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Abstract Proprotein convertase subtilisin-like/kexin type
9 (PCSK9) regulates LDL cholesterol levels by inhibiting
LDL receptor (LDLr)-mediated cellular LDL uptake. We
have identified a fragment antigen-binding (Fab) 1D05
which binds PCSK9 with nanomolar affinity. The fully hu-
man antibody 1D05-IgG2 completely blocks the inhibitory
effects of wild-type PCSK9 and two gain-of-function human
PCSK9 mutants, S127R and D374Y. The crystal structure of
1D05-Fab bound to PCSK9 reveals that 1D05-Fab binds to
an epitope on the PCSK9 catalytic domain which includes
the entire LDLr EGF(A) binding site. Notably, the 1D05-Fab
CDR-H3 and CDR-H2 loops structurally mimic the EGF(A)
domain of LDLr. In a transgenic mouse model (CETP/
LDLr-hemi), in which plasma lipid and PCSK9 profiles are
comparable to those of humans, 1D05-IgG2 reduces plasma
LDL cholesterol to 40% and raises hepatic LDLr protein
levels approximately fivefold. Similarly, in healthy rhesus
monkeys, 1D05-IgG2 effectively reduced LDL cholesterol
20%-50% for over 2 weeks, despite its relatively short ter-
minal half-life (¢, = 3.2 days). Importantly, the decrease in
circulating LDL cholesterol corresponds closely to the reduc-
tion in free PCSK9 levels.lll Together these results clearly
demonstrate that the LDL-lowering effect of the neutraliz-
ing anti-PCSK9 1D05-IgG2 antibody is mediated by reduc-
ing the amount of PCSKY9 that can bind to the LDLr.—Ni, Y.
G., S. Di Marco, J.H. Condra, L. B. Peterson, W. Wang, F.
Wang, S. Pandit, H. A. Hammond, R. Rosa, R. T. Cummings,
D. D. Wood, X. Liu, M. J. Bottomley, X. Shen, R. M. Cubbon,
S.-p. Wang, D. G. Johns, C. Volpari, L. Hamuro, J. Chin, L.
Huang, J. Z. Zhao, S. Vitelli, P. Haytko, D. Wisniewski, L. J.
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the EGF(A) domain of LDL-receptor reduces LDL-choles-
terol in vivo. J. Lipid Res. 2011. 52: 78-86.
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Proprotein convertase subtilisin-like/kexin type 9
(PCSK9) has recently emerged as a major regulator of
plasma low-density lipoprotein cholesterol (LDLc) and is
a promising therapeutic target for treating coronary heart
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disease (CHD). The link between PCSK9 and CHD stems
from genetic studies which indicate that individuals carry-
ing rare dominant missense mutations (putatively, gain-
of-function mutants) in the PCSK9 gene exhibit severe
hypercholesterolemia and elevated risk of CHD (1, 2). Con-
versely, approximately 2%-3% of the human population is
heterozygous for specific truncation or missense mutations
in the PCSK9 gene (putatively, loss-of-function mutants)
and have 15%-40% reduction in plasma LDLc and 50%-—
90% reduction in the risk of CHD over 15 years (3-5). A
recent genome-wide association study further established a
link between a single nucleotide polymorphism at a locus
near PCSK9 with early onset myocardial infarction (6).

There is extensive evidence that plasma PCSK9 raises
LDLc levels by binding to cell surface LDL receptor
(LDLr) protein and directing LDLr to lysosomes for deg-
radation (7-11). Consistent with this mechanism, inhibi-
tion of PCSK9 by recombinant LDLr fragments (12-14) or
by mono- or polyclonal antibodies (15, 16) restored LDLc
uptake in cells. Furthermore, intravenous (iv) injection of
amonoclonal antibody (MAD) thatdisrupted the PCSK9/
LDLr interaction (15) or small interfering RNAs targeting
liver PCSK9 (17) was found to reduce plasma LDLc in
mice and nonhuman primates. Collectively, these results
support PCSK9 as an attractive and viable target for thera-
peutic intervention against hypercholesterolemia.

We previously characterized a fragment antigen-binding
(Fab) from a human MAb, 1G08, which binds to the
C-terminal domain of PCSK9 and partially inhibits its ef-
fect on LDLc uptake in vitro. Interestingly, binding of the
1GO8 Fab to PCSK9 does not affect the PCSK9/LDLr in-
teraction but inhibits PCSK9 internalization (18).

Using a human combinatorial antibody phage display
library, we have now identified a Fab, 1D05, which binds
to the catalytic domain of PCSK9 with nanomolar affinity.
The 1D05-Fab antibody and corresponding human anti-
body 1D05-IgG2 completely block the interaction between
PCSK9 and LDLr and the inhibitory effect of PCSK9 on
cellular LDLc uptake. Moreover, administration of 1D05-
IgG2 leads to sustained reduction of plasma LDLc in
a mouse model with human-like lipid and PCSK9 pro-
files, and in rhesus monkeys. The crystal structure of the
PCSK9/1D05-Fab complex reveals that 1D05 acts as a struc-
tural mimic of the EGF(A) domain of LDLr and sterically
prevents PCSK9 from binding to the receptor. Finally, by
using highly sensitive dissociation-enhanced lanthanide
fluorescence immunoassays (DELFIAs), which selectively
detect total or antibody-free PCSK9, we demonstrate that
the LDL-lowering effect of the 1D05-IgG2 antibody closely
follows the reduction in antibody-free-PCSK9 levels and
the increase in percentage of PCSK9 bound to 1D05-IgG2.

