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PHASE FORWARD

A Phase I Randomized Study of a Specifically Engineered,
pH-Sensitive PCSK9 Inhibitor RN317 (PF-05335810)
in Hypercholesterolemic Subjects on Statin Therapy

M Levisetti1,†, T Joh1, H Wan2,†, H Liang2,†, P Forgues2,†, B Gumbiner1 and PD Garzone2,∗

This phase I study assessed the safety, tolerability, pharmacokinetics, and pharmacodynamics of RN317 (PF-05335810), a
specifically engineered, pH-sensitive, humanized proprotein convertase subtilisin kexin type 9 (PCSK9) monoclonal antibody,
in hypercholesterolemic subjects (low-density lipoprotein cholesterol (LDL-C) � 80 mg/dl) 18–70 years old receiving statin
therapy. Subjects were randomized to: single-dose placebo, RN317 (subcutaneous (s.c.) 0.3, 1, 3, 6, or intravenous (i.v.) 1,
3, 6 mg/kg), or bococizumab (s.c. 1, 3, or i.v. 1 mg/kg); or multiple-dose RN317 (s.c. 300 mg every 28 days; three doses).
Of 133 subjects randomized, 127 completed the study. RN317 demonstrated a longer half-life, greater exposure, and increased
bioavailability vs. bococizumab.RN317 waswell tolerated,with no subjects discontinuing because of treatment-related adverse
events. RN317 lowered LDL-C by up to 52.5% (day 15) following a single s.c. dose of 3.0 mg/kg vs. a maximum of 70% with
single-dose bococizumab s.c. 3.0 mg/kg. Multiple dosing of RN317 produced LDL-C reductions of �50%, sustained over an
85-day dosing interval.
Clin Transl Sci (2017) 10, 3–11; doi:10.1111/cts.12430; published online on 17 November 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THIS
TOPIC?
✔ Monoclonal antibodies against PCSK9 can produce
substantial reductions in LDL-C in hypercholesterolemic
subjects. However, monthly dosing regimens often result
in a suboptimal “saw-tooth” pattern of LDL-C reductions
from baseline.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ This study assessed whether a pH-sensitive, humanized
IgG2�a, monoclonal PCSK9 antibody (RN317) could be
specifically engineered to eliminate target-mediated drug
clearance, and thus prolong the half-life and sustain the

duration of LDL-C lowering when compared with the mon-
oclonal PCSK9 antibody bococizumab.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
✔ An anti-PCSK9 monoclonal antibody can be engineered
to produce a pH-sensitive antibody, which prolongs half-life
and extends the duration of LDL-C lowering.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE
✔ A detailed knowledge of anti-PCSK9 monoclonal anti-
body structure has allowed antibody engineering to pro-
ceed on a rational basis to enhance the pharmacological
properties of these molecules. These techniques could be
utilized in other therapeutic applications.

The serine protease proprotein convertase subtilisin kexin
type 9 (PCSK9) binds to and downregulates low-density
lipoprotein receptor (LDL-R) levels on hepatocytes.1,2 A
decrease in active circulating PCSK9 causes a rise in hepato-
cyte LDL-R density, thereby increasing LDL uptake from the
circulation leading to a reduction in serum LDL cholesterol
(LDL-C) levels.2,3 The benefits to long-term cardiovascular
(CV) health by lowering LDL-C are well known,4 and loss-of-
function mutations in the PCSK9 gene have been associated
with reduced LDL-C levels and a reduced risk for CV events.5

Conversely, gain-of-function mutations in the PCSK9 gene
results in an increase in LDL-C levels, and has been
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associated with an increase in long-term CV risk.6 These
observations have led to the inhibition of PCSK9 being a
major target for the development of therapies to reduce LDL-
C, which may complement the action of statins.7

A series of monoclonal antibodies (mAbs) have been
specifically developed to inhibit the activity of PCSK9.7

The mAb bococizumab (previously known as PF-
04950615/RN316) targets the LDL-R binding domain of
PCSK9 with high affinity, preventing binding with and down-
regulation of LDL-R, leading to improved LDL-C clearance,
and ultimately a reduction in serum LDL-C.8 Phase I and IIA
trials of bococizumab in both statin- and nonstatin-treated
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subjects have demonstrated that it is well tolerated and
associated with substantial reductions in LDL-C of up to
70–80%.9,10 A phase IIB clinical trial of bococizumab con-
ducted in statin-treated subjects with hypercholesterolemia
confirmed the findings of these early small trials.11 Boco-
cizumab is now being evaluated in the phase III SPIRE
(Studies on PCSK9 Inhibition and the Reduction of Vascular
Events) program.11

A routine finding from most early dose-ranging studies
of PCSK9-inhibiting mAbs was that LDL-C values were not
maintained between monthly doses, resulting in a subopti-
mal “saw-tooth” pattern of LDL-C levels from baseline, even
in patients receiving ongoing statin therapy.11–14 Recent evi-
dence suggests that achieving sustained reductions in CV
risk factors, such as LDL-C and blood pressure (BP), may be
an important consideration for optimal management of CV
risk.15,16 For example, visit-to-visit variability in LDL-C lev-
els has been identified as an independent predictor of CV
events in patients with coronary artery disease, with higher
variability associated with a higher incidence of CV events.15

