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A B S T R A C T

Background: Proprotein convertase subtilisin/kexin type 9 (PCSK9) regulates serum LDL cholesterol (LDL-C)
levels by facilitating the degradation of the LDL receptor (LDLR) and is an attractive therapeutic target for
hypercholesterolemia intervention. Herein, we generated a novel fully human antibody with favourable
druggability by utilizing phage display-based strategy.
Methods: A potent single-chain variable fragment (scFv) named AP2M21 was obtained by screening a fully
human scFv phage display library with hPCSK9, and performing two in vitro affinity maturation processes
including CDR-targeted tailored mutagenesis and cross-cloning. Thereafter, it was transformed to a full-
length Fc-silenced anti-PCSK9 antibody FAP2M21 by fusing to a modified human IgG1 Fc fragment with
L234A/L235A/N297G mutations and C-terminal lysine deletion, thus eliminating its immune effector func-
tions and mitigating mAb heterogeneity.
Findings: Our data showed that the generated full-length anti-PCSK9 antibody FAP2M21 binds to hPCSK9
with a KD as low as 1.42 nM, and a dramatically slow dissociation rate (koff, 4.68 £ 10�6 s�1), which could be
attributed to its lower binding energy (-47.51 kcal/mol) than its parent counterpart FAP2 (-30.39 kcal/mol).
We verified that FAP2M21 potently inhibited PCSK9-induced reduction of LDL-C uptake in HepG2 cells, with
an EC50 of 43.56 nM. Further, in hPCSK9 overexpressed C57BL/6 mice, a single tail i.v. injection of FAP2M21
at 1, 3 and 10 mg/kg, dose-dependently up-regulated hepatic LDLR levels, and concomitantly reduced serum
LDL-C by 3.3% (P = 0.658, unpaired Student’s t-test), 30.2% (P = 0.002, Mann-Whitney U-test) and 37.2%
(P = 0.002, Mann-Whitney U-test), respectively.
Interpretation: FAP2M21 with potent inhibitory effect on PCSK9 may serve as a promising therapeutic agent
for treating hypercholesterolemia and associated cardiovascular diseases.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hypercholesterolemia, particularly an increase in circulating low-
density lipoprotein cholesterol (LDL-C), predisposes to the develop-
ment of cardiovascular diseases (CVDs) which constitute the leading
cause of mortality globally [1]. LDL-C in circulation is primarily
cleared by hepatocellular LDL receptor (LDLR)-mediated endocytosis.
Once serum LDL particles bind to the cell surface LDLR of hepatocytes,
internalization of the LDL/LDLR complexes is initiated through cla-
thrin-dependent endocytosis, and then LDL-C is directed to lyso-
somes for degradation while LDLR recycles back to the plasma
membrane [2].

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a secre-
tory serine protease composed of 692 amino acids and principally
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Research in Context section

Evidence before this study

Previously, multiple PCSK9 inhibitors have been shown to
enhance hepatocyte clearance of plasma LDL-C by reducing the
degradation of LDL-R and may serve as a useful supplement or
replacement for statin therapy. Among PCSK9 inhibitors, two
fully human mAbs against PCSK9 derived from transgenic mice
platforms have entered clinic use as LDL-C-lowering drugs.
Notably, other than transgenic mice, phage display technology
is an alternative powerful platform to generate fully human
mAbs. Thus, this study was designed to develop a highly potent
human antibody against PCSK9 with favourable druggability by
utilizing phage display-based strategy for future therapeutic
applications.

Added value of this study

Herein, we describe the discovery, affinity maturation and char-
acterization of a novel fully human mAb (FAP2M21) against
PCSK9 from a naïve human phage library. Our data showed that
the generated fully human, anti-PCSK9 IgG1 mAb FAP2M21
binds to PCSK9 with a KD as low as 1.42 nM, and a dramatically
slow dissociation rate (koff, 4.68 £ 10�6 s�1). In vitro tests indi-
cated that FAP2M21 significantly up-regulated LDLR levels and
potently inhibited the PCSK9-induced reduction of LDL-C
uptake in HepG2 cells, with an EC50 of 43.56 nM. In vivo func-
tional studies demonstrated that FAP2M21 dramatically
reduced the serum LDL-C and TC levels in hPCSK9 overex-
pressed C57BL/6 mice model after a single tail i.v. injection of
FAP2M21 at doses of 1�10 mg/kg. The data demonstrate that
FAP2M21 is a novel potent fully human anti-PCSK9 IgG1 mAb
derived from human phage library, and the extremely slow dis-
sociation rate it possesses appears to be favourable to its
druggability.

Implications of all the available evidence

FAP2M21 is a novel potent fully human anti-PCSK9 IgG1 mAb
discovered by utilizing phage display-based strategy. It binds to
PCSK9 with a KD as low as 1.42 nM, and a dramatically slow dis-
sociation rate (koff, 4.68 £ 10�6 s�1), and potently inhibits
PCSK9-mediated LDLR degradation and robustly reduces the
serum LDL-C and TC levels in a hyperlipidemic mouse model,
suggesting that FAP2M21 possesses favourable druggability
and may serve as a promising candidate for treating hypercho-
lesterolemia and associated cardiovascular disease.
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synthesized in hepatocytes [3]. As a well-known indirect regulator of
serum LDL-C, the secreted PCSK9 in circulation binds to the epider-
mal growth factor-like repeat A (EGF-A) domain of the LDLR on the
liver cell surface, and directs the LDLR towards lysosomal degrada-
tion rather than recycling to the cell surface, thereby decreasing the
hepatic uptake of LDL-C [4�6]. Hence, inhibiting PCSK9 synthesis,
secretion or blocking its interaction with LDLR can facilitate LDLR
recycling, thereby enhancing LDL-C clearance and reducing the risk
of CVDs [7]. Besides, PCSK9 has been found to be upregulated in hep-
atocytes in nephrotic syndrome (NS) and obese subjects, as well as
statin-treated patients [8�10], which allows it to be an attractive
therapeutic target for these metabolic disorder diseases. So far, two
fully human anti-PCSK9 antibodies including evolocumab and aliro-
cumab developed by transgenic mice platforms have been approved
for treating hypercholesterolemia in clinic [11].
Notably, other than transgenic mice platforms, phage display
technology, which was awarded the 2018 Nobel Prize in Chemistry,
provides an alternative powerful platform to discover fully human
mAbs [12]. In principle, human antibody proteins such as single-
chain variable fragments (scFvs) or antigen-binding fragments (Fabs)
are displayed on the surface of the filamentous phage, which allows
the in vitro screening of human antibodies against almost any anti-
gens even including toxins and non-immunogenic antigens [13].
Since the antibodies derived from a naïve library have not gone
through an in vivo somatic hypermutation process, further in vitro
affinity maturation is usually needed to achieve high-affinity anti-
bodies [14]. For example, the first marketed fully human mAb (adali-
mumab) against tumour necrosis factor-a (TNF-a), which was
approved by the US FDA for the treatment of moderate to severe
rheumatoid arthritis in December 2002, was developed by using
phage display technology [15]. To date, numerous phage display-
derived antibodies have been approved or under advanced clinical
investigation [13,16,17]. Phage display strategy has proven to be a
valuable, robust, and efficient approach to discover and develop
human therapeutic antibodies.

Herein, we explored to discover a highly potent human mAb
against human PCSK9 (hPCSK9) by using phage display technology.
First, a naïve phage-displayed human scFv library was screened by
biopanning to identify a lead candidate with modest binding affinity
to hPCSK9. Second, the parental scFv was subjected to in vitro affinity
maturation via parallel CDR walking mutagenesis targeting the key
amino acids in CDR loops using one-step mutagenesis PCR [14,18,19].
Third, cross-cloning was performed to achieve the exchange of CDR
regions of several most improved variants which leave framework
regions unperturbed [20,21], so as to generate a highly potent human
scFv antibody against PCSK9. Thereafter, a full-length human anti-
PCSK9 antibody FAP2M21, with a high affinity for hPCSK9 and a dra-
matically slow dissociation rate, as well as potent in vivo hypolipi-
demic activity, was developed.