EXPERIMENTAL PROCEDURES

PCSK9 and PCSK9AC protein expression
and purification

Full-length human and mouse PCSK9-V5-His proteins, as well as
the PCSK9 types carrying mutations S127R and D374Y, respec-

tively, were expressed and purified in stably transfected HEK293
cells as described previously (8). The human LDLr ectodomain
was purchased from R&D Systems (Minneapolis, MN). Expres-
sion and purification of human PCSK9AC (residues 53-451) was
performed as previously described (12).

Isolation of anti-PCSK9 antibody 1D05

Human combinatorial antibody phage display libraries (19)
were panned against recombinant murine PCSK9-V5-His pro-
teins immobilized on Nunc Maxisorp plates, and PCSK9 binding
clones were identified by ELISA. Initial expression and purifica-
tion of 1D05-Fab procedures were performed as previously de-
scribed (18).

1D05-Fab clone heavy chain variable (VH) regions were fused
in frame with the IgGom4 constant region (20, 21), whereas the
light chain variable (VL) regions fused with corresponding con-
stant regions (e.g., a k variable region matched with a k constant
region) using In-Fusion technology (Clontech, Mountain View,
CA). The 1D05-IgG2m4 antibody was expressed in HEK293 cells,
and secreted antibodies were purified from culture medium by
using standard protein A/G affinity chromatography (Pierce,
Rockford, IL).

Surface plasmon resonance

All surface plasmon resonance experiments were performed
using a Biacore 2000 instrument as described previously (18).
Briefly, polyclonal anti-human IgG2 antibody was covalently cou-
pled to the surface of a CM5 sensor chip, and 1D05-IgG2 was
captured. Association and dissociation binding rates of soluble
human, rhesus, and mouse PCSK9-V5-His proteins were then de-
termined and used to calculate the affinity constant K}, Specifi-
cally, kinetic constants for the on-rate (k,) and for the off-rate
(k) were determined and used to calculate the apparent equilib-
rium affinity constant, K}, using the equation K, = k,/k,.

PCSKIAC/1D05-Fab complex formation
and crystallization

Purified PCSK9AC and 1D05-Fab were mixed at a molar ratio
of 1:1.5 and incubated for 2 h at 4°C. The mixture was then
loaded onto a Superdex G-200 size-exclusion chromatography
column equilibrated in a solution containing 40 mM Tris, pH
8.0, 100 mM NaCl, 5% glycerol, 20 pM CaCly; and fractions con-
taining the complex, as assayed by SDS-PAGE, were collected,
concentrated to 10 mg/ml by ultrafiltration, using Vivaspin 15R
HY concentrators (Vivascience), and used immediately for crys-
tallization.

Crystallization experiments were performed at room tempera-
ture by the hanging-drop and sitting-drop vapor diffusion meth-
ods. Thin plate-like crystals were obtained in 100 mM sodium
citrate, pH 6.5, 13% polyethylene glycol 6000 (PEG 6000). The
presence of both components of the complex in the crystals was
confirmed by silver staining of SDS gels of washed crystals. For
data collection, crystals were transferred to a stabilizing solution
[20 mM Tris, pH 8.0, 50 mM sodium citrate, pH 6.5, 100 mM
NaCl, 5% glycerol, 1 mM Tris (2-carboxyethyl) phosphine (TCEP),
1 pM CaCly, 25% PEG 6000], then transferred into a cryopro-
tectant solution (20 mM Tris, pH 8.0, 50 mM sodium citrate, pH
6.5, 100 mM NaCl, 20% glycerol, 1 mM TCEP, 1 pM CaCly, 35%
PEG 6000) for 2 min, and finally placed directly into liquid nitro-
gen. Diffraction data were collected at a temperature of 100 K at
the ID14-EH2 beam-line by the European Synchrotron Radiation
Facility (ESRF) (Grenoble, France). Data were processed with
MOSFLM software and scaled with SCALA software (22). The
structure of the PCSK9AC/1D05-Fab complex was determined to
a 2.7-A resolution by the molecular replacement method with
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PHASER software (22) in MR_AUTO mode and with five sepa-
rate search models. Specifically, Protein Data Bank code 2w2m
(12) was used as the search model for PCSK9AC; homology mod-
els of the variable and constant domains of the antibody VL and
VH chains, generated by the SWISS-MODEL server (23), were
used for searching the 1D05-Fab antibody. The structure was im-
proved by multiple rounds of automated model building with
ARP/WARP (22) and manual model building with COOT (24),
and refinement with REFMAC (22) software, using a maximum
likelihood target function and individual B-factor refinements.
The final model (Table 1) contains residues 61-152 from the
PCSK9 prodomain and residues 155-157 and 178-422 from the
PCSK9 catalytic domain, as well as residues 1-212 from the Fab
light chain and residues 1-236 from the Fab heavy chain. In ad-
dition, one Ca® ion bound to PCSK9 and 209 water molecules
were identified. There was no electron density present for PCSK9
residues 53-60, 153-154, 158-177, and 423-451, nor for 1D05
Fab residues 237-255 of the heavy chain and residue 213 of the
light chain. These residues were therefore excluded from the re-
finement. The structure satisfies all the criteria set by PROCHECK
software (25) for astructure refined at this resolution. The atomic
coordinates and structure factors have been deposited in the Pro-
tein Data Bank under accession code 2xtj.

