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Abstract We performed detailed pharmacokinetic and
pharmacodynamic modeling of REGI, an anticoagulation
system composed of the direct factor [Xa (FIXa) inhibitor
pegnivacogin (RB006) and its matched active control agent
anivamersen (RB007), with a focus on level of target inhi-
bition to translate phase 1 results to phase 2 dose selection.
We modeled early-phase clinical data relating weight-
adjusted pegnivacogin dose and plasma concentration to
prolongation of the activated partial thromboplastin time
(aPTT). Using an in vitro calibration curve, percent FIXa
inhibition was determined and related to aPTT prolongation
and pegnivacogin dose and concentration. Similar methods
were applied to relate anivamersen dose and level of reversal
of pegnivacogin anticoagulation. Combined early-phase
data suggested that >0.75 mg/kg pegnivacogin was associ-
ated with >99% inhibition of FIX activity and prolongation
of plasma aPTT values & 2.5 times above baseline, leading
to selection of a 1 mg/kg dose for a phase 2a elective
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percutaneous coronary intervention study to achieve a
high intensity of anticoagulation and minimize intersubject
variability. Phase 2 validated our predictions, demonstrat-
ing 1 mg/kg pegnivacogin yielded plasma concentrations
~25 pg/ml and >99% inhibition of FIX activity. The rela-
tionship between the anivamersen to pegnivacogin dose ratio
and degree of pegnivacogin reversal was also validated. Our
approach decreased the need for extensive dose—response
studies, reducing the duration, complexity and cost of clin-
ical development. The 1 mg/kg pegnivacogin dose and a
range of anivamersen dose ratios are being tested in the phase
2b RADAR study (NCT00932100).

Keywords Pegnivacogin - Anivamersen -
Factor IXa inhibition - Dose selection

Selection of doses for phase 2 clinical studies is a critical
juncture in the development of new therapeutics. Evalua-
tion of inappropriate doses in initial phase 2 studies is a
double-edged sword, with the potential to both jeopardize
patient safety as well as misestimate the potential efficacy
of the therapeutic if the selected doses are too high or too
low. Selection of the appropriate dose range for anti-
thrombotic therapies is especially important, as evaluation
of doses below the therapeutic range can lead to thrombosis
in treatment populations, whereas evaluation of doses
beyond the therapeutic range can potentiate bleeding.

The REGI Anticoagulant System (Regado Biosciences,
Basking Ridge, NJ) is composed of the direct FIX/FIXa
inhibitor pegnivacogin (RB006) and its matched, active
control or reversal agent, anivamersen (RB007) [1]. Peg-
nivacogin is a modified ribonucleic acid (RNA) aptamer-
based anticoagulant conjugated to a 40 kDa polyethylene
glycol carrier that selectively and specifically targets factor
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IX/IXa (FIX/IXa), a coagulation protease required for
thrombin generation [2]. Binding of pegnivacogin to FIX/
IXa blocks association of FX with the FIXa/VIIla complex,
thereby inhibiting FX activation and eliciting an antico-
agulant effect [3]. Pegnivacogin binds to FIX/IXa with a
K4 of 3 nM, and equilibrium between free and bound
pegnivacogin and FIX/IXa is established rapidly (within
5 min) after mixing. Onset of action and establishment of
maximal plasma concentrations (C,..) following bolus
intravenous administration of pegnivacogin is within
2-5 min and its pharmacologic duration of action is >24 h
at doses >0.75 mg/kg [1, 4, 5].

Anivamersen is a modified RNA oligonucleotide com-
plementary to a portion of pegnivacogin which, upon
binding to pegnivacogin, alters its conformation and rap-
idly neutralizes its pharmacodynamic effects [1]. Neutral-
ization of pegnivacogin is established within 1-5 min
following intravenous bolus administration of anivamer-
sen, and is stable with no evidence of rebound anticoagu-
lation over 14-day follow-up periods assessed in phase 1
clinical studies [1, 4, 5].

As a 2-component system, dose selection of the REG1
components for phase 2 studies is complicated by the
potential for the interdependence of anivamersen dose on
the administered pegnivacogin dose. Here we describe a
translatable framework that combined analyses of a col-
lection of clinical data derived across a series of phase I
studies to develop models relating pegnivacogin and aniv-
amersen dose, activated partial thromboplastin time (aPTT)
prolongation, plasma drug concentrations, and inhibition of
FIXa activity [1, 4, 5] to select a REG1 dosing strategy for
phase 2 investigation. As phase 2 studies of REG1 targeted
patients undergoing cardiac catheterization and percutane-
ous intervention (PCI), we sought to simplify phase 2 dose
selection by identifying a single dose of pegnivacogin that
would provide a consistently high level of intraprocedural
anticoagulation within the target patient population, and a
range of anivamersen doses that would enable evaluation of
various anticoagulation reversal strategies post-procedure.
The modeling approaches described here combined all
phase I and 2a data to enable the successful efficient
translation of appropriate doses for pegnivacogin and
anivamersen into phase 2 studies, and to provide general
guidance for selecting doses of pegnivacogin to achieve
high-intensity anticoagulation through near complete inhi-
bition of FIXa activity and anivamersen doses to predict-
ably and reliably reverse this effect in a graded fashion.