By preventing variations in LDL-C reduction between doses,
PCSK9 inhibitors with a longer duration of actionmay provide
additional clinical benefit and should be investigated further.
With the aim of sustaining the physiological activity of

PCSK9 inhibition, a humanized IgG2�a, monoclonal PCSK9
antibody, RN317 (PF-05335810), was specifically engineered
to have pH-sensitive binding to PCSK9 in order to reduce
target-mediated drug clearance, thus prolonging the half-life
and sustaining the duration of LDL-C lowering.17 By incor-
porating histidines into the complementary region residues,
RN317 shows lower affinity for PCSK9 at low acidic pH com-
pared with neutral pH, allowing RN317 to bind and block
PCSK9 function in the blood (pH neutral), but to disasso-
ciate from PCSK9 in the acidic endosomal compartment
and escape PCSK9-mediated degradation.17 This enables
RN317 to be recycled and then potentially reused, prolong-
ing the entity’s half-life and increasing exposure.17 Consistent
with these engineered characteristics, RN317 demonstrated
prolonged half-life and increased duration of LDL-C lower-
ing compared with bococizumab in studies conducted in
mice and cynomolgus monkeys.17 The phase I clinical study
described here was undertaken to assess the safety, tolera-
bility, pharmacokinetics, and pharmacodynamics of RN317
in hypercholesterolemic subjects receiving ongoing statin
therapy. In addition, the effect of RN317, administered as
either a subcutaneous (s.c.) or intravenous (i.v.) dose, on
plasma LDL-C levels was assessed and compared with that
known for bococizumab.

METHODS
Standard protocol approvals, registrations, and patient
consent
This randomized, placebo-controlled, ascending-dose,
phase I trial was conducted in compliance with the Decla-
ration of Helsinki and all International Conference on Har-
monization (ICH) Good Clinical Practice (GCP) guidelines. In
addition, all local regulatory requirements were followed. The
study protocols and the informed consent documents were
reviewed and approved by the Institutional Review Boards
and/or Independent Ethics Committees at each participat-

ing center. All subjects provided their informed consent.
The study is listed on clinicaltrials.gov with the identifier:
NCT01720537.

Study population
Subjects were recruited from seven centers in the United
States. Men and women aged 18–70 years with a diagno-
sis of hypercholesterolemia and prescribed atorvastatin 40
mg/day, simvastatin 40 mg/day, or rosuvastatin 20 mg/day
for at least 45 days prior to study start were eligible for enroll-
ment. Subjects who had changed their dose of lipid-lowering
medication within 45 days of study start were excluded.
Lipid-lowering herbal supplements were not allowed. All eli-
gible subjects had a fasting LDL-C � 80 mg/dl at both
screening and 1 week before randomization. Subjects had
to have a body mass index (BMI) between 18.5 and 45
kg/m2 and body weight � 150 kg (Cohorts 1–3), or � 125
kg (Cohorts 4 and 6, see below). Key exclusion criteria
included: a history of a cardiovascular disease or cerebrovas-
cular event(s) or procedure within 1 year of randomization;
poorly controlled diabetes (glycated hemoglobin (HbA1c) >

9%); hypertension (systolic BP > 160 mm Hg or diastolic
BP > 90 mm Hg); any known sensitivity to anti-PCSK9 com-
pounds; and any other chronic medical condition considered
by the investigators to be clinically relevant. Subjects were
also excluded if on screening they had serum creatinine> 1.5
times the upper limit of normal (ULN), or alanine aminotrans-
ferase (ALT) or aspartate aminotransferase (AST) � 2.0 times
the ULN. Exposure to bococizumab was allowed provided
the subject tested negative for anti-bococizumab antibodies
before the start of this study and > 6 months had elapsed
since the last dose of bococizumab.

Study design
In total, 133 subjects with a diagnosis of hypercholes-
terolemia and currently receiving statin therapy were ran-
domized into six cohorts, between 10 July 2012 and
28 October 2013. Prior to dosing, a randomization/treatment
assignment number was allocated that was retained through-
out the study and corresponded to a treatment group deter-
mined by a randomization/treatment assignment generated
by the sponsor. Depending on allocation, subjects received:
single-dose placebo (s.c. or i.v.), single-dose RN317 (s.c.
0.3, 1, 3, or 6 mg/kg, or i.v. 1, 3, and 6 mg/kg), or single-
dose bococizumab (s.c. 1 and 3 mg/kg, or i.v. 1 mg/kg)
(Cohorts 1–4 and 6). To determine the maximum toler-
ated dose (MTD) of RN317, Cohort 5 received open-label
RN317 (s.c. 300 mg Q28d, for three doses) following a dose-
escalation strategy (Supplementary Figure S1). Screen-
ing and follow-up periods varied depending on cohort.
For RN317 and bococizumab single-dose cohorts (Cohorts
1–4 and 6), screening lasted for up to 28 days, with a
77-day treatment period and 7-day follow-up period. For
subjects in Cohort 5 (multiple-dose cohort), the screening
period lasted for up to 28 days, the treatment period for
�85 days, and the follow-up period for �84 days. In this
open-label portion, subjects received three doses of RN317
(s.c. 300 mg on days 1, 29, and 57). With the exception of
Cohort 5, subjects and investigators were blinded to study
treatment.
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The doses of RN317 selected for the single-dose stud-
ies were based on preclinical pharmacology and pharma-
cokinetic and toxicology studies. The dose selected for the
multiple-dose experiments was based on the findings of
population pharmacokinetic/pharmacodynamic modeling of
results of the single-dose studies.