2. Methods

2.1. Reagents and antibodies

MEM (Cat# 41500034), Opti-MEM (Cat# 31985070) and Pluronic-
F68 (Cat# 9003-11-6) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Fetal bovine serum (Cat# F2442), penicillin G
sodium salt (Cat# PENNA) and streptomycin solution (Cat# 5711)
were obtained from MilliporeSigma (Burlington, MA, USA). The linear
polyethyleneimine (Cat# 23966, LPEI, 25 KDa) was purchased from
Polysciences (Warrington, Pennsylvania, USA). HyCloneTM HyCellTM

CHO Medium (Cat# SH30933.02) was purchased from GE Healthcare
(Piscataway, NJ, USA). Bovine serum albumin (Cat# 9048�46-8) was
obtained from Biofroxx (Einhausen, Hessen, Germany). Agarose Gel
DNA Extraction Kit (Cat# 9762) and Dpn I (Cat# 1609) were bought
from TaKaRa (Dalian, Liaoning, China). Rabbit anti-PCSK9 antibody
(Cat# ab181142) and rabbit anti-LDLR antibody (Cat# ab52818,
RRID:AB_881213) were obtained from Abcam (Cambridge, UK). HRP-
conjugated mouse anti-M13 antibody was obtained from Sino Biolog-
ical (RRID:AB_2857926, Cat# 11973-MM05T-H, Beijing, China). RIPA
lysis buffer was obtained from Solarbio (Cat# R0020, Beijing, China).
Phenylmethyl sulfonyl fluoride (PMSF) was purchased from Amresco
(Cat# M145-5G, Solon, OH, USA). Glutamine (Cat# A600224), TMB
substrate (Cat# A600954), IPTG (Cat# A100487), rabbit anti-GAPDH
antibody (Cat# D110016), HRP-conjugated goat anti-rabbit IgG (Cat#
D110058) and Alexa Fluor 488�-conjugated goat anti-rabbit IgG
(Cat# D110061) were bought from BBI (Toronto, ON, Canada). LDL
labelled with 1, 1’-dioctadecyl - 3, 3, 3’, 3’-tetramethyl- indocarbo-
cyanine perchlorate (DiI-LDL) was obtained from Yiyuan Biotechnol-
ogies (Cat#YB-0011, Guangzhou, Guangdong, China). Assay kits for
LDL-C (Cat# A113-1), TC (Cat# A111-1), TG (Cat# A110-1) and HDL-C



M. Xu et al. / EBioMedicine 65 (2021) 103250 3
(Cat# A112-1) were obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, Jiangsu, China).

2.2. Cell cultures

Human hepatic HepG2 cells (RRID:CVCL_0027) were obtained
from China Infrastructure of Cell Line Resources (Beijing, China) and
validated by short tandem repeat (STR) DNA fingerprinting. The cells
were maintained at 37 °C,5% CO2, in MEM supplemented with peni-
cillin (100 U/mL), streptomycin (100 mg/mL) and 10% (v/v) fetal
bovine serum (FBS). Chinese hamster ovary (CHO-3E7) cells (RRID:
CVCL_JY74) were obtained from GenscriptBiotech (Nanjing, Jiangsu,
China) and cultured in HyCloneTM HyCellTM CHO Medium, supple-
mented with 4 mM glutamine and 0.1% (w/v) Pluronic-F68, in a
humidified 37 °C incubator shaker under constant agitation rate (120
rpm) with 5% CO2.

2.3. Antigen preparation

The coding sequence of hPCSK9 (Genbank accession number:
NM_174936.3) fused with a Kozak consensus sequence (GCCGCCACC)
[22] at the 5’-end and a 6 £ His-tag gene at the 3’-end was synthe-
sized at Genscript Biotech and subcloned into the mammalian
expression vector pTT5 at EcoR I/Hind III restriction sites (Fig. S1).
After confirmed by sequencing, the construct was transfected into
CHO-3E7 cells by using 25 KDa LPEI for the transient expression of
hPCSK9 protein [23]. After transfection for 7 days, the culture super-
natant was harvested by centrifugation at 12000 £ g for 20 min.
Then, hPCSK9 was purified using Ni2+ Based immobilized metal ion
affinity chromatography (Ni-IMAC, GE Healthcare), followed by
SuperdexTM 200 HR 10/300GL size-exclusion chromatography (GE
Healthcare) according to the manufacturer's instructions. Protein
concentration was quantified by using the BCA protein assay kit (Bio-
miga, San Diego, CA, USA).

2.4. Library panning

Four rounds of panning were performed in immune tubes (Nunc,
Roskilde, Denmark) coated with recombinant hPCSK9 using a fully
human naive scFv phage display library, which was previously con-
structed in our lab [24]. Briefly, the immune tubes were coated with
two-fold serial dilution concentration of PCSK9 (60, 30, 15 and
7.5 mg/mL for each round) in carbonate buffer (pH 9.6) at 4 °C over-
night. After blocked with 4 mL PBS containing 2% (w/v) skim milk,
the antigen-coated tube was incubated with amplified phage par-
ticles at 25 °C for binding for 120 min (the time for the remaining
three rounds was 100, 80 and 60 min, respectively). The unbound
phages were removed by washing with 0.1% (v/v) Tween-20/PBS for
five times (10, 15 and 20 times for later rounds), while the bound
phages were eluted by 1 mL of 100 mM triethylamine (pH 12) and
used to infect exponentially growing E. coli TG1 cells for next round
of panning.

2.5. Monoclonal phage ELISA

Enriched clones obtained from the fourth round of panning were
spread on 2 £ YT-AG plates (2 £ YT medium with 100 mg/mL Amp
and 2% (w/v) Glucose) and randomly picked for monoclonal phage
ELISA analysis as previously described [24]. Phage-scFv clones were
considered as positive clones if the absorbance signals were three
times greater than the absorbance obtained with BSA. M13KO7
helper phage was also served as a negative control in this assay.
Besides, noncompetitive phage ELISA with the addition of increasing
titers of phages (103, 104, 105, 106, 107, 108, 109, 1010 pfu/ml) and
competitive phage ELISA with the addition of increasing amounts of
free hPCSK9 (10, 102, 103, 104, 105, 106, 107 pg per well) were also set
up to further compare the sensitivity and specificity of the most posi-
tive phage clones [25].

2.6. Construction of scFv Mutant Library

Construction of the parental PCSK9 binding scFv mutant library
was performed parallelly for six complementary determination
regions (CDRs) by PCR mutagenesis. In brief, the six CDR loops were
determined using the AbM definition schemes issued by Oxford
Molecular's AbM antibody modelling software [26,27]. Five of the
CDR loops (HCDR1, HCDR2, LCDR1, LCDR2 and LCDR3) were submit-
ted to canonical structure prediction and amino acid frequencies
analysis in the abysis database (www.bioinf.org.uk) [28], and then
the degenerate oligomers for these five CDR loops (Table 1) were
designed based on the amino acid preferences as described previ-
ously [29,30]. For HCDR3, the degenerate oligonucleotides (Table 1)
with the NNS codon (N randomizing with all four nucleotides and S
introducing only C or G) were designed to introduce random muta-
tions to the hotspots (RGYW and AGY) [14] since this hypervariable
region is not applicable to the canonical clustering method. After-
wards, CDR-targeted semi-random mutagenesis was performed by
one-step mutagenesis PCR [31] using the parental phagemid pCAN-
TAB5-AP2 as a template. PCR products at 5.3 kb were gel-purified,
digested with the restriction enzyme Dpn I (TaKaRa, Dalian, China) to
remove the methylated template plasmid and transformed into TG1
electrocompetent cells. Library size was determined by serial dilution
plating and colony counting.

2.7. Soluble expression and purification of scFv antibodies

The selected scFv genes were subcloned into the prokaryotic
expression vector pET-27b (Novagen, Madison, WI, USA) at Nco I/
Hind III sites and transformed into E. coli BL21(DE3). Following induc-
tion with 0.2 mM IPTG at 16 °C for 20 h, the expressed soluble scFv
with C-terminal 6 £ His-tag was isolated from the periplasm and
purified by a Ni-IMAC column (GE Healthcare), followed by size-
exclusion chromatography on a SuperdexTM 75.10/300 GL column
(GE Healthcare) using PBS as the running buffer on a Biologic Duo
Flow chromatography system (Bio-Rad, Hercules, CA, USA).