Methods

The design, doses of drug administration, and timing of
pharmacokinetic and pharmacodynamic sampling for the
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phase 1 program (Clin101 [1], Clin102 [4], and Clin103 [5])
and the phase 2a study (CLIN210 [6]) have been described
in detail previously and are summarized in Table 1. In each
study, drug (pegnivacogin or anivamersen) was consistently
administered as a bolus intravenous injection over 1 min.
Patients in all studies had dual intravenous access estab-
lished prior to dosing and sample collection, with 1 site used
exclusively for drug administration and the other for blood
sampling. Pegnivacogin C,,,, and pharmacodynamic effects
are established within 5-min post-dose and remain essen-
tially unchanged through at least 3 h post-dose. Therefore,
10- or 15-min post-dose samples were chosen for the present
cross-study pharmacokinetic and pharmacokinetic/pharma-
codynamic analysis because the data for these specific time
points were available from each clinical study, and can be
treated the same based upon the time to C,,, and stability of
the plasma concentration over this time window.

Pharmacokinetic sample collection and bioanalytical
methods

Samples for bioanalytical analysis were collected in
K3;EDTA tubes, mixed by inversion immediately upon
withdrawal, and centrifuged within 15 min at 1500x g for
7 min at4°C to generate plasma samples for analysis. Plasma
was aliquoted into 1 ml aliquots, frozen at —70°C, and
shipped on dry ice to a central laboratory for data collection.

Pegnivacogin plasma concentrations were measured
using an ELISA method employing oligonucleotides com-
plementary to pegnivacogin for capture and detection in
human plasma as follows: a biotinylated deoxyribonucleic
acid (DNA) capture probe complementary to the 3’-end of
pegnivacogin (5’-[Biotin-TEG][spacer-18]GTGGAGGCA
GCATTA-3') and a digoxigenin labeled 2’'O-methyl detec-
tion probe complementary to the 5’-end of pegnivacogin
(5’-CGCGGUAUAGUCCAC spacer-18][Digoxigenin]-3’)
were added to plasma samples containing pegnivacogin and
incubated at 37°C for approximately 2 h in a 96-well micro-
titer plate to allow hybridization of the probes to pegnivaco-
gin. The mixture was then transferred to a neutravidin-coated
microtiter plate to immobilize the pegnivacogin-probe com-
plex on a surface. Detection was accomplished using an anti-
digoxigenin antibody conjugated to alkaline phosphatase
coupled with the fluorescent alkaline phosphatase substrate,
AttoPhos (Promega Biosciences, Madison, WI). Fluores-
cence intensity was measured using a Spectramax Gemini
fluorescence plate reader (Molecular Devices, Silicon Valley,
CA), the signal of which was directly proportional to the
amount of pegnivacogin present in the calibration standards,
quality control samples, and study samples.

This assay was validated for specificity, working cali-
bration range, dilution linearity, intra-batch precision, accu-
racy, freeze thaw stability, and long-term frozen storage. The
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Table 1 Summary of phase 1 and 2 REGI studies
Protocol Country Study Treatment groups Subjects PK PK and PD test, sampling
# REG-1 design
phase
Clin 101 US Phase 1, 1V, Peg 84 Yes PT, aPTT?, ACT* +Baseline 1,5,15,30 min
Single (15,30,60,90 mg) and 1 and 3 h after Peg or Placebo; 1, 2, 4,
Dose, IV Ani 6, 8, 10, 15, 30 min after Ani placebo; 4,
Dose (30,60,120,180 mg) 6, 8, 12, 18, 24, 48, 72, 168 h after Peg or
escalation Alone and combination placebo baselineb, 5, 15, 30 min and 1, 2,
Healthy 3, h after Ani placebo; 1, 10, 30 min after
Volunteers Ani placebo; 4, 6, 8, 12, 24 h after Peg or
placebo Factor IX activity (baseline)
Clin 102 US Phase 1, 1V, Peg (15, 30, 50, 49 Yes PT, aPTT?; ACT? 4+Baseline 1, 10, 30 min
Single 75 mg) and 1, 2 and 3 h after Peg or Placebo; 1,
DOSG, IV Ani (30’ 60, 100’ 10, 30 min and 1,3,5,9,21,33,45 and
Dose 150 mg) Alone and 165 h after Ani or placebo; baselineb,
escalation combination 5,10, 30 min and 1,2,3 h after Peg or
Patients placebo; 1,10,30 min after Ani or
with stable placebo; 4,6,8,12,24 h after Peg or
CAD placebo
Clin 103 US Phase 1, IV, Peg (0.75 mg/kg) 39 Yes PT, aPTT (plasma)b aPTT(whole blood)b;
Multiple IV Ani (0.094-2 mg/kg) ACTb +Baseline, daily x6d; d10-14
dose Every other day x6d Each day: Baseline 5, 15, 30 min and 1, and
Healthy 8 h after Peg or Placebo; 10, 30 min and
volunteers 7 h after Ani or placebo;
baseline®, daily x6d;d10-14
baseline®, daily x 6d;d10-14
Factor IX activity-Baseline, d6 (after last
dose of study drug/Ani)
Clin 210 US Phase 2, IV, Peg (1 mg/kg) 26 5 min post-Peg, during PT, aPTT whole blood aPTT ACT Factor
Argentina  Single IV Ani (2 mg/kg) as PCI; completion of IX activity® +Baseline, 5 and 15 min
dose single dose or 2 partial PClI(before Ani); post-Peg(before PCI) 5 and 15 min post-
Elective PCI  dose injections 4 h 25 min post-Ani Ani(partial or complete reversal), 4 h

apart

post-PCI, before and after femoral sheath
removal; 24 h post

PCI baseline®, 24 h post PCI

Peg pegnivacogin, Ani anivamersen, CAD coronary artery disease, PCI percutaneous coronary intervention, PD pharmacodynamic, PK

pharmacokinetic

* Anivamersen was administered in some treatment groups 3 h post-pegnivacogin in CLIN101 and 102