Outcome assessments
This study assessed the safety, tolerability, pharmacoki-
netics, pharmacodynamics, and immunogenicity of single,
ascending s.c. and i.v. doses, and multiple s.c. doses, of
RN317 vs. placebo, and vs. bococizumab. The proportion of
subjects having a � 50% reduction from baseline in LDL-C
over days 8–85 for single-dose and days 8–169 for multiple-
dose cohorts was also assessed. The incidence, sever-
ity, and causal relationship of treatment-emergent adverse
events (AEs) were monitored alongside dose-limiting or
intolerable AEs and abnormal laboratory findings (clinical
chemistry, hematology, and urinalysis), or clinically relevant
changes in vital signs, BP, or electrocardiograph parameters,
or exacerbations of existing conditions. Blood samples for
pharmacokinetic and lipid and biomarker analyses were per-
formed throughout the study on scheduled visits. Exploratory
end points included absolute and percentage changes from
baseline in LDL-C, high-density lipoprotein cholesterol (HDL-
C), and triglycerides (TG).

Blood sample collection
Blood samples were collected on day 1 (predose, and 1,
2, 3, and 4 h postdose), day 2 (24 h postdose), day 3
(48 h postdose), day 4 (72 h postdose), and then once-weekly
for 12 weeks until day 85 (2,016 h postdose). Lipid parti-
cles, apolipoprotein A1 (apoA1), apoB, lipoprotein(a) (Lp[a]),
C-reactive protein (CRP), and other biomarkers related to
hypercholesterolemia as well as antidrug antibodies (ADAs)
(anti-RN317 or anti-bococizumab) were assayed from blood
samples collected on days 1, 4, 15, 29, 57, and 85 (or on the
last follow-up visit). Samples were analyzed at ICON Solu-
tions (Whitesboro, New York, NY), QPS Holdings (Newark,
DE), or LipoScience (Raleigh, NC).

Laboratory methods
Cholesterol and TG were assayed using enzymatic methods.
LDL-C was calculated with the Friedewald formula: LDL-C =
total cholesterol – HDL-C – (TG × 0.2).
Pharmacokinetic profiling of RN317 was carried out

using a validated, sensitive, and specific enzyme-linked
immunosorbent assay (ELISA) method (QPS Holdings). This
research assay measured free and target-bound RN317,
but not other RN317 bound complexes. In this assay, anti-
idiotypic antibody was utilized as a capturing reagent. The
samples were preprocessed with a 1:500 dilution using
block/dilution buffer containing an excess of a mouse anti-
PCSK9 antibody to competitively displace RN317 from its
complex with the PCSK9 target. The RN317 concentration
range for the standard curve was from 200–10,000 ng/ml.
Pharmacokinetics of bococizumab was studied using

a validated ELISA for determining free and target-bound
bococizumab in plasma (ICON Development Solutions).
This research assay does not detect all target-bound

bococizumab andwas used to support early clinical develop-
ment. Bococizumab concentrations were determined using a
four-parameter logistic fit of the standard curve (range: 200–
51,200 ng/ml).
Assay performance for both RN317 and bococizumab was

checked using three quality control (QC) samples assayed in
two replicates on each plate. Assays were acceptable if the
precision (coefficient of variation, %CV) of each QC sample
was � 20% (� 25% at LLOQ) and intrabatch accuracy (per-
cent relative error, %RE) within 20% (25% at the LLOQ).

Pharmacokinetic assessments
Pharmacokinetic parameters were derived from blood sam-
ples following RN317 and bococizumab administration,
and included maximum plasma concentrations (Cmax), time
to maximum plasma concentration (Tmax), area under the
plasma concentration-time curve (AUC) from time zero to
infinity (AUCinf), AUC from time zero to last quantifiable con-
centration (AUClast), clearance (CL/F or CL), and terminal half-
life (t1/2). Cohort 5 additionally included volume of distribu-
tion (Vz or Vss) and the observed accumulation ratio based
on AUC (Rac).

Detection of human ADAs and injection site reactions
Immunogenicity to RN317 and bococizumab was detected
using validated ELISA assays against human ADAs (anti-
RN317 or anti-bococizumab). For RN317 this was conducted
at QPS Holdings. For bococizumab this was conducted by
ICON Development Solutions. RN317 samples were consid-
ered positive when the titer value was > 1.602. Bococizumab
samples were considered positive when the titer value
was �4.32. Subjects allocated to either RN317 or boco-
cizumab with detectable ADAs were closely observed for
hypersensitivity reactions, including (but not limited to)
changes in platelet or white blood cell counts and vital signs.