2.8. Real-time binding kinetics analysis

The binding kinetics of each antibody against hPCSK9 was ana-
lyzed by Bio-Layer Interferometry (BLI) using a ForteBio Octet QKe

System (ForteBio, Fremont, CA, USA) according to the manufacturer's
instruction. All steps were performed at 30 °C with shaking at
1000 rpm. Briefly, hPCSK9 was biotinylated using a biotinylation kit
(Genemore, Cat# G-MM-IGT, Shanghai, China) and immobilized on
the surface of streptavidin biosensors for 300 s. Then, the hPCSK9-
captured biosensors were dipped into two-fold series dilution of anti-
bodies for 300 s or longer (association phase) and moved to assay
buffer (PBS, pH 7.4, 0.02% Tween 20, 0.1% BSA) without analytes for
600 s (dissociation phase). The concentrations of scFv used were
3000, 1500, 750 and 375 nM, while the concentrations of mAb used
were 800, 400, 200 and 100 nM, respectively. The kinetic constants
including kon, koff, and KD were analyzed by using ForteBio data analy-
sis software ver. 7.1.

2.9. Western blot analysis

Western blot was performed to measure the protein expression
levels in HepG2 cells or tissues as previously described [32]. The cells
were washed with ice-cold PBS for three times and then lysed in cold
RIPA lysis buffer (Solarbio, Beijing, China) containing 1 mM PMSF on
ice for 30 min. Liver tissues were homogenized in ice-cold lysis buffer
with 1 mM PMSF by using a glass homogenizer. After centrifugation
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Table 1
Primers for the CDR-directed massive mutagenesis of AP2.

Primer Sequence (5’-3’) Usage

AP2MUTH1-F TGTGCAGCCTCTGGAKDYNNSNTCNNSNNSTATNNSNKSHVCTGGGTCCGCCAGGCTCCAGGG HCDR1
AP2MUTH1-R CTGGCGGACCCAGBDSMNSNNATASNNSNNGANSNNRHMTCCAGAGGCTGCACAGGAGAGTCT HCDR1
AP2MUTH2-F CTGGAGTGGGTCTCANNSATAWVSNNSDVYDDYNNSNNSVNSNNSTACGCAGACTCCGTGAAGGGC HCDR2
AP2MUTH2-R GGAGTCTGCGTASNNSNBSNNSNNRHHRBHSNNSBWTATSNNTGAGACCCACTCCAGCCCCTTCCC HCDR2
AP2MUTL1-F ATCTCTTGTTCTGGADVSNNSTCCAACATCGGANNSNNSNNSGTAWWCTGGTACCAGCAGCTCCCAGG LCDR1
AP2MUTL1-R TGCTGGTACCAGWWTACSNNSNNSNNTCCGATGTTGGASNNSBHTCCAGAACAAGAGATGGTGACCCT LCDR1
AP2MUTL2-F AAACTCCTCATCTATNNSRHYNVYNNSCKBNNSWCAGGGGTCCCTGACCGATTCT LCDR2
AP2MUTL2-R CAGGGACCCCTGWSNNVMGSNNRBNRDYSNNATAGATGAGGAGTTTGGGAGCCGT LCDR2
AP2MUTL3-F GCTGATTATTACTGTVVYDBYTGGGATNNSAGCCTGNNSNNSNNSKTATTCGGCGGAGGGACCAAGC LCDR3
AP2MUTL3-R CTCCGCCGAATAMSNNSNNSNNCAGGCTSNNATCCCARVHRBBACAGTAATAATCAGCCTCATCCTC LCDR3
AP2HOTH3-F GTTGGTCAGGGGTNSNNSNNTTGGGGCCAAGGCACCCTGGTC HCDR3
AP2HOTH3-R GCCTTGGCCCCAANNSNNSNACCCCTGACCAACCGCCCTTCT HCDR3
AP2HOTL3-F CTGTGCSNNSTGGGATGACNNSCTGTCGGCGCGSNNSTTCGGCGGAGGG LCDR3
AP2HOTL3-R GCCGAASNNSCGCGCCGACAGSNNGTCATCCCASNNSGCACAGTAATAA LCDR3

The bold letters represent the mutated bases.

Table 2
Primers for the combination of improved CDRs.

Primer Sequence (5’-3’)

AP2H-FR1-F CATGCCATGGATCAGGTCACCTTGAAGGAGTC
AP2L-FR4-R CCCAAGCTTTTAGTGATGGTGGTGGTGATGACCTAGGACGGTCAGCTTGG
AP2H-FR2-F GGTCCGCCAGGCTCCAGGGAAGG
AP2H-FR2-R CCTTCCCTGGAGCCTGGCGGACC
AP2H-FR4-F CCAAGGCACCCTGGTCACCGTCTCCTCA
AP2H-FR4-R TGAGGAGACGGTGACCAGGGTGCCTTGG
AP2L-FR3-F GGTCCCTGACCGATTCTCTGGCTCCAAG
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at 12,000 g for 15 min at 4 °C, the supernatant was harvested and
total protein concentrations were determined using BCA protein
assay kit (Biomiga, San Diego, CA, USA). An equal amount of protein
from each sample was separated on 10% (w/v) SDS-PAGE and trans-
ferred onto a 0.22 mm polyvinylidene fluoride (PVDF) membrane
(MerckMillipore, Darmstadt, Germany). The membrane was blocked
with a solution of 0.1% (v/v) TBS-Tween 20 (TBST) containing 5% (w/
v) nonfat milk at room temperature for 2 h, then incubated with cor-
responding primary antibodies against LDLR (Cat# ab52818, 1:1000),
GAPDH (Cat# D110016, 1:1000) at 4 °C overnight, followed by incu-
bation with appropriate horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (Cat# D110058, 1:5000) at room temperature for
1 h. Protein bands were developed using ECL (Thermo Scientific, Mas-
sachusetts, USA) and quantified by ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA).

2.10. LDL-C uptake assay

The assay was performed as described previously [33] with slight
modification. Briefly, HepG2 cells were maintained in MEM supple-
mented with 10% FBS. The cells were seeded in 96 well black plates
at a density of 1 £ 104 cells per well and grown to 70% confluence.
Then, cells were pretreated with serum-free opti-MEM for 12 h, fol-
lowed by treatment with 20 mg/ml PCSK9 protein alone or co-treat-
ment with 50 mg/ml anti-PCSK9 scFv proteins for 8 h. Besides, for
measuring EC50 values of the full-length antibodies, cells were
treated with 50 nM hPCSK9 alone or in combination with increasing
concentrations (1�500 nM) of anti-hPCSK9 mAbs. Thereafter, 15 mg/
mL DiI-LDL was added, and the cells were incubated at 37 °C in the
dark for an additional 4 h. Cells incubated with opti-MEM without
Dil-LDL were used as negative control. Cells incubated with Opti-
MEM and 15 mg/mL DiI-LDL were used as the control for normaliza-
tion, respectively. After rinsing with PBS 3 times, LDL-C uptake was
measured on a multimode microplate reader (Varioskan lux, Thermo
scientific) at 520 nm excitation/580 nm emission.

2.11. Combination of improved CDRs from various scFv mutants (cross-
cloning)

To further improve affinity, the independently improved CDRs
from various scFv mutants were combined by the method of cross-
cloning [20,21]. Primers ( Table 2) were designed based on the frame-
work region sequence from the parental AP2. Subsequently, overlap-
extension PCR (OE-PCR) [34] was performed to amplify and assemble
the cross-cloned gene fragments containing two or more optimized
CDRs by using PrimeSTAR� HS DNA Polymerase (TaKaRa, Dalian,
China). These amplified scFv fragments were digested with restric-
tion enzyme Nco Ⅰ and Hind III (TaKaRa, Dalian, China), and cloned
into the prokaryotic expression vector pET-27b (Novagen, Madison,
WI, USA).

