed
intravenously (0.2 mg/kg) into cynomolgus monkeys to effect
>50% LDLC reduction at 48 h, low clearance, and a 7.6 h half-
life. When 44 was orally dosed with Labrasol (1 mg/kg), >80%
reduction of PCSK9 was observed between 30 min and 6 h,
with 60% reduction observed at 24 h. Due to its exquisite
potency, oral bioavailability was satisfactory at 2.9%.
At an American Heart Association meeting in late 2021,

Merck & Co. reported promising data from a phase I clinical
trial with their final candidate, MK-0616. When dosed in
healthy men, MK-0616 reduced PCSK9 blood levels by >90%,
with no serious side effects. When added to an existing statin
therapy for 2 weeks in men and women with high cholesterol,
MK-0616 decreased LDLC levels by ∼65%. With this
encouraging data, phase II studies are currently underway in
patients with renal impairment.
MK-0616 marks one of the first clinical candidates born

from an mRNA display selection. The initial hit compound
binds a large but relatively shallow surface of PCSK9,
reinforcing the utility of peptides as therapeutics against
proteins with superficial binding pockets. Notably, the
selection campaign incorporated several unnatural amino
acids into its libraries, including what proved to be an
indispensable 5F-Trp residue. This exemplifies the advantage
and even necessity of diversifying display libraries beyond
canonical amino acids to increase the likelihood of successful
selections.
Yet, the journey from the initial mRNA display hit to final

clinical candidate certainly required extensive efforts. Like
many small-molecule hit-to-lead optimization campaigns,
substantial medicinal chemistry was required to arrive at a
lead compound with desired potency, clearance, and
selectivity. However, unlike small molecules, additional factors
such as proteolytic stability, immunogenicity, and bioavail-
ability were also tackled in a specific fashion during the
development campaign. Additionally, and in further contrast to
small molecules, potency improvements were not caused by
new interactions between peptide analogs and PCSK9. Instead,
the picomolar potency of compound 44 was largely achieved
by reducing the entropic cost required to reach the correct
peptide binding conformation, while intermolecular interac-
tions remained mostly unchanged. Indeed, the addition of two
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stabilizing cyclizations alone synergistically increased the
potency by almost 500-fold (from Ki = 4.2 nM to Ki =
0.0094 nM). Importantly, dosing 44 with Labrasol granted the
minimal but crucial bioavailability required for oral delivery of
this therapeutic. 44 showed no intraduodenal bioavailability
with standard vehicles, a common challenge facing many
peptide inhibitors, so its picomolar affinity was essential to
achieve the desired pharmacological response with the nominal
bioavailability it was awarded.
This development campaign details one of the first instances

where an mRNA display hit was successfully developed into an
orally bioavailable clinical candidate. Exhaustive medicinal
chemistry, reliance on excipient strategies, and superb inhibitor
potency were all imperative factors for success and thus may
prove to be standard features in future oral peptide therapeutic
development. To potentially minimize these considerable
efforts, however, it will be fruitful to continue endeavors in
creating chemically diverse mRNA display libraries, such as
those with increased proteolytic resistance or lipophilicity.
Enhanced bioavailability may also be achieved by creating
smaller macrocycles with extensively reprogrammed genetic
codes to maximize library diversity within a small number of
residues. These types of advances will likely be crucial in
making mRNA display a reliable tool for the quick
identification of clinically relevant peptide ligands.
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