Statistical analysis
All randomized subjects who received any amount of study
medication were included in the safety, pharmacokinetic, and
pharmacodynamic assessments, and for other exploratory
end points.
Demographic and baseline characteristics were summa-

rized by treatment groups. Means with standard deviations
(SDs) and medians with ranges were used for continuous
variables. Counts and proportions were used for categor-
ical variables. Pharmacokinetic parameters were summa-
rized and 90% confidence intervals (CIs) calculated. Data
were dose-normalized to 1 mg/kg. Absolute bioavailability
was estimated by comparing log-transformed AUCinf (if data
permitted) and AUClast for RN317 or bococizumab adminis-
tered s.c. (Test) and RN317 or bococizumab administered i.v.
(Reference), respectively. Pharmacokinetic parameters (CL
or AUC, Cmax, t1/2 and %F if data permitted) for RN317 and
bococizumab from Cohorts 2 and 3 by route of administra-
tion were compared using analysis of variance. For this com-
parison, natural log-transformed Cmax, AUClast, and t1/2 from
RN317 (Test) and bococizumab (Reference) were analyzed
using mixed effect mode with treatment as a fixed effect
and subject within cohort as a random effect. No adjustment
was required for molecular weight, as this does not differ
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significantly between RN317 and bococizumab. Safety data
were analyzed using descriptive statistics. For exploratory
end points, percentage changes from baseline (with 90% CI)
in lipids of each treatment armweremeasured, and the abso-
lute and percentage change from baseline calculated. Data
were analyzed using SAS (v. 9, Cary, NC).

RESULTS
Study population
A total of 133 subjects were randomized to treatment and all
received investigational products (RN317, n = 78; placebo,
n = 21; bococizumab, n = 34) (Table 1). The majority of
subjects were male (63.2%) and white (83.5%). Additional
demographic and clinical characteristics are presented in

Supplementary Table S1. Overall, 127 subjects completed
the study with six subjects having discontinued (Supple-
mentary Figure S2). The most common reason stated for
discontinuation was: “no longer willing to participate in
study” (five subjects; Supplementary Figure S2).

Pharmacokinetic profiles of RN317 and bococizumab
Single dose: Absorption was slow and varied across the dose
range (0.3–6.0 mg/kg) following single s.c. administration of
RN317, and the maximum concentration (Cmax) was reached
at between 3 and 10.5 days, depending on the dosage (Table
2; Figure 1a). Following Cmax, a multiphasic decline over time
was recorded (Figure 1a), with mean terminal t1/2 values of
19–21 days (RN317 s.c. 1.0–6.0 mg/kg) (Table 2). Plasma

Table 1 Demographic and baseline characteristics of the study population

Single Dose Multiple Dose

Placebo RN317 Bococizumab RN317

s.c. i.v. s.c. s.c. s.c. s.c. i.v. i.v. i.v. s.c. s.c. i.v. s.c.

0.3 mg/kg 1 mg/kg 3 mg/kg 6 mg/kg 1 mg/kg 3 mg/kg 6 mg/kg 1 mg/kg 3 mg/kg 1 mg/kg 300 mg

(n = 13) (n = 8) (n = 6) (n = 12) (n = 16) (n = 6) (n = 11) (n = 6) (n = 6) (n = 12) (n = 16) (n = 6) (n = 15)

Age, years 59.0 62.3 60.3 59.4 50.7 62.5 57.8 61.2 54.3 60.1 55.6 61.5 55.8

(8.3) (3.9) (6.8) (6.8) (12.7) (8.3) (7.8) (4.7) (9.3) (8.1) (9.1) (5.9) (9.7)

Male 7 (53.8) 1 (12.5) 1 (16.7) 8 (66.7) 11 (68.8) 5 (83.3) 7 (63.6) 4 (66.7) 6 (100) 9 (75.0) 9 (56.3) 5 (83.3) 11 (73.3)

White 10 (76.9) 7 (87.5) 5 (83.3) 11 (91.7) 10 (62.5) 5 (83.3) 8 (72.7) 5 (83.3) 5 (83.3) 11 (91.7) 13 (81.3) 6 (100) 15 (100)

BMI, kg/m2 32.5 33.4 32.9 29.7 30.6 30.0 30.6 29.3 33.4 33.3 29.2 32.6 32.0

(5.2) (5.8) (5.7) (7.1) (5.7) (5.7) (5.8) (4.9) (5.1) (6.5) (4.2) (4.8) (6.1)

Lipids, mg/dl

LDL-C 105.7 110.7 102.9 102.8 132.9 103.7 109.8 117.8 133.0 96.3 128.8 91.4 106.6

(28.8) (15.1) (13.6) (13.9) (57.4) (14.4) (24.4) (19.7) (30.9) (30.3) (33.3) (16.5) (20.9)