2.12. Generation of full-length antibodies

To generate full-length antibodies, the heavy and light chain variable
regions (VH and VL) of scFvs were fused with the constant region of
modified human IgG1 heavy chain (HC) and human lambda light chain
(LC, Genbank accession number: AAA59107.1) by gene synthesis at the
Genscript Inc (Nanjing, China), respectively. The modified HC constant
region contains triple Fc silencing mutations (L234A/L235A/N297G),
known to eliminate antibody-dependent cell-mediated cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC) activity via abol-
ishing the binding to Fcg receptors (FcgRs) and complement protein
C1q [35�38]. The C-terminal lysine residue in the heavy chain was also
deleted to mitigate mAb heterogeneity caused by C-terminal lysine
incomplete cleavage [39,40]. The synthesized full-length HC and LC
genes containing a Kozak consensus sequence [22] followed by a signal
peptide sequence at the 5’-end were subcloned into a mammalian
expression vector pTT5 at EcoR I and Hind III restriction sites, respec-
tively. The signal peptides “MDWTWRFLFVVAAATGVQS” (Genbank
accession number: CAA34971.1) and “MDMRVPAQLLGLLLLWLSGARC”
(Genbank accession number: S24320) were used for the secretory
expression of HC and LC, respectively. The resultant HC and LC expres-
sion plasmids (Fig. S2a and S2b) were co-transfected into suspension
CHO-3E7 cells at 1:1 ratio (w:w) using LPEI for transient expression
[23]. Seven days after transfection, the secreted IgGs in culture superna-
tant were purified by a protein A affinity chromatography (Roche, Man-
nheim, Germany).

2.13. Flow cytometry analysis

Flow cytometry analysis of the LDLR expressed on the cell surface
was conducted as previously described [41], with slight modification.
Following incubation with opti-MEM for 12 h, HepG2 cells were
treated with 20 mg/ml hPCSK9 alone or co-treated with 20 mg/ml
anti-PCSK9 mAbs for 12 h. Then, the cells were digested with trypsin,
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detached by scraping and washed with PBS and collected in a 1.5 ml
tube, then fixed in 200 ml of 4% (w/v) paraformaldehyde in PBS for
5 min at room temperature. Cells were incubated with 200 ml of 0.1%
Tween in PBS (PBS-T) and blocked with 10% goat serum in 0.3 M gly-
cine in PBS for 30 min, then incubated with rabbit anti-LDLR mono-
clonal antibody (Cat# ab52818, 1:100) for 30 min at room
temperature, and followed by incubation with Alexa Fluor� 488-con-
jugated goat anti-rabbit IgG (Cat# D110061, 1:200) for 30 min at
room temperature. After washing, the detection was performed
directly on a Guava EasyCyteTM Flow Cytometry (Merck Millipore,
Germany) at an excitation wavelength of 488 nm and an emission
wavelength of 525 nm. The levels of LDLR on the cell surface were
analyzed by using FlowJo software 7.6 (FlowJo, Oregon, USA) with
10,000 cells.

2.14. Immunofluorescence analysis

Detection of LDLR in HepG2 cells and liver tissues by immunofluores-
cence was performed as previously described [32,41] withminormodifi-
cation. Briefly, after treatment, HepG2 cells were rinsed with PBS for
5 min for 3 times and fixed in 4% (w/v) para-formaldehyde in PBS for
30 min. Liver tissues were fixed in 4% (w/v) para-formaldehyde in PBS at
4 °C for 48 h, embedded in paraffin and sliced at 4 mm thickness. After
deparaffinization and hydration, tissue sections were pretreated by heat-
ing for 20min in sodium citrate solution (0.01M, pH 6.0) in a 95 °Cwater
bath for the antigen retrieval. Thereafter, the cells or tissue sections were
blocked with 10% (v/v) goat serum in PBST for 1 h and incubated with
rabbit anti-LDLR antibody (1:100, Cat# ab52818) overnight at 4 °C, fol-
lowed by incubation with Alexa Fluor� 488-conjugated goat anti-rabbit
IgG (1:200, Cat# D110061) for 1 h at room temperature and counter-
stained with DAPI (KeyGEN BioTECH, Nanjing, China) to show cell
nucleus. Images were acquired by using Zeiss AX10 fluorescence micros-
copy (Zeiss, Oberkochen, Germany).

2.15. Homology modelling and molecular docking

The three-dimensional (3D) structure models of antibody Fv
regions of FAP2M21 and FAP2 were built via homology modelling
using the ABodyBuilder server (http://opig.stats.ox.ac.uk/webapps/
abodybuilder) which could predict the ‘canonical’ CDR loops with
sub-Angstrom accuracy [42]. Subsequently, the stereochemical qual-
ity of the constructed models was validated by Ramachandran plot in
PROCHECK program (https://servicesn.mbi.ucla.edu/PROCHECK/).
The constructed models were refined and docked with a high resolu-
tion 1.98 A

�
crystal structure of PCSK9 (PDB ID:2P4E) using the HDOCK

web server (http://hdock.phys.hust.edu.cn/) [43], and the binding
free energy (DGbind) of the ten top-ranked binding poses were calcu-
lated using the Molecular Mechanics/GB Surface Area (MM/GBSA)
method implemented in HawkDock web server (http://cadd.zju.edu.
cn/hawkdock/) [44]. Then, the docked poses with the lowest binding
free energies were selected as the best conformations, and the key
interacting residues in those docked complexes were analyzed and
mapped by the Pymol software Version 2.3.0 (Schr€odinger, New
York, USA).

2.16. Studies in mice

Six-week-old male C57BL/6 mice were obtained from Qinglong-
shan Experimental Animal Breeding Farm (SCXK (Su) 2017-0001;
Nanjing, China) and maintained on a 12 h light/dark cycle at 25 °C.
After acclimation for one week, mice were randomly divided into 8
groups (a normal group, a model group and six treatment groups,
n = 6) using a computer random number generator. The hyperlipi-
demic mouse model was established by overexpressing hPCSK9
through hydrodynamic delivery (HDD) of 50 mg naked plasmid DNA
(pTT5-hPCSK9) in 2 ml normal saline within 5 s [45, 46], while mice
in normal control group were injected with empty vector/saline mix-
ture. On the 6th day after HDD, elevated levels of serum hPCSK9 and
lipid profiles in model mice were verified by ELISA and biochemical
assays (data not shown). Then, mice in treatment groups were
administrated a single i.v. injection of FAP2M21 and alirocumab at a
dose of 1, 3, and 10 mg/kg, respectively. Mice in normal control group
and model group were injected with saline (vehicle). At the end of
the administration period, all mice were fasted for 8 h before blood
sample collection, and then euthanized for tissue harvest. Liver tis-
sues were dissected and separated into two parts, one was homoge-
nized by RIPA buffer for protein isolation and subject to western blot
assay, the other was fixed in 4% (w/v) paraformaldehyde and embed-
ded in paraffin for histological examination.

2.17. Ethics

The experimental procedures for the in vivo studies were
approved by the Animal Ethics Committees of China Pharmaceutical
University (No. 201601179, 19 October 2016) and conformed to the
Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

2.18. Statistical analysis

All values were presented as means § SEM and analyzed with
GraphPad Prism 8.3.0 software (GraphPad Software, La Jolla, CA,
USA). Normality of data was determined by the Kolmogorov�Smir-
nov normality test. Normally distributed variables between 2 inde-
pendent groups were compared with unpaired Student t-test
whereas non-normally distributed variables were analyzed with the
Mann�Whitney U-test. A two-tailed value of P< 0.05 was considered
statistically significant.

2.19. Role of funding source

The funding sources played no role in the study design, data col-
lection, data analysis, interpretation, writing of the report, and the
decision of paper submission.

3. Results

3.1. Selection of anti-PCSK9 scFv candidates from human scFv phage
library

To isolate scFv candidates against PCSK9, the recombinant hPCSK9
(rhPCSK9) as the antigen was transiently expressed in CHO-3E7 cells,
and purified by Ni2+ affinity chromatography and SuperdexTM 200
size-exclusion chromatography. It was shown that the purified
hPCSK9 has an expected molecular weight of about 62 KDa, and a
purity of � 95% as determined by 10% (w/v) SDS-PAGE under reduc-
ing condition (Fig. 1a and Fig. 1b).