" Anivamersen administered 1 h post-pegnivacogin in all REG1 subjects in CLIN103

¢ Anivamersen administered in all REG1 subjects post-completion of PCI

validated linear range for the assay was 20—400 ng/ml peg-
nivacogin. Method performance during data collection, as
determined by analysis of quality control samples included
on each assay plate, was suitable. Typical within study assay
performance characteristics include a percent coefficient of
variation of 4.8-8.4% and a recovery of 89.7-98% over the
concentration range of the quality control samples.

Pharmacokinetic analysis methods

Pegnivacogin C,,,,x values were determined by analysis of
individual patient concentration time data. A power model
was used to evaluate the linearity and dose proportionality
of Ciax- This model assessed whether the slope of the

relationship between the log of C,,,,x and the log of the dose
was 1.0, as would be expected for a dose proportional
exposure parameter. This demonstrated that C,,,x was both
dose proportional and linear over the range of doses studied
based upon estimate of slope and 95% confidence intervals
including a value of 1.0. Therefore, for the cross-study
analysis, linear regression was used to determine the rela-
tionship between C,,x and weight-adjusted dose.

Pharmacodynamic sample collection and methods
for coagulation measures

Plasma samples for coagulation measures were collected in
3.2% sodium citrate tubes, mixed immediately by gentle
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inversion, and centrifuged within 30 min of collection at
1000-1300x g for 15 min at room temperature to obtain
plasma. Plasma was aliquoted into 1 ml aliquots, frozen at
—70°C, and shipped on dry ice to a central laboratory for
data collection for CLIN101 and 102. For CLIN103 and
CLIN210, samples were not frozen and were assayed
within 3 h of collection at the clinical core lab at the
enrolling site.

For CLIN101 and CLIN102, aPTT assays were per-
formed on a Stago STA analyzer (Stago, Parsippany, NJ)
using STA-PTT A reagents at a central laboratory (Icon
Laboratories, Farmingdale, NY). FIX activity assays for
CLINI0l and CLINI102 were collected on the same
instrumentation using the STA-PTT A reagent and the STA
FIX Deficient Substrate as the plasma depleted in FIX to
generate the FIX activity reference curve. For CLIN103,
aPTT assays were performed at the enrolling clinical
research unit (PPD, Austin, TX) on a Sysmex CA1500
using Actin FSL aPTT reagent (Dade-Behring, Newark,
DE). CLIN210 was a multicenter study in which aPTT
assays were performed locally at the enrolling site. Sub-
sequently, specific information regarding instrumentation
and reagents for plasma aPTT assays was not collected.

Samples for whole blood coagulation assays were col-
lected fresh and tested immediately. Whole blood point-
of-care (POC) aPTT and activated clotting time (ACT) were
performed on a Hemochron Signature Plus Microcoagu-
lation System (International Technidyne Corporation,
Parsippany, NJ). POC aPTTs were performed using the
Hemochron Jr. APTT test cuvette per the manufacturer’s
instructions, and data are presented in seconds. ACTs were
performed using the Hemochron Jr. ACT-LR test cuvette
per the manufacturer’s instructions. Hemochron Signature
Plus Microcoagulation Systems were purchased by Regado
Biosciences and provided to each enrolling site in CLIN210
for use in collection of whole blood coagulation measures
during this study.

Pharmacokinetic and pharmacodynamic analysis
methods

Pharmacokinetic/pharmacodynamic analysis was con-
ducted using WinNonlin version 5.2 (Pharsight Corpora-
tion, Mountain View, CA). For analysis of the relationship
between aPTT and the plasma concentration of pegnivac-
ogin, the sigmoidal E ., model, E = Eg + (E,.x — Eo)
[C"/(C"+EC%,)] was employed, where concentration (C) is
in pg/ml. In this analysis, the baseline (Eg) is the aPTT
ratio at time zero which is equal to 1, the E, . is the
estimated maximum aPTT ratio, the EDs is the pegniv-
acogin dose providing 50% of the maximum effect, and
gamma () represents the slope of the dose-response curve.
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To determine the relationship between percent inhibition
of FIXa activity and pegnivacogin dose and concentration,
an indirect calculation approach was used, as direct assays
of FIXa activity are not available. Plasma FIX assay cali-
bration curves generated at the clinical core laboratory
(Icon Laboratories, Farmingdale, NY) during the sample
analysis in the CLIN101 and CLIN102 studies were
obtained, and the mean of the relative aPTT prolongation
versus FIX level were plotted. The mean calibration curves
were fit per the FIX assay kit, which yielded the following
relationship between percent of FIX Activity and relative
aPTT Log(c)= (—5.618 * Log(t)) + 12.28, where c is the
percent of FIX activity and t is the relative aPTT value. The
percent of FIX activity for individual plasma samples
isolated from pegnivacogin-treated subjects was then
imputed from the calibration curve based on the relative
aPTT prolongation of each sample, and the percent of
inhibition of FIX calculated (e.g., 100-percent FIX activ-
ity = percent of FIX inhibition).