HDL-C 44.1 57.4 57.3 56.3 47.2 51.2 49.6 46.0 38.5 44.8 51.8 60.7 46.2

(7.56) (11.4) (10.0) (13.1) (9.96) (17.6) (16.3) (6.8) (5.87) (9.88) (13.6) (26.3) (10.8)

Triglycerides 154.2 132.9 140.1 147.2 164.4 146.8 114.2 137.8 194.9 152.1 138.8 133.3 136.9

(37.4) (55.6) (33.3) (48.4) (94.8) (89.6) (37.3) (70.4) (64.7) (114.1) (56.5) (67.5) (39.9)

TC 178.6 194.7 188.3 188.5 213.0 184.0 182.2 191.5 210.5 171.0 208.4 178.7 183.0

(34.9) (16.4) (21.5) (15.6) (63.7) (20.0) (30.5) (28.4) (32.2) (35.6) (41.0) (37.3) (25.5)

Values are mean (SD), or number (%). BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total
cholesterol; SD, standard deviation.

Table 2 Pharmacokinetic parameters following single doses of RN317 or bococizumab in subjects with hypercholesterolemia receiving ongoing statin therapy

RN317 Bococizumab

s.c. s.c. s.c. s.c. i.v. i.v. i.v. s.c. s.c. i.v.

0.3 mg/kg 1 mg/kg 3 mg/kg 6 mg/kg 1 mg/kg 3 mg/kg 6 mg/kg 1 mg/kg 3 mg/kg 1 mg/kg

(n = 6) (n = 12) (n = 16) (n = 6) (n = 11) (n = 6) (n = 6) (n = 12) (n = 16) (n = 6)

n* 6 12 16 6 11 6 6 12 16 6

Cmax, μg/ml 1.172 3.099 11.09 23.02 35.7 86.01 157.8 1.824 11.85 35.89

(20) (33) (35) (28) (195) (12) (9) (65) (66) (12)

Tmax, h 253 253 120 72 2.0 2.51 2.00 156 72.0 1.50

(143–339) (72–504) (24–672) (72–337) (0.967–4.00) (1.00–4.00) (1.00–3.00) (48.0–171) (4.00–168) (1.00–4.00)

N* 2 8 16 6 11 6 6 1 10 6

AUCinf, μg.h/ml NR 3,103 7,995 18,100 6,705 19,420 29,220 NR 3,721 3,451

(30) (32) (30) (22) (13) (6) (47) (13)

t1/2, days NR 20.88 ± 4.33 19.40 ± 5.40 18.58 ± 4.1 19.49 ± 6.43 17.52 ± 2.9 14.63 ± 4.68 NR 8.378 ± 2.656 3.400 ± 0.692

Data shown are geometric mean (coefficient of variation; %CV) for all parameters except for Tmax where median (min, max) is shown, and t1/2 where arithmetic
mean ± SD is shown.
*n is the number of subjects in the treatment group and contributing to the mean; N is the number of subjects with a well-characterized terminal phase. AUCinf,
area under the plasma concentration–time curve from time zero to infinity; Cmax, maximum concentration; NR, not reported where <3 subjects had reportable
parameter values; SD, standard deviation; t1/2, terminal half-life; Tmax, time to reach maximum concentration.
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Figure 1 Plasma RN317 and bococizumab concentration–time profiles following (a) single s.c. or (b) single i.v. doses. Values are median.

concentrations with i.v. RN317 (1.0–6.0 mg/kg) exhibited a
multiphasic decline over time as was seen following s.c. dos-
ing (Figure 1b), with mean terminal t1/2 values of 15–19 days
across the dose range, which were similar to those observed
following s.c. doses (Table 2). Overall, exposure across i.v.
doses increased in an approximately dose-proportional man-
ner, although RN317 mean AUC and Cmax values for i.v.
6.0 mg/kg dose were slightly lower (�20–30% lower) com-
pared with i.v. 1.0 and 3.0 mg/kg doses of RN317. Absolute
bioavailability for s.c. RN317 compared with i.v. administra-
tion ranged from 38.5–67.5%, based on a dose-normalized
AUC from time zero to infinity (AUCinf). Absolute bioavailabil-
ity for bococizumab s.c. 1.0 mg/kg compared with boco-
cizumab i.v. infusion was 12.5%. Bioavailability was 44.6%
for bococizumab s.c. 3.0 mg/kg using dose-normalized AUC
for i.v. 1.0 mg/kg as referent. Additional pharmacokinetic
parameters for the single-dose cohorts are presented inSup-
plementary Table S2.
Multiple dose: Following RN317 s.c. 300 mg every 28 days

(Q28d), Cmax was reached within �3 days after dosing. Accu-
mulation of RN317 was minimal, with a mean accumulation
ratio (Rac) of 1.23 after Q28d dosing for 3 months (Table 3).
Additional pharmacokinetic parameters for the multiple-dose
cohort are presented in Supplementary Table S3.