Isolation of LDLc and labeling of LDLc, LDLr,
and PCSK9

LDLc was isolated from healthy human volunteers as previ-
ously described (8). Labeling of PCSK9 with Alexa Fluor 647 (AF
647-PCSK9), LDL with AF 546 (AF 546-LDL), and LDLr labeled
with Eu”" (Eu”-LDLr) (8044)-DTA (Perkin-Elmer, Waltham, MA)
was performed as previously reported (26).

LDLr/PCSKO9 interaction studies by time-resolved
fluorescence resonance energy transfer assay
Time-resolved fluorescence resonance energy transfer (TR-

FRET) experiments were performed as previously described, us-
ing 4 nM Eu*-LDLr ectodomain and 10 nM AF 647-PCSK9 (18).

LDLc uptake

Cellular uptake of AF 546-LDL was studied in HEK293 cells
and HepG2 cells as described previously (8).

In vivo studies in mice

Cholesteryl ester transfer protein (CETP)/LDLr-hemi mice,
which are hemizygous for overexpression of the human CETP
and heterozygous for LDLr, were generated by crossing mice
overexpressing ApoAl promoter-driven human CETP (B6;SJL-
Tg[CETP]; Taconic, Hudson, NY) with LDLrnull mice (B6.129S7-
LDLrtm1Her/J; Jackson Laboratory, Bar Harbor, ME). Following
brother-sister mating, mice homozygous for both the human
CETP and the LDLrTml1 alleles were selected and then crossed
onto a C57BL6/] background to generate mice hemizygous for
both alleles. The background of the homozygous mice was B6,
12987 N = 3. The background of the hemizygous mice was B6,
129 N = 4.

Each animal received a single iv injection of purified 1D05-
IgG2 at the indicated dose through the tail vein. Blood samples
were collected at designated time points after dosing and stored
at —70°C until analysis.

In vivo studies in rhesus monkeys

Male rhesus monkeys (Macaca mulatta), naive to biologics,
were used in the study. Each animal (n = 3) received a single iv
injection of 1D05-IgG2, 3 mg/kg of body weight via the cephalic
vein. Blood samples were collected from the saphenous/femoral
vessels at designated time points after dosing and stored at —70°C
until analysis.

All animal studies were conducted in conformity with the Pub-
lic Health Service (PHS) Policy on Humane Care and Use of
Laboratory Animals and were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at Merck Research
Laboratories.

Western blot analysis of mouse liver LDLr

Crude protein extracts were prepared from mouse liver using
radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA) with PMSF, sodium orthovanadate,
and proteinase inhibitors. A total of 50 pg of proteins per lane
were loaded in NuPAGE 4%-12% bis-Tris gels (Life Technologies,
Carlsbad, CA). Mouse LDLr protein was detected using FITC-
labeled anti-LDLr goat IgG (R&D Systems, Minneapolis, MI). Tu-
bulin protein was detected with anti-tubulin antibody (Sigma, St
Louis, MO) to normalize protein loading. Proteins of interest were
quantified by densitometric scanning of the autoradiogram.

Lipid analysis

To generate lipoprotein profiles, plasma was fractionated by
chromatography using a Superose-6 size-exclusion column (GE
LifeSciences, Inc.) with an Ultimate 3000 series HPLC system
(Dionex Corporation, Sunnyvale, CA). Total cholesterol levels in
the column effluent were continuously measured using an in-
line mixture with an enzymatic and colorimetric cholesterol de-
tection reagent (Total Cholesterol E, Waco TX), followed by
spectrophotometric detection of the reaction products at an
absorbance of 600 nm. LDLc and HDLc were eluted from the
column. The concentration for each lipoprotein fraction was cal-
culated by extrapolating the ratio of corresponding peak areas to
total peak areas and multiplying by the total cholesterol concen-
tration measured in each sample.

Total cholesterol was measured with a 1:1 mixture of diluted
plasma and cholesterol E reagent, using a plate reader. Choles-
terol standards were provided in the kit at 200 mg/dl and were
serially diluted to generate a standard curve.