A human scFv phage-displayed library constructed based on
phagemid pCANTAB 5E vector (Fig. 1c) [24], was used for four rounds
of panning. It was observed that the PCSK9-binding clones were
clearly enriched (Fig. 1d). Further, over 2000 enriched clones were
screened out by phage ELISA by using PCSK9-coated microplates, and
160 of them were considered as positive clones since their OD450 sig-
nals were at least 3-fold higher than the negative control. After
sequencing these 160 strong binders, 15 unique scFvs originated
from different germline genes (Table. S1) and containing at least one
amino acid difference were identified and designated as AP1 to AP15.

By using monoclonal phage ELISA, it was verified that these 15 posi-
tive phage clones specifically react with hPCSK9 protein, but not to BSA
(Fig. 1e). The affinities of the four most potent binders (AP2, AP4, AP5,
and AP11) were further reconfirmed and compared based on the binding
curve of noncompetitive phage ELISA and competitive phage ELISA. The
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http://opig.stats.ox.ac.uk/webapps/abodybuilder
https://servicesn.mbi.ucla.edu/PROCHECK/
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Fig. 1. Selection of anti-PCSK9 scFv antibodies by phage display. (a-b) Purified hPCSK9 was identified by 10% (w/v) SDS-PAGE (a) and western blot (b), M, molecular weight marker;
Lane 1, purified hPCSK9 protein. (c) Scheme of phagemid vector pCANTAB 5E used for scFv display. (d) Enrichment of phage-displayed scFvs after each round of panning. In each
panning round, the number of input phages was kept constant at 1 £ 1012 pfu, and the output phages showed an enrichment by panning. (e) Screening of positive clones by mono-
clonal phage ELISA. Each phage-displayed scFv was tested against 5mg/mL hPCSK9 or 5 mg/mL irrelevant BSA. (f-g) Characterization of four most potent binders by noncompetitive
ELISA (f) and competitive ELISA (g). Serially 10-fold diluted phages alone or phages (1 £ 1010 pfu/ml) mixed with serially 10-fold diluted free hPCSK9 were incubated in the wells
immobilized with hPCSK9 (5mg/mL). M13KO7 did not show any significant affinity to PCSK9 even at the concentration of 1 £ 1010 pfu/mL and the highest affinity binder (AP2) was
selected and used for further studies. Data are means § SEM of 3 independent experiments.
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data indicated that AP2 binds to hPCSK9 with the highest sensitivity
(Fig. 1f), and this binding can be competitively inhibited by hPCSK9 in a
concentration-dependent manner (Fig. 1g), demonstrating that AP2 is
the strongest hPCSK9-specific wildtype binder.

3.2. Construction of scFv AP2 mutant library and selection of improved
variants

To enhance the affinity for hPCSK9, parental scFv AP2 was sub-
jected to in vitro affinity maturation by construction of AP2 mutant
library and selection of improved variants. The library was con-
structed by CDR-directed massive mutagenesis using one-step muta-
genesis PCR, and the degenerate oligomers were designed based on
the CDR amino acid preferences (Fig. 2a) and hot-spot motifs (RGYW
and AGY). An AP2 mutant library containing 4.2 £ 107 independent
transformants was thus established. Sequencing analysis of 30 ran-
domly picked clones revealed that more than 93% of the transform-
ants were mutated (data not shown). Then, AP2 mutants (named
AP2M) with higher affinity for PCSK9 were enriched and selected by
solid-phase sorting and phage ELISA as described above. As a result,



Fig. 2. Isolation of improved variants from AP2 Mutant Library. (a) The CDRs amino acid preferences of AP2 were depicted by using the sequence Logo tool (http://weblogo.berkeley.
edu/logo.cgi). Symbol height corresponds to the relative frequency of each amino acid at each position. (b) Selection of AP2M with higher affinity to PCSK9 by monoclonal phage
ELISA. (c) Sequence alignment of the VH and VL domains of AP2 with its corresponding variants (AP2M) isolated from the mutant library. Sequence numbering and CDR assignments
(shown in bold letters) were done by using the abysis database at the URL of www.bioinf.org.uk/abs/. Dashes (-) represent the same residue as wild-type AP2. (d-e) Inhibitory effect
of AP2 and AP2M on PCSK9-mediated LDLR degradation and LDL-C uptake reduction. HepG2 cells were treated with 20 mg/mL hPCSK9 with or without 50 mg/mL scFvs for 12 h,
then LDLR protein levels were determined by western blot (d), DiI-LDL uptake levels were measured using a Multimode Reader (e), again normalized to that of the Mock group
(vehicle control) for easier comparison. * P< 0.05 vs. PCSK9 treatment group. #P< 0.05 vs. AP2 treatment group (unpaired Student’s t-test). Data are means § SEM of 3 independent
experiments.
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16 unique mutants (Fig. 2c) displaying higher ELISA signals than
parental AP2 (Fig. 2b) were identified.

The kinetic parameters of recombinantly expressed and purified
AP2 and AP2 mutants (Fig.S3) binding to PCSK9 were further
determined by BLI using a ForteBio Octet QKe System. It was observed
that 11 variants (AP2M1, AP2M3, AP2M5, AP2M6, AP2M8, AP2M9,
AP2M10, AP2M12, AP2M13, AP2M14, AP2M15) showed 1.52 to 5.04-
fold increase in affinity for PCSK9 as compared to the parental scFv

http://weblogo.berkeley.edu/logo.cgi
http://weblogo.berkeley.edu/logo.cgi
http://www.bioinf.org.uk/abs/


Table 3
Kinetic parameters of cross-cloned variants binding to hPCSK9.

Antibody Origin kon(£ 103 M�1s�1) koff(£ 10�3 s�1) KD(nM) Fold increase

AP2 Parent 85.3 § 11.7 7.44 § 0.21 87.2 § 12.2 1
AP2M3 HCDR3-optimization 45.9 § 7.42 2.23 § 0.10 48.7 § 8.19 1.79
AP2M10 HCDR2-optimization 127 § 18.7 3.32 § 0.10 26.2 § 3.92 3.33
AP2M12 LCDR1-optimization 91.4 § 5.89 2.28 § 0.05 25.0 § 1.69 3.49
AP2M13 HCDR1-optimization 46.7 § 3.32 0.83 § 0.03 17.8 § 1.43 4.90
AP2M14 LCDR3-optimization 57.2 § 3.78 2.80 § 0.06 48.9 § 3.39 1.78
AP2M15 LCDR3-optimization 11.9 § 1.07 0.68 § 0.04 57.2 § 6.34 1.52
AP2M17 Cross-cloning: 13 £ 12 78.5 § 8.44 1.14 § 0.03 14.6 § 1.63 5.97
AP2M18 Cross-cloning: 13 £ 15 10.8 § 0.10 0.54 § 0.05 50.3 § 6.44 1.73
AP2M19 Cross-cloning: 13 £ 3 898 § 721 10.7 § 0.44 11.8 § 0.96 7.39
AP2M20 Cross-cloning: 13 £ 14 53.1 § 5.25 1.51 § 0.04 28.4 § 2.90 3.07
AP2M21 Cross-cloning: 13 £ 10 129 § 14.5 0.47§ 0.02 3.61 § 0.44 24.2
AP2M22 Cross-cloning: 13 £ 12 £ 3 45.4 § 5.43 0.61 § 0.04 13.5 § 1.88 6.46
AP2M23 Cross-cloning: 13 £ 10 £ 3 95.8 § 18.4 4.15 § 0.15 43.3 § 8.45 2.01
AP2M24 Cross-cloning: 13 £ 10 £ 12 185 § 73.4 1.91 § 0.08 10.3 § 4.13 8.47
AP2M25 Cross-cloning: 13 £ 10 £ 12 £ 3 41.7 § 6.72 1.85 § 0.08 44.3 § 7.39 1.97

(£) represents cross-cloned with. The rate constants were measured by BLI, KD= koff/kon. Fold increase indicates the relative KD

improvement of variants versus the wild-type AP2. Errors are the standard error of the curve fit.
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AP2 (KD = 8.72 £ 10�8 M), and displayed slower dissociation kinetics
(koff) than AP2 (Table. S2), which was basically consistent with the
relative affinity observed in phage ELISA.