Comparing the pharmacokinetics of RN317 with
bococizumab
Bococizumab exposure increased in a greater than dose-
proportional manner from s.c. 1.0 to 3.0 mg/kg. Com-
paring the same routes of administration and dosages of
RN317 and bococizumab, RN317 showed a more sus-
tained plasma concentration–time profile vs. bococizumab
(Figure 1). Single-dose s.c. and i.v. RN317 and boco-
cizumab showed comparable Cmax and time to reach max-
imum concentration (Tmax) for the same dose regimen. How-
ever, AUClast was higher and apparent terminal half-life (t1/2)
was longer for RN317 in comparison with bococizumab
(Table 2). For example, mean t1/2 was 19.49 days for RN317
and 3.4 days for bococizumab for the i.v. 1.0 mg/kg dose
(Table 2). As a result, based on the ratios (90%CI) of adjusted
geometric mean values for AUClast using noncompartmen-
tal analysis, the relative bioavailability was higher for RN317

Table 3 Pharmacokinetic parameters of multiple-dose RN317 s.c. 300 mg
dosing (Q28d) in subjects with hypercholesterolemia receiving ongoing statin
therapy

RN317 300 mg s.c. dose at day 57

(n = 13)

n* 13

Cmax, μg/ml 16.06 (38)

Tmax, h 72.2 (70.3–169)

N* 13

AUCtau, μg.h/ml/mg 7,692 (37)

Rac 1.226 (16)

t1/2, days 18.77 ± 3.82

Data shown are geometric mean (%CV) for all parameters except for Tmax

where median (min, max) is shown, and t1/2 where arithmetic mean ± SD is
shown.
*n is the number of subjects in the treatment group and contributing to the
mean; N is the number of subjects with a well-characterized terminal phase.
AUCtau, area under the plasma concentration–time curve during a dosage
interval (tau); Cmax, maximum concentration; Rac, observed accumulation ratio
based on AUC; SD, standard deviation; t1/2, terminal half-life; Tmax, time to
reach maximum concentration.

compared with bococizumab, with ratios of 619.05 (95% CI
304.15, 1260.0) for RN317 s.c. 1.0 mg/kg vs. bococizumab
s.c. 1.0 mg/kg as referent and 191.01 (95% CI 156.17,
233.62) for RN317 i.v. 1.0 mg/kg vs. bococizumab i.v. 1.0
mg/kg as referent.

Safety and tolerability
The incidence of AEs was similar for all RN317 or boco-
cizumab treatment arms (with either s.c. or i.v. dosing). There
was no clear dose relationship observed between the dose
of RN317 and the incidence of AEs, either all-causality or
treatment-related (Table 4; Supplementary Table S4). The
most frequent AEs (all-causality across all treatment arms
and dosing schedules) were upper respiratory tract infection
(RN317, n= 5; bococizumab, n= 7), headache (placebo, n=
4; RN317, n= 4; bococizumab, n= 3), and diarrhea (placebo,
n = 2; RN317, n = 4; bococizumab, n = 1) (Supplementary
Table S4).
Overall, serious adverse events (SAEs) during the treat-

ment period were rare (four SAEs in three subjects, across
all treatment arms). One subject in Cohort 5 discontinued
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Figure 2 Effect of (a) single s.c. or (b) single i.v. doses of RN317 and bococizumab (RN316/PF-04950615), or (c) s.c. multi-dose of RN317,
on serum levels of LDL-C.

treatment at day 30, after receiving two doses of RN317 s.c.
300 mg Q28d, due to a nontreatment-related SAE of myocar-
dial infarction (MI). The SAE resolved and the subject
received no further doses of RN317 but completed the
remaining study visits. One subject (from the s.c. placebo
group) had hip pain secondary to avascular necrosis, and one
subject (from the RN317 i.v. 3.0 mg/kg group) recorded two
SAEs (depression and suicidal attempt). None of these SAEs
were considered treatment-related. Regarding injection-site
tolerability, most injection-site reactions following s.c. or i.v.
RN317 dosing were of mild severity, and only two subjects
experienced injection-site reactions considered of moderate
severity. One subject (RN317 s.c. 3.0 mg/kg) showed bruis-
ing. Most injection-site reactions following s.c. bococizumab
dosing were also of mild severity, with one subject (boco-
cizumab s.c. 3.0 mg/kg) who experienced redness. There did
not appear to be a dose-dependent effect of RN317 or boco-
cizumab on either the severity of or occurrences of laboratory
abnormalities.

Immunogenicity
Four subjects were positive for RN317 ADAs (defined as titer
value of > 1.60) evenly distributed across treatment arms
(RN317 s.c. 0.3 mg/kg, n = 1; i.v. 1.0 mg/kg, n = 1; i.v.
6.0 mg/kg, n = 2). All RN317 ADAs resolved as titer values
fell below 1.6 by the end of follow-up (days 85–265). Sub-
jects with RN317 ADAs had no AEs that were considered
drug-related, and the pharmacokinetics of RN317 was not

affected in these patients. No subjects had detectable boco-
cizumab ADAs during the study period.