Bioanalyses of total and free PCSK9 concentrations
in plasma

To assess mouse plasma PCSK9 levels, we established a PCSK9
dissociation-enhanced lanthanide fluorescence immunoassay
(DELFIA) value. High-binding 96-well plates (catalog no. 4HBX;
ThermoLabsystems, Helsinki, Finland) were coated with anti-

TABLE 1. Binding rates of 1D05-IgG2 to PCSK9 proteins from different species

Antigen On-rate Off-rate KD (nM) N
Human PCSK9 7.21 +1.60 3.16 £ 0.16 44+14 3
Rhesus PCSK9 11.3 4.34 3.89 1
Mouse PCSK9 6.72 + 0.61 2.15+£0.16 3.2+0.06 2

Kinetic constants for on-rate [k, (Mﬂ'sfl x E +04)] and off-rate [k, (s

"X E — 04)] were determined and used

to calculate the apparent equilibrium affinity constant, Kj, using the equation K}, = k;/k, Data are shown as

mean + SEM.
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mouse PCSK9 (anti-mPCSK9) antibody A at 4°C overnight. Plates
were blocked with a blocking solution (TBS, 1% BSA, 0.05%
Tween-20) and washed before purified mPCSK9 protein (as stan-
dard) or diluted mouse plasma samples were added. PCSK9 was
detected in the samples by using biotinylated anti-mPCSK9 Fab
B. Europium-labeled streptavidin (Perkin Elmer, Waltham, MA)
and a DELFIA enhancer (Perkin Elmer, Waltham, MA) were
then added to quantify PCSK9 with a europium plate reader. The
PCSKO9 detection sensitivity of this assay is ~100 pM, with an aver-
age technical variance of 10%. Serial dilutions of mouse plasma
samples showed that the assay can tolerate ~50% mouse serum
or plasma without affecting the assay signal-to-noise ratio.

A DELFIA was also used to detect mouse plasma PCSK9 which
was not bound to antibody (free PCSK9) following 1D05-IgG2
treatment. In this assay, instead of anti-PCSK9 Fab B, biotinylated
1D05-IgG2 was used as the detection antibody to selectively mea-
sure 1D05-free PCSK9.

Similarly, using two different antibody pairs, we also estab-
lished two DELFIAs for measuring total and free PCSK9 in rhesus
plasma samples. Importantly, antibodies used in these assays rec-
ognize both rhesus and human PCSK9. Therefore, these assays
can also be used in clinical studies.

Determination of the percentage of PCSK9 bound
to 1D05-IgG2

The following formulae were used to determine plasma PCSK9
bound to 1D05-IgG2 and percentage of antibody-captured PCSK9:
1D05-bound PCSK9 = total PCSK9 — free PCSK9; and percentage
of antibody-captured PCSK9 = 100 x (1D05-bound PCSK9/total
PCSK9).

Bioanalysis of 1D05-IgG2 concentrations in serum

The serum levels of 1D05-IgG2 were determined with an
anti-human IgG immunoassay using Gyrolab microfluidic CD
technology (Gyros, Sweden). Briefly, anti-human k-chain-specific
antibody (BD Biosciences, San Jose, CA) was used to capture
1D05-IgG2 from rhesus serum. After a wash step, an AF 647-
labeled anti-human Fe-specific antibody (Southern Biotechnology,
Birmingham, AL) was used to detect bound 1D05-IgG2. 1D05-
IgG2 in unknown samples was compared with a calibrator curve
generated with purified 1D05-IgG2 proteins.

Noncompartmental modeling software (WinNonlin, Enter-
prise version 5.01; Pharsight Corp., Mountain View, CA) was used
for pharmacokinetics analysis. The elimination phase terminal
half-life (¢ ,5) was determined using 8-9 data points between day
2 and day 28 postdose. These data points fit well to a monoexpo-
nential decay function.

RESULTS

1D05 binds PCSK9 and inhibits the
PCSK9/LDLr interaction

Fab 1D05 was isolated by three rounds of panning the
Morphosys HuCAL Gold phage display libraries against re-
combinant murine mouse PCSK9 and identified by ELISA
against human and murine mouse PCSK9s. After conver-
sion to an a variant of IgG2-IgG2m4 (20), its binding affini-
ties to PCSK9 proteins were measured using surface plasmon
resonance. 1D05-IgG2 binds to recombinant human, mouse,
and rhesus PCSK9 proteins with nM affinities. The kinetic
and equilibrium constants are reported in Table 1.

To determine whether the binding of 1D05-IgG2 affects
PCSK9 function, we studied its effect on the PCSK9/LDLr

interaction. As shown in Fig. 1A, 1D05-IgG2 dose-depend-
ently inhibited PCSK9/LDLr binding in an in vitro TR-
FRET assay with an ICsy of 3.7 + 0.1 nM (n = 3).

1D05-IgG2 neutralizes the inhibitory effect of wild-type
and gain-of-function PCSK9 mutants

We assessed whether binding of 1D05-IgG2 to PCSK9
alters cellular LDLc uptake. As reported earlier (8, 26),
addition of purified recombinant human or mouse PCSK9
to cell culture media significantly decreased cellular up-
take of AF 546-LDLc in HEK293 cells. 1D05-IgG2 com-
pletely blocked the effects of human and mouse PCSK9
with an ICs, of 38 and 33 nM, respectively (Fig. 1B). These
values are likely to be an underestimation of the potency
of 1D05-IgG2 because they are close to the inhibitor potency-
detecting limit of the assay in HEK293 cells (~30 nM).
Similar effects of 1D05-IgG2 on human PCSK9-mediated
effect were also observed in HepG2 cells, with an 1C;, of
approximately 19 nM (data not shown), which is also
close to the potency-detecting limit of the assay in HepG2
cells (~~13 nM). Importantly, 1D05-IgG2 can also com-
pletely block the effect of proteins carrying the gain-
of-function mutations S127R (Fig. 1C) and D374Y (data
not shown).