Additionally, we tested the effects of AP2 and AP2 mutants on the
expression levels of LDLR and LDL-C uptake in HepG2 cells. As shown
in Fig. 2d and e, six CDR-mutated variants (AP2M3, AP2M10,
AP2M12, AP2M13, AP2M14 and AP2M15) most potently elevated the
levels of LDLR and enhanced the LDL-C uptake in HepG2 cells as com-
pared to the parental scFv AP2. Accordingly, we selected these six
variants as lead candidates for further in vitro affinity maturation by
using the cross-cloning method. Notably, although AP2M1 exhibited
the highest affinity (KD = 1.73 £ 10�8 M) to hPCSK9, and displayed a
markedly (4.1-fold) faster association rate (kon, 3.52 £ 105 M�1 s�1),
as well as a slightly (1.2-fold) slower dissociation rate (koff,
6.08 £ 10�3 s�1) than AP2 (kon, 8.53 £ 104 M�1 s�1, koff,
7.44 £ 10�3 s�1), it did not show more potent hPCSK9 inhibitory
effect as compared to the parental AP2, implying that higher binding
affinity (KD) dominated chiefly by faster association (koff) might not
result in stronger biological activity.

3.3. Cross-cloning of the improved variants

The selected AP2 variants were further cross-cloned to determine
whether these combinations of improved CDRs from various scFv
mutants could result in an increase in affinity and bioactivity. Thus,
we cross-cloned AP2M13, the most potent HCDR1 optimized AP2
selected from the scFv AP2 mutant library, with AP2M3, AP2M10,
AP2M12, AP2M14 and AP2M15 in different modes (see Table 3). The
resultant clones (Fig. S4), named APM17-25, demonstrated a 1.7-
24.2-fold increase in affinity as compared to the initial parental AP2,
and 5/9 of these clones yielded an additional increase (1.2�4.9-fold)
in affinity even compared with AP2M13. Of them, AP2M21 contain-
ing the optimized HCDR1 from AP2M13 and HCDR2 from AP2M10
showed the highest affinity (KD = 3.61 nM) and the slowest off-rate
(Table 3, Fig. 3a), and gained a 24.2-fold increase in affinity compared
to the initial parental AP2.

We further evaluated the effects of the cross-cloned variants on
the expression level of LDLR and LDL-C uptake in HepG2 cells. It was
observed that AP2M21 exhibited the most potent activity in inhibit-
ing the PCSK9-mediated degradation of LDLR and enhancing the LDL-
C uptake in HepG2 cells (Fig. 3b, c). Interestingly, although AP2M18
(KD=50.3 nM) had a much lower affinity for PCSK9 compared to
AP2M21 (KD=3.61 nM), the activity it showed was much close to
AP2M21. The reason could be due to its markedly slow dissociation
rate (off-rate) (Table 3), indicating that slow off-rate is a key element
to increase the blocking effect of the antibody. Thus, we chose both
AP2M21 and AP2M18 for further construction of the full-length anti-
bodies and in vivo functional studies.

3.4. Generation and characterization of the full-length antibodies

Based on the parent scFv AP2, and the cross-cloned scFv variants
AP2M21 and AP2M18, three full-length antibodies were constructed
by fusing the VH and VL with a modified human IgG1 heavy chain
constant region (CH) with L234A/L235A/N297G mutations and C-ter-
minal lysine deletion, and lambda light chain constant region (CL),
respectively. The resultant plasmids for HC and LC were co-trans-
fected into CHO-3E7 cells for transient expression. After purification
by a protein A affinity column, the full-length monoclonal antibodies
were identified by 10% (w/v) non-reducing, and 12% (w/v) reducing
SDS-PAGE gels, respectively (Fig. 4a). The data indicated that the
purified full-length mAbs (FAP2M18, FAP2M21, FAP2 and alirocu-
mab) consist of a 51 KDa heavy chain and a 23 KDa light chain.

We tested the activities of anti-PCSK9 mAbs to block PCSK9-medi-
ated LDLR degradation by HepG2 cell-based assays. It was shown that
hPCSK9 (20 mg/mL) dramatically induced LDLR degradation and
resulted in a significant decrease of LDLR at the cell surface, whereas
this reduction was effectively restored to different degrees in the
presence of 20mg/ml anti-PCSK9 mAbs (Fig. 4b-d).

Further, we verified whether anti-PCSK9 mAbs could enhance the
function of LDL-C uptake in HepG2 cells. After treatment with hPCSK9
(50 nM) alone or with increasing concentrations (1�500 nM) of anti-
PCSK9 mAbs, it was observed that these mAbs dose-dependently
increased the LDL-C uptake by inhibiting PCSK9-mediated LDLR deg-
radation in HepG2 cells. Among them, the full-length mAb FAP2M21
exhibited the most potent activity of increasing LDL-C uptake in
HepG2 cells (EC50 = 43.56 nM), which was comparable to the positive
control alirocumab (EC50 = 38.97 nM) (Fig. 4e).

3.5. Comparison of PCSK9-binding properties of FAP2M21 and its
parental counterpart FAP2

To explain the strong neutralization potency of FAP2M21, we fur-
ther explored the PCSK9-binding details of FAP2M21 and its parental
FAP2. The BLI-based assay was firstly performed to visually compare
the binding kinetics of these two mAbs in real-time. As shown in
Fig. 5a, b and Table. S3, although both FAP2 and FAP2M21 bound to
PCSK9 in a dose-dependent pattern, their binding modes were largely
different. The parental antibody FAP2 exhibited a fast association rate
(kon, 1.76 £ 105 M�1 s�1) and fast dissociation rate (koff,
5.76 £ 10�2 s�1) to PCSK9, while FAP2M21 displayed a moderate
slower association rate (kon, 3.33 £ 103 M�1 s�1) and a dramatically



Fig. 3. Comparison and characterization of the cross-cloned variants. (a) BLI sensorgrams of cross-cloned AP2M as well as its parental AP2 (3000, 1500, 750, 375 nM) binding to bio-
tin-labelled hPCSK9 immobilized on SA chip. Representative data for association/dissociation phases of each individual graphs were derived from the 1:1 fitting model (red lines). (b,
c) Cross-cloned AP2M inhibit PCSK9-mediated LDLR degradation (b) and restore LDL-C uptake (c) in HepG2 cells. The LDLR protein levels and DiI-LDL uptake levels were measured
and normalized as described above. * P< 0.05 vs. PCSK9 treatment group. # P< 0.05 vs. AP2 treatment group (unpaired Student’s t-test). Data are means § SEM of 3 independent
experiments.
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slower dissociation rate (koff, 4.68 £ 10 �6 s�1), thus yielding a ~23.3-
fold higher affinity (KD, 1.41 § 0.13 nM vs. 32.8 § 4.96 nM) as com-
pared to FAP2. This data explained that the superior PCSK9 neutrali-
zation efficacy of FAP2M21 could be attributed to its extremely slow
dissociation, which maximized and prolonged the duration of its
inhibitory effect.