Results

The CLIN101 [1], 102 [4], and 103 [5] studies individually
demonstrated a dose relationship between the amount of
pegnivacogin administered and the prolongation of aPTT.
However, these analyses did not define the relationships
between pegnivacogin and anivamersen dose, concentra-
tion, and level of target inhibition necessary to translate the
independent phase 1 observations into appropriate models
for dose selection of both components of REG1 for phase 2
studies. Therefore, we undertook this cross-study pharma-
cokinetic and pharmacokinetic/pharmacodynamic analysis
to develop the necessary models to establish these impor-
tant relationships.

Key characteristics of the clinical studies from which
data were collected for this cross-study analysis, including
design, treatment, numbers of subjects, and sampling time
periods and methodologies are listed in Table 1.

Assessment of pegnivacogin dosing in CLIN101
and CLIN102

Based upon the structure of pegnivacogin, we expected its
distribution to be predominantly within the vascular com-
partment, and therefore anticipated a predictable, linear
relationship between the weight-adjusted pegnivacogin
dose and plasma concentration. Accordingly, non-weight-
based pegnivacogin dosing was utilized in the CLIN101
and 102 studies to provide a broad range of weight-
adjusted doses for cross-study pharmacokinetic and phar-
macodynamic analyses. Analysis of C,x pegnivacogin
versus weight-adjusted pegnivacogin dose in CLIN101 and
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Fig. 1 Cross-study pharmacokinetic, and pharmacokinetic/pharma-
codynamic assessments from CLIN101 and CLIN102. a Relationship
between maximal pegnivacogin concentration achieved (C,,,x) and
weight-adjusted pegnivacogin dose. b Relationship between relative

102 is shown in Fig. 1a, demonstrating a linear relationship
between weight-adjusted pegnivacogin dose and C,,,x, and
predicting pegnivacogin C,x (in pg/ml) = 27.98 (peg-
nivacogin dose mg/kg) + 0.217.

Having established the relationship between the weight-
adjusted pegnivacogin dose and plasma concentration
achieved, we determined the relationship between peg-
nivacogin concentration and aPTT prolongation. Pegniv-
acogin concentrations were plotted versus relative aPTT
(Fig. 1b) and analyzed using a sigmoidal E,,, model. We
calculated an ECs( of 14 pg/ml with a maximal predicted
effect of 2.42-fold increase in aPTT above baseline. While
informative, the precision of this analysis is limited by the
lack of a fully defined upper plateau. Additionally, since
pegnivacogin is the first selective direct FIX/IXa inhibitor
to enter clinical development, interpretation of the resultant
model parameters in relation to dose selection is not
possible in the absence of defining the relationship of the
aPTT prolongation by pegnivacogin to the level of FIXa
inhibition.

Relationship between FIX activity and aPTT

To define the relationship between pegnivacogin dose and
level of FIX/IXa inhibition, we first developed a model
relating the level of FIX activity to prolongation of the
aPTT. The CLIN101 and 102 studies used the same clinical
core laboratory with the same aPTT reagent and method-
ology for the plasma FIX assay and aPTT measures from
subjects’ samples. Therefore, we were able to utilize the
calibration curves from several FIX assay runs performed
during the CLIN101 and 102 studies to define the rela-
tionship between the relative aPTT prolongation and level
of plasma FIXa activity. The mean fit of the log-linear
calibration curves derived from FIX assays performed
during data capture in the CLIN101 and 102 studies is

6 8 10 20 40
Pegnivacogin (ug/mL)

60 80100

increase in aPTT and pegnivacogin concentration. Open diamonds
represent data from CLIN101 and closed squares represent data from
CLIN102

depicted graphically in Fig. 2. This calibration curve shows
that, using the aPTT assay implemented across CLIN101
and CLIN102, depletion of FIX activity to <1% normal
(>99% inhibition) is associated with a 2.5-fold prolonga-
tion of the aPTT, a value consistent with the observed
maximum effect of pegnivacogin in the dose response plot
(Fig. 1b). The level of pegnivacogin mediated FIX/IXa
inhibition achieved in CLIN101 and CLIN102 can then be
calculated by using the observed relative increase in aPTT
to impute the FIX activity remaining in these samples,
followed by subtraction of this value from 100%.

The relationship between the percent of FIX/IXa inhi-
bition and pegnivacogin dose and concentration are shown
Fig. 3a and b, respectively. Based on these models, peg-
nivacogin doses of >0.75 mg/kg (Fig. 3a) and pegnivaco-
gin plasma concentrations >15 pg/ml (Fig. 3b) are
predicted to lead to essentially complete inhibition of
plasma FIXa activity. The observed difference between the
pegnivacogin plasma concentration at which maximal
FIXa inhibition is established and the predicted C,,,x for
the dose at which this level of inhibition is achieved is due
to the non-linear relationship between pegnivacogin con-
centration and aPTT prolongation as the maximum effect is
approached.