PCSK9/1D05-Fab complex

In order to characterize the molecular details of the
PCSK9/1D05 interaction, we determined the crystal
structure of the complex between 1D05-Fab and PCSK9AC
(a truncated form of PCSK9 lacking the C-terminal do-
main) (12). Crystals were grown at pH 6.5 and belong to
space group P2,2,2,, with one complex per asymmetric
unit and 58% solvent. Data collection and refinement
statistics to 2.7-A resolution are summarized in supple-
mentary Table SI.

Overall, the complex has an elongated shape with di-
mensions of ~130 A x 50 A x 40 A (Fig. 2). 1D05 binds the
PCSK9 catalytic domain via both the heavy and light chain
variable domains (VH and VL) (Fig. 2 and Fig. 3A-C), al-
though most of the contacts are established by the VH
CDR regions. The interface is characterized by the pres-
ence of several polar interactions. Ten residues from
CDR-H3 (Ile104, Arg106, Tyr107, Met109, Asn110, Vall11,
Tyr112, Tyrl13, Leull4, and Tyrl16) and ten residues
from CDR-H2 (Trp47, GIn65, Leub5s, Gly56, Ile57, Alab8,
Asnb9, Tyr60, Ala61, and GIn62) contact 18 residues of
the PCSK9 catalytic domain: Prol55 (in the P™-helix),
Arg194, Glul97, Ala220, Ser221, Arg237, Asp238, Ala239,
Ne369, Ser372, Asp374, Cys375, Thr377, Cys378, Phe379,
Val380, Ser381, and GIn382. Among these PCSK9 amino
acids, Argl94, Glul97, Cys375, and Thr377 also interact
with GIn27 and Arg30 from the CDR-L1 region, and with
Phe91, Asp92, Gly93, and Asp94 from the CDR-L3 region.
In turn, these CDR-L3 residues also interact with PCSK9
amino acids Asp192 and Ser376.

1D05 Fab CDR-H3 and CDR-H2 structurally mimic the
LDLr EGF(A) domain

A prominent feature of the PCSK9AC/1D05 complex is
the extensive contacts formed between 1D05 CDR-H3 (22

Antibody 1D05 against the PCSK9 catalytic domain 81
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1D05-IgG2 inhibits PCSK9 function. A: Effect of 1D05-IgG2 on PCSK9-LDLR interaction. TR-FRET

experiments were performed using 4 nM Eu’-LDLr ectodomain and 10 nM AF 647-labeled PCSK9. Increas-
ing concentrations of 1D05-IgG2 was titrated into reaction mixtures containing a preformed complex of AF
647-PCSK9 (10 nM) and Eu*-LDLr (4 nM) at pH 7.4. Data are means + SD of triplicates. B: Effect of 1D05-
IgG2 on PCSK9-mediated inhibition of LDLc uptake in HEK293 cells. AF 546-LDL uptake was measured in
cells incubated with human or mouse PCSK9 (5 pg/ml). C: Effect of 1D05-IgG2 on gain-of-function human
PCSK9 S127R mutation-mediated inhibition of LDL uptake. AF 546-LDL uptake was measured in HepG2

cells incubated with 1 pg/ml S127R.

amino acids) and the PCSK9 catalytic domain. Strikingly,
superposition of the PCSK9/1D05 and PCSK9/EGF(A)
structures (12, 27) reveals that the 1D05 CDR-H3 adopts a
hairpin structure that structurally mimics two {-strands
of EGF(A) (Val307-Asp310 and Tyr315-Leu318) (Fig. 3D
and supplementary Fig. SI). Thus, together with two
B-strands of PCSK9 (residues 378-382 and 368-371), CDR-
H3 forms an equivalent antiparallel four-stranded 3-sheet
(Fig. 3D and supplementary Fig. SI). In addition, the tip of
the CDR-H2 loop, composed of residues Gly50-Gly56,
structurally mimics a helical turn in EGF(A) (residues
Gly293-Asp299).

Two residues in PCSK9, Arg194 and Phe379, were shown
to be critical for EGF(A) binding, in which Arg194 forms a
salt bridge with EGF(A) Asp310, and Phe379 makes sev-
eral contacts with EGF(A) (27). These PCSK9 amino acids
also play an important role in the interaction with 1D05
(Fig. 3D). Argl94 forms a salt bridge with Asp94 in the
CDR-L3 region and an H bond with Tyr60 from the
CDR-H2 region. Phe379 carbonyl oxygen, on the other
hand, forms an H bond with Tyr112 from the CDR-H3 re-
gion. Similarly, a salt bridge between Asp374 from PCSK9
and Argl06 from 1D05 CDR-H3 replaces the salt bridge
formed at low pH between PCSK9-Asp374 and EGF(A)-
His306 (27) (Fig. 3D). Despite these similarities, the inter-
face between PCSK9 and the EGF(A) domain is much
smaller than the interface between PCSK9 and 1D05-Fab
(total buried surface area is 974 A” in the complex with
EGF[A] and 1,790 A? in the 1D05 complex). Thus, with
the exception of Ser153 and Ile154, which are disordered
in the PCSK9AC/1D05 complex, all the amino acids of
PCSK9 that contact EGF(A) also interact with 1D05. In
summary, the structural analysis reveals that 1D05 struc-
turally mimics the LDLr EGF(A) domain in its interaction
with PCSK9 and, thus, inhibits PCSK9 by sterically prevent-
ing it from binding to the receptor.