Additionally, the epitope�paratope interaction details for the high
affinity of FAP2M21 to PCSK9 were detected by computer-based
homology modelling. As shown in Fig. S5a and 5b, the three-dimen-
sional (3D) structures of Fv regions of FAP2 and FAP2M21were built
based on the highest identity template crystal structure (PDB code:
6APC, 93% and 86%identity in framework regions (FRs) of HC and LC,
respectively). Subsequently, the CDR loops were predicted based on
the canonical loop conformations. Model validation results revealed
that more than 98.9 % of the residues were located in the most fav-
oured regions and allowed regions of the Ramachandran plot (Fig.
S5c, d), indicating these two modelled stereochemical structures are
suitable for molecular docking analysis. The lowest binding energy
(DGbind) calculated by prime MM-GBSA was -30.39 kcal/mol for AP2-
PCSK9, and -47.51 kcal/mol for AP2M21-PCSK9 (Table. S4), indicating
that FAP2M21 appears to be more favourable for binding to PCSK9.
By comparative analysis on these two complexes (Fig. 5c, d), it was
found that the interaction residues of FAP2 including Ala24 in HFR1,
Ser31 in HCDR2 and Arg94 in HCDR3 forms four hydrogen bonds
against Asp212 and Gln256 in PCSK9 (Fig. 5c), while for FAP2M21, up
to 12 residues are involved in the interaction, the exposed functional
residues including Ser31 in HCDR1, Gly52A, Gly55 and Ser53 in
HCDR2, Asp93 and Ser95A in LCDR3, form ten hydrogen bonds
against Val536, Thr538, Ala542, Arg549, His551 and Arg592 in PCSK9
(Fig. 5d), respectively.
3.6. Hypolipidemic effect of FAP2M21 in mice over-expressing hPCSK9

To evaluate the lipid-lowering effect of FAP2M21 in vivo, hPCSK9
overexpressed hypercholesterolemic mice were generated by HDD
injection of recombinant plasmid carrying hPCSK9 DNA sequence. On
day 6 after HDD, the model mice exhibited a circulating hPCSK9 level
of 1.15 mg/mL, and a 2.50-fold increase in serum LDL-C, 1.44-fold
increase in serum TC and 1.47-fold increase in serum TG. Then, the
mice in the treatment groups were given a single tail i.v. injection of
FAP2M21 with various doses. After 18 h, a dose-dependent lowering
of serum cholesterol was observed (Table 4). More specifically, treat-
ment with FAP2M21 at 1, 3 and 10 mg/kg resulted in a 3.3%
(P = 0.658, unpaired Student’s t-test), 30.2% (P = 0.002, Mann-Whit-
ney U-test) and 37.2% (P = 0.002, Mann-Whitney U-test) decrease in
serum LDL-C relative to the model group, respectively (Fig. 6a). Also,
it was verified that the levels of LDLR in liver tissues were dose-
dependently up-regulated as assessed by immunoblotting (Fig. 6b)
and immunostaining (Fig. 6c). In addition, FAP2M21 treatment signif-
icantly lowered the levels of serum TC and TG, but did not signifi-
cantly affect serum HDL-C levels (Table 4).

4. Discussion

The aberrantly elevated level of serum low-density lipoprotein
cholesterol (LDL-C) is a risk factor for cardiovascular disease [47,48].
Thus, reduction of LDL-C appears to be the major approach for the
prophylaxis and treatment of CVD, and which could be achieved by
both inhibiting LDL-C synthesis and accelerating LDL-C clearance.
Statins, a class of specific hydroxy-3-methyl-glutaryl-CoA (HMG-
CoA) reductase inhibitors, have been recommended as the first-line



Fig. 4. Preparation and identification of anti-PCSK9 antibodies. (a) SDS-PAGE analysis of purified anti-PCSK9 mAbs under non-reducing (left panel, 10% gel) and reducing (right
panel, 12% gel) conditions. M, molecular weight marker; Lane 1, FAP2; Lane 2, FAP2M18; Lane 3, FAP2M21; Lane 4, alirocumab. HC, heavy chain; LC, light chain. (b-d) HepG2 cells
were treated with 20 mg/mL hPCSK9 alone or co-treated with 20 mg/mL anti-PCSK9 mAbs (FAP2, FAP2M18, FAP2M21, alirocumab) for 12 h, then the total LDLR protein levels in
HepG2 were quantified by western blot analysis (b), and the cell surface LDLR protein levels were visualized by Immunofluorescence (c) and determined by flow cytometry (d) with
excitation at 488 and emission at 525 nm. Scale bars, 10 mm. **P< 0.01 vs. PCSK9 treatment group (Mann-Whitney U-test). ##P< 0.01 vs. Mock group. (e) Effect of mAbs on PCSK9-
mediated inhibition of LDL-C uptake in HepG2 cells. DiI-LDL uptake was measured in HepG2 cells incubated with 50 nM hPCSK9 alone or in combination with increasing concentra-
tions (1�500 nM) of anti-PCSK9 mAbs. Quantification of fluorescence strength demonstrated that uptake of DiI-LDL by these mAbs was all dose-dependent. Data are given as means
§ SEM (n = 3).
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therapeutic drugs for lowering LDL-C in the management of patients
with atherosclerotic cardiovascular disease risk by the American Col-
lege of Cardiology (ACC)/American Heart Association (AHA) [49].
However, many high-risk CVD patients fail to achieve adequate LDL-
C lowering efficacy on maximally tolerated statin doses [50]. In addi-
tion, some patients are statin-intolerant due to adverse effects, such
as myopathy and increased activity of liver enzymes [2]. Accordingly,
combination therapy of statins with other drugs would be a good
choice in treating patients with a less than anticipated LDL-C lower-
ing response and those unable to tolerate the recommended statin
intensity.

Intriguingly, although statins have been previously unravelled to
suppress the synthesis of endogenous cholesterol by competitively
inhibiting HMG-CoA reductase and accelerate the clearance of
circulation LDL-C through up-regulating hepatic LDLR [51�53], they
concomitantly increase PCSK9 through inducing the expression of
hepatocyte nuclear factor 1a (HNF-1a), the dominating transcription
factor of PCSK9, thereby attenuating the LDL-C lowering effect of sta-
tins [54,55]. Thus, administration of statins in combination with
PCSK9 inhibitor drugs would be a good solution to improve the LDL-
C lowering efficacy of statins and address the issues of statin resis-
tance and intolerance.

So far, multiple antibodies have been developed to lower serum
LDL-C by selectively binding to PCSK9 to inhibit its interaction with
the LDL-R, thereby keeping the normal recycling of LDL-R on the sur-
face of hepatocytes. Of these antibodies, alirocumab and evolocumab,
two fully human anti-PCSK9 antibodies derived from transgenic
mice, have been approved by FDA and EMA and are currently used in



Fig. 5. Binding and interaction analysis of the mAbs to PCSK9. (a-b) Kinetics measurement of FAP2 (a) and FAP2M21(b) binding to surface-immobilized antigen hPCSK9 using a For-
teBio Octet QKe system. The biotinylated-hPCSK9 was loaded onto SA sensors and exposed to two-fold serial dilutions of antibody (800, 400, 200 and 100 nM) solutions for 300 s
(association phase) followed by a dissociation phase of 600 s. Each concentration of analytes was shown in a different colour. (c-d) Intermolecular interaction analyses of the FAP2
(c) and FAP2M21 (d) with PCSK9. The prodomain, Catalytic domain and C-terminal domain of PCSK9 were coloured in palegreen, green and magenta, respectively. The heavy chains'
variable regions were shown in skyblue and the light chains' variable regions in limon. FAP2 binds to the Catalytic domain of PCSK9 whereas FAP2M21 binds to the CTD of PCSK9.
Key residues involved in the interactions were represented as sticks models and labelled in red font for PCSK90 key residues, black for antibody' key residues. The hydrogen bonds
were shown as black dotted lines.
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clinic [56,57], whereas the development of bococizumab, a human-
ized mAb, was terminated due to the immunogenicity and a wide
individual variability in the LDL-C lowering response to bococizumab
[58]. Notably, it has been shown that the LDL-C lowering efficacy of
statins was significantly improved when used in combination with
alirocumab or evolocumab both in randomized controlled trials and
in a routine care setting [59,60]. Besides, RG7652, a fully human IgG1
mAb against PCSK9, and LY3015014, a humanized IgG4 mAb against
PCSK9 are being evaluated in a randomized, double-blinded, dose-
ranging, phase 2 EQUATOR trial [61], and in a randomized placebo-
controlled phase 2 trial [62], respectively. Cao [63] reported that a
human anti-PCSK9 antibody PA4-IgG1 was selected from a Fab phage
library, which binds to PCSK9 with KD of 1.05 nM, and dissociation
rate (koff, 1.66 £ 10�4 s�1).

In this work, we exploited a technically different scFv phage
library, which was established in our lab in as early as 2014, and had
been successfully utilized to isolate a fully human agonistic scFv tar-
geting death receptor 5 [24], to discover a highly active human anti-
PCSK9 antibody (Fig. 7). Firstly, we generated a potent single-chain
variable fragment (scFv) named AP2M21 by screening a fully human



Table 4
Effects of FAP2M21 on serum lipids levels in hyperlipidemic mice model.