These findings were used to transition to a weight-based
dose of 0.75 mg/kg pegnivacogin in the CLIN103 study.
Median (25th, 75th percentiles) (21.67; [17.14, 23.63 pg/ml])
and mean (21.66; 95% confidence interval [CI] 19.51,
23.81 pg/ml) pegnivacogin concentrations for the first day
of pegnivacogin dosing (n = 29) were in excellent agree-
ment with the predicted Cp,,x of 21.2 pg/ml, yielding an
average increase in the aPTT of 241 &+ 22% (approxi-
mately 2.5-fold increase over baseline) [5]. No bleeding or
other safety signals were related to this dose of pegnivac-
ogin and the level of FIXa inhibition observed in the
CLIN103 study.
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increase in aPTT. Mean FIX assay calibration curves obtained during
data collection for CLIN101 and CLIN102

Relationship between anivamersen dosing
and pegnivacogin reversal

To assess anticoagulant reversal using anivamersen, sub-
jects participating in CLIN101 and CLIN102 received a 2:1
weight:weight dose ratio of anivamersen:pegnivacogin,
corresponding to a molar ratio of approximately 20:1. This
anivamersen dose resulted in complete reversal of the
pharmacodynamic effect of pegnivacogin within 1-5 min
of anivamersen administration across a range of pegniv-
acogin doses, an effect that remained durable throughout
the 7-day follow-up period [1, 4]. The observation that a
fixed weight:weight anivamersen:pegnivacogin dose ratio
was effective across a range of pegnivacogin doses con-
firmed prior in vitro observations, simplifying anivamersen
dose selection. To test this observation and extend our
understanding of the anivamersen dose response, a range
of anivamersen doses were evaluated against a fixed
weight-adjusted dose of pegnivacogin in the CLIN103
trial [5]. Anivamersen administration at dose ratios of
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Fig. 3 Cross-study modeling of relationship between level of FIXa
inhibition and pegnivacogin dose and concentration. a Percent of
FIXa inhibition versus weight-adjusted pegnivacogin dose. b Percent
of FIXa inhibition versus pegnivacogin plasma concentration. Sam-
ples in this analysis were collected 15 min post-dose for CLIN101
and 10 min post-dose for CLIN102. Full data sets for these draw
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anivamersen:pegnivacogin of 2:1 and 1:1 fully and rapidly
reversed the observed pharmacodynamic effects, returning
aPTT values to baseline values within 1-5 min. Complete
pegnivacogin reversal by anivamersen remained durable
throughout the 14-day follow-up period. Lower doses
(weight-based ratios) of anivamersen produced a graded
reversal response, with ratios of 0.5:1, 0.3:1, 0.2:1, and
0.125:1 reversing 84 4+ 2.7, 74 +£5.9, 51 + 6.4, and
41 £ 8.4% of the observed maximum increase in aPTT
from baseline, respectively, (Fig. 4) [5] confirming the
utility of the weight:weight dose ratio approach for aniv-
amersen. Additionally, following partial reversal of peg-
nivacogin by anivamersen, the remaining anticoagulant
activity decayed in a manner consistent with the pharma-
codynamics observed following administration of pegniv-
acogin alone.

CLIN210: First-In-Man PCI Study

High intensity anticoagulation is required for PCI; how-
ever, high levels of target inhibition are rarely tested due to
concerns related to increasing bleeding risk. Given the
availability of rapid and effective anivamersen-mediated
pegnivacogin reversal, we selected a dosing strategy that
targeted near complete FIXa inhibition during PCI fol-
lowed by anivamersen administration shortly after proce-
dure completion to mitigate bleeding risk. Based on the
previously presented analysis, a pegnivacogin dose of
0.75 mg/kg was predicted to approximate a threshold at
which complete FIXa inhibition could be reliably achieved.
To minimize intersubject variability in the anticoagulation
level achieved in a patient population and given the
availability of reversal, a modestly higher dose of 1 mg/kg
pegnivacogin was chosen for the CLIN210 (NCTO007
15455) study [6].
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timepoint in the respective studies, and pegnivacogin concentrations
at both sampling times are representative of Cy.x. Open diamonds
represent data from CLIN101 and closed squares represent data from
CLIN102
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Fig. 4 Dose response of anivamersen administration on pegnivaco-
gin-induced prolongation of aPTT. Anivamersen doses are presented
as relative mg dose:dose ratio of pegnivacogin dose administered in
CLIN103. Pegnivacogin dose employed in CLIN103 was 0.75 mg/kg.
Ani anivamersen, Peg pegnivacogin

CLIN210 was the first clinical use of pegnivacogin as
the sole anticoagulant during PCI. For anivamersen dosing
in CLIN210, a total dose of 2 mg/kg (2:1 weight:weight
pegnivacogin dose ratio) was conservatively chosen to
effect full pegnivacogin reversal following PCI. In the first
cohort (n = 10), this dose was administered in 2 parts: the
first dose (0.2 mg/kg), targeting 50% reversal of the aPTT
was given immediately after PCI, with the remaining
1.8 mg/kg anivamersen administered 4 h post-PCI to fully
reverse pegnivacogin activity. A second cohort (n = 10)
was administered a 100% reversal dose (2 mg/kg) imme-
diately post-procedure.