Effect of RN317 and bococizumab on LDL-C and other
lipid parameters
Single dose: RN317 reduced LDL-C across the dose range
following s.c. and i.v. dosing, generally in a dose-dependent
manner (Figure 2). Following single-dose s.c. RN317, mean
percentage decreases from baseline in LDL-C ranged from
0.2–52.5% across the dose range, compared with 5.9–
15.3% with placebo (Figure 2a). Mean percentage reduc-
tions in LDL-C from baseline of � 50% (s.c. 3.0 mg/kg) and
� 40% (s.c. 6.0 mg/kg) were noted as early as day 8 with
RN317, and reduction in LDL-C was maintained to day 29,
after which levels gradually returned towards baseline. The
maximum percentage reduction from baseline in LDL-C with
s.c. RN317 was recorded on day 15 (52.5% reduction from
baseline following RN317 s.c. 3.0 mg/kg). The same dose of
bococizumab (s.c. 3.0 mg/kg) produced a greater percent-
age reduction from baseline in LDL-C of 70% on day 15.

Overall, 56% of subjects receiving RN317 s.c. 3.0 mg/kg
achieved a � 50% reduction from baseline in LDL-C over
to day 8, which was maintained to day 15 before steadily
declining fromdays 22 to 85. An equivalent s.c. dose of boco-
cizumab (3.0 mg/kg) resulted in 100% of subjects achieving
a� 50% reduction in LDL-C from baseline at day 8. However,
the percentage of subjects achieving a � 50% reduction in
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LDL-C generally declined more rapidly than for subjects who
received RN317.
The magnitude and duration of LDL-C reduction with i.v.

RN317 was generally greater than that observed with s.c.
dosing (Figure 2b). A mean reduction of 40–50% was main-
tained consistently over the 64-day follow-up with the higher
doses of RN317 (i.v. 3.0 and 6.0 mg/kg). The maximum
percent reduction from baseline in LDL-C with i.v. RN317
was recorded on day 8 (59% from baseline following i.v.
3.0 mg/kg). Bococizumab s.c. and i.v. generally produced
greater LDL-C reduction compared with s.c. and i.v. RN317,
respectively, with maximum percent reduction in LDL-C from
baseline seen following i.v. 1.0 mg/kg on day 8 (70% vs. 40%
with i.v. RN317 of the equivalent dose).
In general, HDL-C levels increased in a dose-dependent

manner for both RN317 and bococizumab. For RN317, HDL-
C increased from baseline to day 8 with a magnitude and
duration generally greater and quicker for the i.v. vs. s.c.
doses. Subjects receiving RN317 i.v. 3.0 mg/kg had the
greatest mean percentage increase from baseline in HDL-C
(17.4% at day 43). The corresponding RN317 s.c. 3.0 mg/kg
dose exhibited a maximum 15.5% increase from baseline at
day 50. For bococizumab, HDL-C increased from baseline
to day 15 with subjects receiving i.v. 1.0 mg/kg showing the
highest mean percent increase from baseline (14.4% at day
15). Levels of TG for both RN317 and bococizumab, for either
s.c. or i.v. doses, were variable but with no observable trends.
Multiple dose: Consistent and sustained reduction in LDL-

C was observed following RN317 s.c. 300 mg (Q28d) admin-
istration, with percentage change from baseline in LDL-C
maintained at �50% for up to day 85 (Figure 2c). The pro-
portion of subjects achieving� 50% reduction in LDL-C from
baseline increased with RN317 Q28d between days 8 and
15, before stabilizing. By day 71, more than half of all sub-
jects (64.3%) had achieved a � 50% reduction in LDL-C from
baseline. Following RN317 s.c. 300 mg Q28d, minimal fluc-
tuation in LDL-C lowering was noted, and the ratio of the
difference between the maximum and minimum LDL-C per-
centage change from baseline (trough-to-nadir ratio) was >

0.9 throughout the study period. The largest mean increase
from baseline in HDL-C was 15.8%, observed on day 43.
Smaller increases in HDL-C were observed at days 8 and 15,
with increases from baseline of 7.9% and 11.7%, respec-
tively. There were no discernible patterns in the levels of TG
throughout the study period, as levels were variable for the
RN317 single- and multiple-dose cohorts.