Group Dose (mg/kg) LDL-C (mmol/L) TC (mmol/L) TG (mmol/L) HDL-C (mmol/L)

Normal group / 0.624 § 0.021 3.642 § 0.161 0.921 § 0.028 1.417 § 0.042
Model group / 1.560 § 0.037### 5.250 § 0.212### 1.351 § 0.049## 1.340 § 0.036
Alirocumab group Low dose 1 1.506 § 0.164 4.903 § 0.071 1.320 § 0.052 1.274 § 0.066

Medium dose 3 1.122 § 0.122* 4.650 § 0066* 1.211 § 0.048 1.417 § 0.088
High dose 10 0.964 § 0.024** 4.276 § 0.062* 1.162 § 0.037* 1.287 § 0.054

FAP2M21 group Low dose 1 1.509 § 0.103 4.978 § 0.153 1.333 § 0.050 1.199 § 0.039
Medium dose 3 1.089 § 0.046** 4.579 § 0.092* 1.215 § 0.025 1.232 § 0.078
High dose 10 0.979 § 0.072** 4.373 § 0.086* 1.182 § 0.047* 1.348 § 0.031

Values are expressed as means § SEM (n = 6 per group). * P< 0.05, ** P< 0.01 vs. Model group. ##P< 0.01, ###P< 0.001 vs. Normal group
(Mann-Whitney U-test).

Fig. 6. In vivo hypolipidemic efficacy of FAP2M21 in hypercholesterolemic model mice. (a) FAP2M21 demonstrated a significant dose-dependently LDL-C lowering effect similar to
alirocumab. Results were expressed as mean § SEM (n = 6 per group). See Table 4 for detail value. (b-c) Hepatic LDLR changes in FAP2M21 or alirocumab treated C57BL/6 mice were
detected by western blot (b) and Immunofluorescence (c). Meanwhile, overexpressed hPCSK9 in livers of the model mouse was also verified by using anti-hPCSK9 antibody (1:3000
dilution; Abcam). *P<0.05, **P< 0.01, ***P< 0.001 vs. Model group. ## P< 0.01, ### P< 0.001 vs. Normal group (Mann-Whitney U-test). Scale bars = 100 mm. Data are representative
of 3 independent experiments with similar results.
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phage display library with hPCSK9. Then, we performed two rounds
of in vitro affinity maturation processes including CDR-targeted tai-
lored mutagenesis and cross-cloning to further improve its affinity to
PCSK9. Thereafter, considering the full-length IgG mAb being the
most appropriate format for clinical applications because of its long
half-life, high stability and bivalent binding property [64,65], we fur-
ther constructed the full-length Fc-silenced anti-PCSK9 antibodies by
fusing two anti-PCSK9 scFv variants (AP2M18 and AP2M21) to a
modified human IgG1 Fc fragment with L234A/L235A/N297G muta-
tions and C-terminal lysine deletion, thereby eliminating the immune
effector functions and mitigating the potential mAb heterogeneity.
Based on Bio-Layer Interferometry (BLI) analysis, it was revealed that
the full-length anti-PCSK9 antibody FAP2M21 binds to hPCSK9 with
a KD as low as 1.42 nM, and a dramatically slow dissociation rate (koff,
4.68 £ 10�6 s�1). Mechanically, it could be attributed to its lower
binding energy (-47.51 kcal/mol) as compared to that of its parent
counterpart FAP2 (-30.39 kcal/mol). Since the dissociation rate (koff),
also known as first-order dissociation rate constant of complex, is
closely related with the lifetime of the drug-target complex [66,67],
the lower dissociation rate plays a key role in prolonging the duration
of antibody-antigen interaction, which has been demonstrated as a
highly desirable property in therapeutic antibodies [68�70]. Due to
the importance of slow koff, multiple studies have been reported to
use the “off-rate screening”method to isolate high-affinity antibodies
[71�73].

The fully human, anti-PCSK9 antibody FAP2M21 developed in this
work, binds to PCSK9 with a dramatically slow dissociation rate (koff,
4.68 £ 10�6 s�1), which is approximately two orders of magnitude
slower than the dissociation rate (koff, 1.66 £ 10�4 s�1) of PA4-IgG1,
which was generated in Cao’s report [63]. Thus, the extremely slow



Fig. 7. Schematic pictorial representation of the development of FAP2M21. As is vividly depicted by the picture above, the optimal mutated scFv named AP2M21 was obtained from
phage display biopanning and CDR-targeted tailored mutagenesis followed by a cross-cloning process. Subsequently, AP2M21 was reformatted to full-length IgG1 by fusing the
effector function-silenced and C-terminal lysine deleted Fc region. FAP2M21 can bind to PCSK9 with an extremely slow dissociation rate constant and exert its hypolipidemic effect
by blocking PCSK9-LDLR interaction.
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dissociation rate of the full-length anti-PCSK9 antibody FAP2M21
appears to be much favourable to its druggability.

Although IgG2 Fc and IgG4 Fc fragments can be used for construct-
ing the full-length antibody when Fc effector function is undesirable
for therapeutic activity, they show decreased conformational stability
relative to that of IgG1 because of their higher propensity to aggre-
gate [74,75]. It has been observed that IgG2 Fc is not completely
devoid of ADCC activity under certain conditions [76,77]. Besides,
disulfide-bond reshuffling and Fab-arm exchange occurring in IgG2
and IgG4 subclasses lead to multiple heterogeneous isoforms with
altered activities [78,79]. Hence, in this work we chose a modified
IgG1 Fc fragment with L234A/L235A/N297G mutations, known to
abolish the undesirable Fc effector functions such as ADCC and CDC
activities [38,80], to construct the full-length Fc-silenced anti-PCSK9
antibodies. No information was provided in Cao’s paper regarding
whether the Fc was modified to construct the full-length PA4-IgG1
antibody [63].
Using molecular docking method, we showed that FAP2M21
binds the module 2 (amino acids 530�605) of the C-terminal
domain (CTD) of PCSK9 (Fig. 5) which is considered to be essen-
tial for the extracellular activity of PCSK9 on cell surface
LDLR [81]. Even though studies have shown that it is the cata-
lytic domain of PCSK9 that primarily interacts with LDLR [4, 6]
and antibody targeting this domain could reduce serum choles-
terol in mice and nonhuman primates effectively [82], several
gain- (H553R) or loss-of-function (R434W and C679X) point
mutations within the CTD of PCSK9 highlight the functional sig-
nificance of the C-terminal region [83�85]. Consistently, several
antibodies or proteins binding to the CTD of PCSK9 such as
mAb1 [86], 1G08 [87], and Annexin A2 [88], have been identified
and proved able to inhibit PCSK9 function. All these PCSK9
inhibitors bind distinctive epitopes, indicating the presence of
multiple epitopes within CTD of PCSK9 that can modulate circu-
lating LDL-C levels.
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The in vivo hypolipidemic potency of FAP2M21 was evaluated in a
hyperlipidemic C57BL/6 mouse model. As expected, FAP2M21
robustly reduced the serum LDL-C and TC levels in a dose-dependent
manner, with the potency comparable to the positive control alirocu-
mab. However, both FAP2M21 and alirocumab have little effects on
serum HDL-C levels. Yet, since no positive control was utilized in
Cao’s report [63], it is hard to know how effective the antibody PA4-
IgG1 functions in lowering the serum LDL-C and TC levels in vivo.

In summary, we generate a novel, fully human, anti-PCSK9 IgG1
mAb FAP2M21 with a high affinity to PCSK9 and an extremely slow
dissociation rate by screening a fully human scFv phage display
library, in vitro affinity maturation as well as fusing with a modified
human IgG1 Fc fragment. The data show that FAP2M21 potently
inhibits PCSK9-mediated LDLR degradation and robustly lower the
serum LDL-C and TC levels in a hyperlipidemic mouse model, sug-
gesting that FAP2M21 may serve as a promising candidate for treat-
ing hypercholesterolemia and associated cardiovascular diseases.
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