Median (25th, 75th) (26.15 [8.65, 30.38 pg/ml]) and
mean (24.63 [95% CI 21.49, 27.76] pg/ml) pegnivacogin
concentrations at the beginning of the procedure were in
excellent agreement with the predicted C,,,x of 28.2 pg/ml.
Peak levels were achieved within 5 min of drug adminis-
tration (Fig. 5a) and did not significantly differ from those
observed at the end of PCI (median concentration 26.05
[25th, 75th 19.03, 28.23] pg/ml). Administration of aniv-
amersen resulted in the expected dose-dependent elimina-
tion of plasma pegnivacogin (Fig. 5a). The partial reversal
0.2:1 dose ratio of anivamersen reduced the mean measur-
able free pegnivacogin concentration to 8.7 £ 2.3 ng/ml
15 min post-dosing. Full reversal doses of anivamersen
reduced free pegnivacogin to <20 ng/ml, the limit of
quantification of the assay.

Consistent with the plasma concentration data, there was
a rapid prolongation of the plasma aPTT, reaching a
maximal value of 2.5 times the baseline within 5 min after
pegnivacogin administration (Fig. 5b) and remaining
essentially unchanged throughout the PCI procedure, val-
idating the dose chosen based on modeling of the phase I
experience presented in Figs. 1-4. Administration of a

0.2:1 dose ratio of anivamersen resulted in a stepwise
change in pharmacodynamic effect (Fig. 5b), resulting in
mean reversal of 51 &+ 14% of the aPTT prolongation. This
result confirmed the anivamersen dose-response observed
in the CLIN103 study and that weight-based anivamer-
sen:pegnivacogin dosing reliably predicts reversal, even
with the change in pegnivacogin dose between CLIN103
and CLIN210. Rapid and complete reversal of pegnivac-
ogin was achieved using either a 2:1 dose ratio of aniv-
amersen or sequential 0.2:1 and 1.8:1 doses. Whole blood
POC aPTT (Fig. 5c) and ACT measures (Fig. 5d) corrob-
orate previous findings. Coagulation measures remained
consistent 15 min post-pegnivacogin administration and at
the end of the PCI procedure, demonstrating the feasibility
of using a single dose of pegnivacogin to achieve and
maintain adequate levels of anticoagulation during PCI.
Furthermore, as observed with the plasma aPTT assay, both
whole blood coagulation measures were reduced in a dose-
dependent manner following anivamersen administration.
All pharmacodynamic measures were consistent with
pairwise pegnivacogin plasma concentration measures and
modeling of pharmacokinetic/pharmacodynamic data from
phase 1 studies.

Discussion

The safety and effectiveness of antithrombotic therapies
are critically dependent on proper dose selection. There-
fore, a thorough characterization and understanding of the
relationship between plasma concentrations, measurable
pharmacodynamic effects, and levels of target inhibition is
crucial for the translation of doses of such drugs from
phase 1 to phase 2 to ensure proper evaluation of efficacy
parameters while protecting the safety of subjects.

The REG1 system is novel in its target of action (FIXa),
the aptameric formulation of its anticoagulant component
pegnivacogin, and the availability of a specific reversal
agent, anivamersen. Here we describe the steps taken to
establish the relationship between pegnivacogin dose, the
effect on established measures of coagulation, the achieved
plasma drug concentrations, and the degree of target inhi-
bition, as well as a simplified dosing strategy and effective
dose ranges for anivamersen which enabled rapid pro-
gression from early phase studies to dose selection for later
phase trials.

Modeling in support of pegnivacogin dose selection
Loss of FIX activity, as observed in patients with hemo-
philia B, leads to prolongation of the aPTT. Initial phase 1

studies of REG1 demonstrated a clear dose-dependent
prolongation of the aPTT by pegnivacogin, and rapid

@ Springer



28

T. J. Povsic et al.

£

351
304

o1 i
20

154

10 4 §

54

Pegnivacogin (ng/mL)

o‘0O e e O

3
@ X & O 5
SN 0% , Q0 £ N
e c_’\’ »\6? @\60 5 e ‘59“
N &
o

o IS

7
&
3 < e‘%’?’(\
RS
O

Py

WB POC aPTT (seconds) O

N

200 -
180 4
160 - I I

140 by E i
120 4

100 4 g
so{m §
eo-T

40 -

fo

. O\ o &
P R A S AN \
g’é‘-’e 6? '\6? (\(\o R ‘%e(\ R ‘c_,e‘\

D« AD \fb«\e

o .
o o
&% &%

Fig. 5 Pharmacokinetic and pharmacodynamic assessments in elec-
tive PCI patients in CLIN210. a Pegnivacogin plasma concentrations
following 1 mg/kg dose during PCI, and either partial then full-
reversing doses or a single full reversing dose of anivamersen post-
PCI. b Relative increase in plasma aPTT during PCI following 1 mg/
kg pegnivacogin dose, and either partial then full-reversing doses or a
single full reversing dose of anivamersen post-PCI. ¢ Prolongation of
whole blood aPTT during PCI following 1 mg/kg pegnivacogin dose,
and either partial then full-reversing doses or a single full reversing

reversal of this pharmacodynamic effect upon anivamersen
dosing [1, 4, 5]. To synthesize the pharmacokinetic and
pharmacodynamic data generated in these 3 phase 1 studies
of REGI into a coherent model relating dose, plasma
concentration and degree of target inhibition, we first
focused on defining the relationship between pegnivacogin
dose, plasma concentration, and aPTT prolongation by
performing a cross-study analysis of data obtained in the
CLIN101 and 102 studies (Fig. 1). This analysis estab-
lished a linear relationship between weight-adjusted dose
of pegnivacogin and its plasma concentration, and estab-
lished the concentration response relationship of pegniv-
acogin in the aPTT.