DISCUSSION

This multiarm phase I study demonstrated that the specifi-
cally engineered, pH-sensitive, monoclonal PCSK9 antibody,
RN317, was safe and well tolerated when administered as
single s.c. or i.v. doses (up to 6 mg/kg) or multiple doses (s.c.
300 mg Q28d), in subjects with a diagnosis of hypercholes-
terolemia receiving ongoing statin therapy. Consistent with
nonclinical findings,8,17 RN317 had a longer apparent half-
life, greater exposure, and improved relative s.c. bioavail-
ability compared with bococizumab. Although we noted a
sizeable placebo effect (with an up to 15% reduction from
baseline levels in LDL-C), RN317 significantly reduced LDL-C
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following single-dose administration, producing an up to
53% reduction from baseline levels and with up to 56% of
subjects achieving a� 50% reduction frombaseline between
days 8–15. Interestingly, single 3- and 6-mg/kg s.c. doses
of RN317 produced similar reductions in LDL-C despite a
near-proportional increase in drug exposure. This suggests
that the maximal LDL-C lowering by RN317 was saturated at
3 mg/kg. Increased exposure in the 6 mg/kg dose allowed
prolonged LDL-C lowering. Following multiple-dose admin-
istration (s.c. 300 mg Q28d), RN317 produced sustained
reductions in LDL-C (of �50% from baseline levels) through-
out the 85-day follow-up. Despite increased exposure and
significant reductions in LDL-C with RN317, single-dose
LDL-C reductions were lower than that observed with boco-
cizumab, perhaps due to low efficacy of RN317 compared
with bococizumab, as suggested by the IC50 of RN317 for
human PCSK9 being in the low nanomolar range (KD = 0.38
nM at pH 7.4, or 3.50 nM at pH 6)17 compared with a low
picomolar binding range for bococizumab (KD = 5 pM).8

More specifically, single-dose bococizumab produced max-
imum LDL-C reductions of up to 70%, and 100% of sub-
jects receiving bococizumab s.c. 3 mg/kg achieved a � 50%
reduction from baseline at day 8. These reductions are in line
with data and modeled predictions from other clinical studies
of bococizumab, using a similar assay technique.9–11,18

The pharmacokinetic characteristics of PCSK9 inhibitors
vary, and these differences will have an impact on the dos-
ing regimens favored for these agents. For example, peak
exposure of alirocumab was achieved within a median of
�3–7 days (depending on the site of administration), and
the elimination half-life was 6–7 days following a single s.c.
dose of 75 mg in a population of healthy subjects.19 In
comparison, a therapeutic dose of evolocumab (s.c. 140
mg) achieves peak exposure more quickly than alirocumab
(within �3–4 days), but has a longer elimination half-life than
that of alirocumab of 2.5–11.5 days, depending on dosing
regimen.20,21 RN317 administered s.c. achieved Cmax within
a similar time-frame to these other anti-PCSK9 mAbs (�3–
10 days with s.c. administration), and was comparable with
bococizumab for the same route of administration. However,
RN317 was engineered to have a longer half-life, and as such
t1/2 was 19–21 days across the dose range, which resulted
in greater exposure compared with bococizumab. Moreover,
following multiple-dose administration of RN317, no appar-
ent “saw-tooth” profile of LDL-C response was noted and the
trough-to-nadir ratio was > 0.9 throughout the study period.
This may be of clinical relevance given that visit-to-visit varia-
tion in LDL-C has recently been identified as an independent
predictor of future CV risk.15

Although the engineering of RN317 produced the desired
modifications in the pharmacokinetic profile compared with
bococizumab, the LDL-C reductions observed following
either the s.c. or i.v. administration of RN317 were lower
than those with equivalent doses of bococizumab. Further-
more, the mean percent reduction from baseline in LDL-
C observed with RN317 was also not as marked as that
observed with other anti-PCSK9 antibodies following sin-
gle or multiple doses.11,12,14,22,23 For example, in phase II
studies of alirocumab and evolocumab mean reductions
from baseline in LDL-C of up to 61% and 81%, respec-

tively, were reported.22,24 Mean percentage reductions from
baseline of up to 84% were reported in a phase I study
of bococizumab.10 The lower mean percent reduction from
baseline in LDL-C for RN317 compared with bococizumab
was possibly due to the affinity for human PCSK9 being
much higher for bococizumab than for RN317 as detailed
above.8,17

RN317 was well tolerated, with no treatment-related AEs
resulting in a subject discontinuing the study, and no SAEs
considered treatment-related. Furthermore, just one subject
discontinued the study because of an AE. The overall inci-
dence of AEs and the safety profile of RN317 was compara-
ble with that known for other agents in this drug class.7,11,25,26

Indeed, the most frequently occurring AEs for RN317 and
bococizumab were similar to those experienced in phase I
clinical trials for other monoclonal PCSK9 antibodies. For
example, in a phase I trial of evolocumab the most common
AE was nasopharyngitis,22 whereas headache was the most
frequently occurring AE in a phase I study of alirocumab.24

The consistency in safety profile between RN317 and other
monoclonal anti-PCSK9 antibodies suggests that despite
engineering the mAb to have pH-specific binding and pro-
longed exposure, this did not significantly alter the tolerability
profile of the drug.

In summary, this phase I multiarm study demonstrated
that RN317—a pH-sensitive, humanized IgG2�a mAb—
administered as single s.c. and i.v. doses up to 6 mg/kg and
multiple s.c. doses of 300 mg Q28d was safe and well tol-
erated in subjects with a diagnosis of hypercholesterolemia
receiving ongoing treatment with statins. RN317 was engi-
neered to eliminate target-mediated drug clearance, and the
half-life was longer and the duration of LDL-C lowering longer
than that of other agents in this class. RN317 producing sus-
tained lowering of LDL-C of �50% following multiple s.c.
doses.
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