Generation of a transgenic mouse model with a
human-like liproprotein and PCSK9 profile

Most strains of mice have very low levels of LDLc that
cannot easily be measured. Therefore, in order to assess in
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vivo affects of 1D05-IgG2 on LDLc, we generated CETP/
LDLr-hemi, a transgenic mouse model which is hemizy-
gous for both human CETP and LDLr alleles. Importantly,
the lipid profile of these mice closely resembles that of hu-
mans, with relatively high levels of LDLc (80-90 mg/dl)
and triglycerides (110-120 mg/dl) and low levels of HDLc
(40-50 mg/dl) (supplementary Fig. SII). In comparison,
levels of circulating LDLc and HDLc in wild-type C57BL/6]
mice are 15-35 mg/dl and 70-120 mg/dl, respectively
(data not shown). Moreover, the average plasma PCSK9
level in these mice is 16 nM (~1,000 ng/ml), which is
higher than that in wild-type C57BL/6] mice (supplemen-
tary Table SII) and is within the reported range of PCSK9
in human plasma (33-2,988 ng/ml) (28).

1D05-IgG2 reduces circulating LDLc and increases
hepatic LDLr levels in rodents

The effect of 1D05-IgG2 on circulating LDLc was stud-
ied in the CETP/LDLr-hemi mice. As shown in Fig. 4A,

—

1D05-Fab

Pro

PCSK9 " 1D05-Fab

Fig. 2. Crystal structure of the PCSK9AC/1D05 Fab complex. A:
Ribbon representation. The PCSK9 catalytic domain (Cat) and pro-
domain (Pro) are color-coded magenta and red, respectively. 1D05
VH and VL domains are color-coded yellow and blue, respectively;
CH and CL domains are color-coded green and cyan, respectively. B:
Surface representation (same color codes as in panel A). (Figs. 2 and
3 were prepared using Pymol software;DelLano Scientific).
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Fig. 3. PCSK9/1D05-Fab interaction. A-C: PCSK9/1D05 interac-
tion details are shown. Key residues are shown in stick representa-
tion. Carbon, oxygen, and nitrogen for the CDR-H3 are colored
cyan, red, and blue, respectively. Carbon, oxygen, and nitrogen for
PCSK9 are colored green, red, and blue, respectively. Polar interac-
tions are shown as dashed yellow lines. D: Superposition of the
1D05/PCSK9AC and EGF(A)/PCSK9IAC complexes. The PCSK9
catalytic domain (magenta) and VH region of the 1D05 Fab (yel-
low) are represented by ribbon diagrams. The PCSK9AC/EGF(A)
complex is represented as ribbon diagram in black.

1D05-IgG2 dose-dependently decreased the level of circu-
lating LDLc. A single 1D05-IgG2 injection (iv, 4 mg/kg
body weight) reduced the level of LDLc ~50% at 48 h
postdose. The vehicle PBS by itself, or an irrelevant IgG2,
anti-IL13R nonbinding variant 10G5 PL14, had no effect
on the level of LDLc (data not shown).

The time course of the LDLc-lowering effect by 1D05-
IgG2 (iv, 30 mg/kg) was also assessed in CETP/LDLr-hemi
mice. Decreases in LDLc levels were observed as early as
16 h following the injection, and the maximal effect
(~35%-50%) took place between days 1 and 7 postdose
(Fig. 4B). The effect of 1D05 on LDLr protein was evalu-
ated by Western blot analysis of the LDLr protein abun-
dance in the livers from these mice. Consistent with the
proposed mechanism of action, 1D05-IgG2 treatment
markedly increased the steady-state levels of hepatic LDLr
protein (~fivefold compared with the PBS control group)
(Fig. 4C, D). Remarkably, the increase in LDLr protein
abundance began as early as 3 h after 1D05-IgG2 injection,
which preceded the observed decrease in LDLc levels (16 h
postdose) (Fig. 4C, D).

1D05-IgG2 is also a potent LDLc-reducing agent at lower
doses: asingle 3 mg/kg 1D05-IgG2 iv injection significantly
reduced circulating LDLc and total cholesterol by 20%—
30% for over 7 days. LDLc and total cholesterol returned
to baseline levels approximately 14 days after treatment
(supplementary Fig. SIII). It is worth noting that there was
a transient decrease in the level of HDLc between day 1
and day 3, which also returned to baseline after 7 days

(supplementary Fig. SIIIC). No change was observed in
the level of TGs (data not shown).

1D05-IgG2 reduces free PCSK9 in mice

The level of plasma PCSK9 captured by 1D05-IgG2 was
monitored by using two PCSK9 DELFIAs that selectively
measured 1D05-free PCSK9 and total PCSK9 (which in-
cludes free 1D05 and bound PCSK9) in mouse plasma
(Fig. 5A, B). Increases in the percentage of captured
PCSK9 were observed with increasing doses of 1D05-IgG2
(Fig. 5C). A reduction in LDLc levels of greater than 30%
was observed with 0.3 and 1 mg/kg 1D05-IgG2 treatments,
which was associated with a fraction of approximately 50%
or greater of PCSK9 captured by 1D05-IgG2.