To establish the relationship between these parameters
and degree of FIX/IXa inhibition, we defined the rela-
tionship between aPTT prolongation and the amount of
FIX activity present using the FIX assay calibration curves
collected by the central clinical core laboratory during the
conduct of CLIN101 and CLIN102. The FIX assay
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dose of anivamersen post-PCI. d ACT measures following 1 mg/kg
dose of pegnivacogin during PCI, and either partial then full-reversing
or a single full reversing dose of anivamersen post-PCI. Open squares
represent subjects assigned to the group receiving sequential doses of
0.2 mg:mg followed by 1.8 mg:mg anivamersen:pegnivacogin;
closed circles represent subjects assigned to the group receiving a
single, full reversing dose of 2 mg:mg pegnivacogin:anivamersen.
Data are presented as median & 25th, 75th percentiles

calibration curves demonstrated that progressive FIX
depletion caused aPTT prolongation in a log-linear fashion,
approaching a maximal effect at approximately 2.5 times
the normal value, which correlates with >99% inhibition of
FIX activity (<1% residual activity) (Fig. 2). Since all the
plasma coagulation analyses for CLIN101 and 102 were
performed at the same site using the same methodology
and reagents, we were able to use this calibration curve to
impute the level of pegnivacogin-induced FIX/IXa inhibi-
tion based on the observed aPTT prolongation in individual
subject samples. This analysis established a direct rela-
tionship between pegnivacogin dose, concentration and
degree of FIX/IXa inhibition (Fig. 3), providing a clear
relationship from which the dose and target plasma concen-
tration required to achieve the desired degree of FIX/IXa
inhibition could be selected.

To verify key outputs of the above modeling, including
the relationship between weight-adjusted pegnivacogin
dose, C,.x and aPTT prolongation, CLIN103 utilized a
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weight-based dose of pegnivacogin of 0.75 mg/kg [5]
which, based on the modeling presented in Fig. 3, was
predicted to represent the minimal dose at which essen-
tially complete FIXa inhibition is achieved. Analysis of
pharmacokinetic and pharmacodynamic parameters in
CLIN103 verified the accuracy of the C,,,x model and the
pharmacokinetic/pharmacodynamic models that predicted
this dose would provide an aPTT prolongation consistent
with complete inhibition of FIX/IXa activity.

Pegnivacogin dose selection for Phase 2 in PCI

Selection of pegnivacogin dosing for an initial phase 2a
study in elective PCI, as well as for potential follow-on
studies in acute coronary syndromes (ACS), was based on
the desire to achieve a high level of intraprocedural anti-
thrombotic therapy to prevent ischemic complications and
halt ongoing thrombus formation, as well as the desire to
limit interpatient variability. The decision to target near
complete FIX/IXa inhibition was facilitated by the avail-
ability of immediate anivamersen-mediated pegnivacogin
reversal, should bleeding arise or the need for high level
target inhibition change. In addition, given that pegnivac-
ogin is the first FIX/I[Xa inhibitor in advanced clinical
study, we anticipated that the achievement of maximal
levels of target (FIXa) inhibition would simplify interpre-
tation of clinical results and validation of FIX/IXa as a
target for antithrombotic therapy.

The pegnivacogin dose selected (1 mg/kg) was mod-
estly above the minimal predicted dose required for com-
plete FIXa inhibition and resulted in mean pegnivacogin
concentrations of 26.1 pg/ml, in excellent agreement with
the expected values. The resultant pharmacodynamic
effects (mean increase in aPTT to 2.5x normal) were
consistent with models demonstrating that plasma pegniv-
acogin concentrations >15 pg/ml are associated with
maximal inhibition of FIX activity and maximal aPTT
prolongation [6]. No untoward ischemic events, including
stent thrombosis, were observed during this study, dem-
onstrating the feasibility of using pegnivacogin as an
anticoagulant to support PCI.

Modeling in support of anivamersen reversal dose
selection

Translation of the dosing of a 2-component system such as
REGI1 from phase 1 to phase 2 studies is potentially
complicated by the interdependence of the doses of the 2
agents. The 1:1 binding mechanism of anivamersen to
pegnivacogin suggested we could simplify this potential
hurdle by using weight:weight dose ratios of anivamer-
sen:pegnivacogin, as the fraction of pegnivacogin bound by
anivamersen should remain consistent across a wide range

of pegnivacogin doses. Initial in vitro experiments dem-
onstrated that full reversal of pegnivacogin-mediated FIXa
inhibition was observed at a 0.5:1 weight:weight aniv-
amersen:pegnivacogin ratio, corresponding to a molar ratio
of approximately 5:1. As anivamersen is rapidly metabo-
lized (half-life ~5 min) and has no known biological
effects, a 4-fold excess above the projected minimum
anivamersen dose required for complete reversal was tar-
geted for initial clinical studies. The resulting weight-based
regimen of 2:1 anivamersen:pegnivacogin achieved the
predicted complete reversal of anticoagulation parameters
across a wide range of weight-adjusted pegnivacogin doses
in the CLIN101 and CLIN102 studies [1, 4], providing
initial confirmation of this approach to anivamersen dosing.

To provide additional confirmation of this approach and
extend our understanding of the clinical dose relationship
between anivamersen dose and pegnivacogin reversal,
CLIN103 tested a wide range of anivamersen doses against
a fixed, weight-adjusted dose of pegnivacogin (Fig. 4).
This study confirmed the dose ratio concept by demon-
strating full reversal of pegnivacogin at 2:1 and 1:1 dose
ratios of anivamersen, with a stepwise functional decrease
in the degree of pegnivacogin reversal as dose ratios were
reduced below 1:1 down to 0.125:1 [5].

Anivamersen dose selection for phase 2 in PCI

In selecting the anivamersen dose in CLIN210, consider-
ation was given to the clinical safety concerns associated
with both immediate reversal of anticoagulation post-PCI
balanced against the need for adequate normalization of
coagulation parameters to allow safe femoral sheath
removal. Therefore, a 2:1 weight:weight dose ratio of
anivamersen:pegnivacogin was selected to provide com-
plete pegnivacogin reversal prior to sheath removal, and 2
anivamersen dosing strategies were explored sequentially
in CLIN210 to evaluate the tolerability of complete
reversal post-PCI. In the first cohort, a stepwise reversal
approach was evaluated in which an anivamersen dose
ratio of 0.2:1 targeting 50% reversal was first administered
immediately after PCI, followed 4 h later by administration
of the additional 1.8:1 dose ratio to provide full normali-
zation of coagulation parameters. In the second cohort, the
2:1 anivamersen dose ratio was administered immediately
after completion of PCI to provide complete reversal.
Pharmacokinetic and pharmacodynamic measures follow-
ing anivamersen dosing in both cohorts of CLIN210 con-
firmed the translatability of the dose ratio approach and
selected doses of anivamersen (Fig. 5). The initial partial
reversing dose of anivamersen resulted in a consistent
fractional decrease in pegnivacogin concentration, and full
reversal doses resulted in elimination of free plasma peg-
nivacogin. Likewise, the initial 0.2:1 dose provided the
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targeted 50% reversal in aPTT prolongation, and the 2:1
dose administered in parts or as a single bolus provided
complete reversal of pegnivacogin anticoagulation.

Limitations

The selected aPTT-based modeling approach was suc-
cessful for dose selection for elective PCI and ACS indi-
cations, where the high intensity anticoagulation desired
would result in a significant increase in the aPTT. How-
ever, because prolongation of the aPTT requires a signifi-
cant diminution of FIX activity, the current approach may
not translate well to other indications for which lower
degrees of FIXa inhibition may be sufficient and desired.
For these indications, use of pharmacodynamic read-outs
responsive to lower levels of FIXa inhibition would be
preferable to better determine an optimal dose. Addition-
ally, the response curve described in Fig. 2 will be specific
for a particular reagent and aPTT assay. While similar
results might be expected across aPTT reagents, inferring
an intermediate degree of FIXa inhibition for any given
assay would require re-establishment of the FIX activity—
aPTT relationship, limiting the utility of non-standardized
aPTT assays to reliably predict degree of FIXa inhibition.
Maximal degrees of FIXa inhibition can be inferred from
an aPTT if performance of the specific reagent in
FIX-depleted plasma is provided as part of the package
insert. Nonetheless, the consistent results across a variety
of studies and assays in CLIN101/102, CLIN103, and
CLIN210 suggest that increases of aPTT >2x over base-
line is reflective of and could be used as a reliable measure
of near complete FIX inhibition.

Conclusions

We combined pharmacokinetic and pharmacodynamic data
obtained in a series of phase 1 studies to model the dose-
anticoagulant response for pegnivacogin, a direct FIXa
inhibitor, establishing a relationship between its dose,
concentration, effect on aPTT, and the degree of target
(FIXa) inhibition. In parallel, data from these studies were
also modeled to evaluate a weight:weight dose ratio
approach for anivamersen, the specific active control agent
for pegnivacogin, and to determine the relationship
between the anivamersen:pegnivacogin dose ratio and
degree of reversal of pegnivacogin anticoagulation. Based
on cumulative data from 3 phase 1 studies, a pegnivacogin
dose of 1 mg/kg was selected for a phase 2a trial of elective
PCI, which in turn validated the relationship between
pegnivacogin dose, concentration, inhibition of FIX activ-
ity, and prolongation of aPTT-based measures of coagu-
lation [7]. Likewise, a weight:weight dose ratio approach
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for anivamersen dosing relative to administered pegnivac-
ogin was confirmed in these 3 phase 1 studies, simplifying
the selection of appropriate reversal doses for phase 2 to
achieve targeted partial or complete pegnivacogin reversal
levels. This dosing strategy and dose levels were validated
in the phase 2a study in parallel with the 1 mg/kg peg-
nivacogin dose. The information obtained in early phase
development has provided a platform for RADAR
(NCT00932100), a larger phase 2b study of REGI in
patients with ACS [8]. Our modeling strategy also provided
information sufficient for pegnivacogin dose selection
without the requirement for pegnivacogin dose—response
studies in an ACS patient population, greatly decreasing
the overall cost and time to develop REGI for an ACS
indication.
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