1D05-IgG2 reduces circulating LDLc and free PCSK9 in
nonhuman primates

The in vivo efficacy of 1D05 was also evaluated in rhesus
monkeys. A single iv injection of 1D05-IgG2 at 3 mg/kg
led to a decrease of up to 50% in circulating LDLc. The
effect of 1D05-IgG2 was observed within 24 h of dosing
and was maintained for over 2 weeks (Fig. 6A). Similar to
results from studies with CETP/LDLr-hemi mice, the ef-
fects of 1D05-IgG2 on free 1D05 and total plasma PCSK9
levels in rhesus monkeys were determined using two
PCSK9 DELFIAs. Administration of 1D05-IgG2 reduced
the level of free plasma PCSK9; the level of total plasma
PCSKO9 did not change significantly (Fig. 6A, B). Maximal
reduction in LDLc levels (30%—-50%) was associated with
greater than 70% capture of plasma PCSK9 by 1D05-1gG2
(or greater than 70% reduction in the level of free PCSK9
in the plasma). Total cholesterol levels were also de-
creased in these monkeys (Fig. 6C). On day 14, there was
an increase in the level of total cholesterol due to an in-
crease in the level of plasma HDLc (data not shown).
However, this change was not statistically significant. Circu-
lating serum 1D05-IgG2 concentrations were monitored
throughout the study, and terminal ¢, ,, was determined to

be 3.2 days (77 h).

DISCUSSION

Several anti-PCSK9 antibodies have been reported re-
cently. These include monoclonal or polyclonal antibod-
ies directed against the catalytic domain of PCSK9. These
antibodies disrupt the PCSK9/LDLr interaction, restore
LDLc uptake in cells (15, 16), and reduce circulating
LDLc (15). In addition, we have previously reported a hu-
man MAb Fab which binds to the C-terminal domain of
PCSK9 and partially inhibits its effect on LDLc uptake in
hepatocytes through inhibition of PCSK9 internalization
(18). We report here that 1D05-IgG2, a high-affinity anti-
PCSK9 antibody, neutralizes the PCSK9-mediated inhibi-
tory effect on LDLc uptake by directly interfering with the
formation of the PCSK9/LDLr complex and significantly
reduces levels of circulating LDLc and total cholesterol in
both mice and rhesus monkeys. Functionally, 1D05-IgG2
resembles the MADb reported by Chan et al. (15), as they
both bind the catalytic domain of PCSK9, restore LDLc
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A 20 Dose, mglkg C
> 101 004 012 040 12 40 Fig. 4. 1D05-IgG2 reduces LDLc in CETP/LDLr-
E -13 I I ' ' Oh 3h Oh 16h Oh 24h Oh 7d hemi mice. A: Dose-response study of the effect of
3 20 i DR [ v = 1D05-IgG2. Mice were injected with a single iv dose
2 30 Tubulin (P = —ww === —ww=|  of 1D05IgG2 at the indicated doses. Plasma LDLc
= .40 z levels were measured at 48 h postdose. B: The time
® 50 I course of the LDL-lowering effect of 1D05-IgG2 is
-60 shown. Mice were injected with a single iv dose of 30
mg/kg 1D05-IgG2. Plasma LDLc was measured at in-
B dicated times postinjection. G, D: Time courses of
® 207 changes in LDLR protein abundance in mice treated
=] 13: D with 30 mg/kg 1D05-IgG2 are shown. Liver tissues
8 40 I I i 5 were collected from mice treated with 1D05-IgG2
3 201 1 and used to prepare tissue lysate. Tubulin was used as
El 301 I g8 loading control. The percentages of changes were
= .40 i § i calculated relative to those of the PBS vehicle control
32 -501 i ¢t g group. Results are means + SEM from n = 8-10
60— So replicates.
PBS 3h 8h 16h 24h 3d Td

Control 3h  16h 24h
Time (post dose)

uptake in cells, and reduce circulating LDLc. In addition,
these two antibodies have similar terminal ¢, periods in
nonhuman primates: 77 h for 1D05-IgG2 and 61 h for
MADbI, as reported by Chan et al (15). While both MAb1
and 1D05-IgG2 sterically inhibit PCSK9 binding to EGF (A),
their binding sites on PCSK9 are distinct. Specifically,
MADbI binds to a region on PCSK9 that partially occludes
its binding to EGF(A). In comparison, 1D05-IgG2 structur-
ally mimics the LDLr EGF(A) domain in its interaction
with PCSK9 and directly inhibits PCSK9 binding to EGF (A)
by competitively binding to the same site. Furthermore,
while the study by Chan et al. (15) demonstrated the cor-
relation between unbound PCSK9 and circulating LDLc in
nonhuman primates, our studies demonstrated that in both
rodents and nonhuman primates, the potential therapeutic
benefit of the anti-PCSK9 antibody is mediated by the re-
duction of unbound PCSK9 with a corresponding increase
in the percentage of PCSK9 captured by the antibody.

3d 7d

The crystal structure of the PCSK9AC/1D05 Fab com-
plex revealed a large interface formed between the PCSK9
catalytic domain and the CDR-H2 and CDR-H3 regions of
1D05. Importantly, the 1D05 binding epitope on PCSK9
completely overlaps that of the LDLr EGF(A) domain and
is restricted to the PCSK9 catalytic domain. In contrast,
the antibody isolated in the study by Chan etal. (15) inter-
acts with residues from both the PCSK9 prodomain and
the catalytic domain; its binding epitope only partially oc-
cludes the EGF(A) binding site on the PCSK9 catalytic
domain.

Some of the 1D05-binding residues in PCSK9 have been
shown to play functional roles in LDLc regulation or to be
involved in LDLr EGF(A) binding (27). For instance,
Arg237Trp and Asp374Tyr have been reported as loss-of-
function and gain-of-function mutations, respectively (29,
30). Consistent with this, 1D05-IgG2 also blocks the inter-
actions between Asp374Tyr and LDLr in hepatocytes.
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Fig. 5. Measurement of total and free plasma PCSK9 in CETP/LDLr-hemi mice. A: Schematic illustrates
total and free PCSK9 DELFIAs. Plasma PCSK9 was captured by anti-PCSK9 MAb A. Biotinylated anti-PCSK9
MAD B, which does not compete with 1D05-IgG2 for binding to PCSK9, was used for the detection of total
PCSKO9. Biotinylated 1D05 IgG2 was used to detect free PCSK9. B: Capture of PCSK9 by 1D05-IgG2. Plasma
samples were collected at 48 h after 1D05-IgG2 injection. Total and free PCSK9 were measured using two
mouse PCSK9 DELFIAs. The percentage of antibody-captured PCSK9 was calculated as described in Experi-
mental Procedures. Results are means + SEM from n = 8-10 replicates.
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Fig. 6. 1D05-IgG2 reduces LDLc in rhesus monkeys. A: Effects
of1D05-IgG2 treatment on levels of plasma LDLc, total cholesterol,
and total and free PCSKY. Plasma samples were collected at the
indicated times following 1D05-IgG2 iv injection (3 mg/kg). Total
and 1D05-IgG2-free PCSKY levels were measured using two rhesus
PCSK9 DELFIAs. The percentage of antibody-captured PCSK9 was
calculated as described in Experimental Procedures. B: Change in
total and free circulating PCSK9 following 1D05-IgG2 treatment.
C: Effect of 1D05-IgG2 on total cholesterol. All results are means +
SEM from n = 3 replicates.

Changes in both total and free PCSK9 levels following
1D05-IgG2 treatments were monitored in mice and in rhe-
sus monkeys during this study, allowing us to delineate the
relationship between changes in circulating LDLc and
those in the level of plasma-free PCSK9, and with the per-
centage of PCSKY captured by the antibody. As expected,
1D05-IgG2 significantly decreases the level of free plasma
PCSK9. This, in turn, results in increases in hepatic LDLr
protein abundance and decreases in circulating LDLc.
Noticeably, in rhesus monkeys, the onset of decreases in
free PCSK9 abundance precede that in LDLc; similar ob-
servations were reported by Chan et al. (15) for the effects
of MAbI in cynomolgus monkeys. Overall, the total plasma
PCSKO9 level (1D05-bound and free PCSK9) did not change
significantly, although there was a transient increase (for
~2 days) following 1D05 treatment in rhesus monkeys.
The mechanism of this increase is currently under investi-
gation. It may be related to a decrease in the clearance
rate of 1D05-bound PCSK9 or to a compensatory change
of PCSK9 synthesis following 1D05-IgG2 exposure.

In this study, the in vivo efficacy of 1D05-IgG2 was as-
sessed in CETP/LDLr-hemi transgenic mice and in rhesus
monkeys. In general, wild-type C57BL/6] mice are not
ideal for studying cholesterol-reducing agents due to their
low circulating LDLc levels. By crossing human CETP
transgenic mice with LDLr null mice, we generated a
mouse model, CETP/LDLr-hemi, with an overall lipid
profile (LDL, HDL, total cholesterol, and TG) closely
mimicking that of young healthy humans. Additionally,
plasma PCSK9 levels in these mice are also similar to those
in humans. Similar mouse models have been used previ-
ously in studies of hepatic cholesterol metabolism (31,

32). We demonstrate here that in these mice and in rhesus
monkeys, a single low-dose injection of 1D05-IgG2 led to
significant reduction in plasma-free PCSK9 levels in paral-
lel with a long-lasting reduction in circulating LDLc.

An anti-PCSK9 MAD is expected to provide therapeutic
benefit for patients with hypercholesterolemia. Among
patients treated with statins, approximately 2% do not
respond. In addition, many statin responders require ad-
ditional therapy as statin treatment alone does not achieve
sufficient LDL reduction. A recent study has also shown
that statin treatment promotes a significant increase
(~35%) in plasma PCSK9 levels, potentially attenuating
its ability to reduce LDLc (35). Therefore, a PCSK9 inhibi-
tor, either used alone or in combination with a statin, may
represent the next major breakthrough for hypercholes-
terolemia therapy Bl

We thank Vijayalakshmi Agnani for production of full-length
human PCSK9 and Neil Geoghagen for providing technical
support.
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