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Abstract

Background: Currently available intravenous iron prepa-
rations are not ideal, either because of safety concerns
or dose limitations. We investigated the safety and phar-
macokinetics of ferumoxytol, a new iron replacement
therapy, in normal subjects and hemodialysis patients.
Methods: In a randomized, double-blind, ascending-
dose study in normal volunteers (n = 41), 6 subjects re-
ceived placebo, and 8 subjects each received ferumoxy-
tol, at 1, 2 or 4 mg iron/kg, injected at 60 mg iron/min.
The remaining subjects received 4 mg iron/kg atinjection
rates of 90 (n = 3), 180 (n = 3) or 1,800 mg iron/min (n =
5). In the second, open-label, ascending-dose study,
20 hemodialysis patients received 125 or 250 mg of iron
over 5 min. Results: In normal subjects, the blood half-
life of ferumoxytol increased with increasing dose from

This work was performed at the University of Virginia Health Sys-
tem and at Jersey Shore Medical Center.

9.3to 14.5 h (p < 0.05) but not with increasing rate of in-
jection. The drug half-life in hemodialysis patients was
similar to normal subjects. Ferumoxytol was not re-
moved with hemodialysis. Serum iron (p <0.001), trans-
ferrin saturation (p < 0.001) and ferritin increased in both
populations. No serious adverse events were attribut-
able to ferumoxytol. Conclusion: Ferumoxytol was well
tolerated in this study. Its pharmacokinetic properties
and simplicity of administration suggest that it will be an
attractive form of iron replacement therapy.

Copyright © 2005 S. Karger AG, Basel

Introduction

Normocytic, normochromic anemia is a common and
treatable complication of chronic kidney disease (CKD)
and end-stage renal disease (ESRD). According to the
USRDS 2001 annual data report, there is a significant
increase in the relative risk of cardiac, infectious, and all-
cause mortality in ESRD patients with hematocrits <33%
[1] and an even greater risk in patients with hematocrits
<30%. Although multiple factors contribute to the ane-
mia of CKD, the primary cause is insufficient production
of endogenous erythropoietin (EPO). Effective treatment
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of this anemia is associated with improved survival, de-
creased morbidity, and increased quality of life. Higher
hematocrits have also been associated with marked im-
provements in various physiological parameters includ-
ing oxygen utilization, muscle strength and function, car-
diac function, possible regression of left ventricular hy-
pertrophy, improvement in exercise tolerance and
exercise-induced ST segment depression, cognitive and
sexual function [2-7].

EPO use in hemodialysis patients has led to the suc-
cessful treatment of anemia in most ESRD patients [8].
However, several factors can decrease the effectiveness
of EPO including aluminum toxicity, hyperparathyroid-
ism, infection, inflammatory conditions, malignancy,
and, most importantly, iron deficiency [9]. Absolute iron
deficiency in hemodialysis patients occurs for a variety of
reasons, including blood retention in the dialysis mem-
branes and connecting tubing system [9], occult gastroin-
testinal blood loss [10, 11], blood loss during surgery, fre-
quent blood sampling [12], and increased erythropoiesis
from the use of EPO [12]. Functional iron deficiency also
occurs where adequate tissue iron stores are present but
unavailable for erythropoiesis.

The estimated prevalence of iron deficiency in hemo-
dialysis patients during EPO therapy is around 43-90%
[9, 13, 14]. According to the National Kidney Founda-
tion-Kidney Disease Outcomes Quality Initiative (KDO-
QI) anemia guidelines [2], patients should have sufficient
iron to achieve and maintain a hemoglobin of 11-12 g/dl
and a hematocrit of 33-36%. To accomplish this, the
guidelines suggest administering sufficient iron to a main-
tain transferrin saturation (TSAT) of =20% and a serum
ferritin =100 ng/ml [2]. Many studies have shown that
oral iron is generally ineffective in maintaining adequate
stores in most dialysis patients [3, 15, 16], as well as in
patients not yet on dialysis [3, 16, 17]. Consequently, in-
travenous iron is commonly used to achieve and main-
tain adequate iron levels. Although intravenous iron re-
placement can be given over 10 min (125 mg iron gluco-
nate) or 5 min (100 mg iron sucrose), it is generally given
over 15-60 min, which requires significant expense for
supplies such as tubing and infusion supplies, costly nurs-
ing time, multiple administrations, and may be inconve-
nient for the patient.

Until 1999, iron dextran was the only intravenous iron
preparation available in the USA. Since then, iron gluco-
nate and iron sucrose have become available for intrave-
nous use. Although serious and life-threatening reactions
occur most frequently with iron dextran [18], they do oc-
cur rarely with iron gluconate and iron sucrose [19, 20].
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In addition, non-life-threatening reactions such as hypo-
tension, back pain, vomiting, vertigo, and pruritus also
occur with the gluconate and sucrose formulations and
may be related to the rate of administration [20, 21].
These reactions, although not life-threatening, will some-
times preclude further dosing and therefore iron repletion
[19,22-24]. Finally, there is concern regarding the poten-
tial deleterious effects of parenteral iron in increasing ox-
idative stress and infection, and accelerating cardiovas-
cular disease.

We examined the safety and pharmacokinetics of a
new compound for iron replacement therapy, ferumoxy-
tol, administered as an intravenous bolus, first in 41
healthy volunteers in a placebo-controlled, dose and in-
jection rate escalation study, and then in 20 chronic he-
modialysis patients receiving EPO therapy.

Materials and Methods

Ferumoxytol

The study drug, ferumoxytol (Advanced Magnetics, Inc., Cam-
bridge, Mass., USA), is an ultrasmall superparamagnetic iron oxide
(magnetite) nanoparticle coated with a semisynthetic carbohydrate
designed to minimize immunological sensitivity. The drug has an
average colloidal particle size of 30 nm by light scattering and a
molecular weight of 750 kDa. Ferumoxytol is a sterile, isotonic,
neutral pH liquid formulated to contain 30 mg/ml of elemental iron
and 44 mg/ml of mannitol. Because of its magnetic properties, feru-
moxytol can also be used as a magnetic resonance contrast agent.

Study Designs

Both trials were approved by Institutional Review Boards and
conducted in accordance with the guidelines proposed in the Dec-
laration of Helsinki, under an Investigational New Drug Exemp-
tion. All patients gave written informed consent to be in the
study.

Normal Subjects. This phase I safety and pharmacokinetic study
was a randomized, double-blind, placebo-controlled, ascending-
dose study in adult male and female volunteers (n = 41). Subjects
were 18-60 years old, not anemic, and in good general health. Eight
subjects each received ferumoxytol at doses of 1, 2 and 4 mg iron/
kg at injection rate of 60 mg iron/min (2 ml/min). Six subjects re-
ceived saline as a placebo. The remaining 11 subjects received feru-
moxytol at 4 mg iron/kg at an injection rate of 90 (n = 3), 180 (n =
3) or 1,800 mg iron/min (n = 5).

For pharmacokinetic analysis, serial blood samples were taken
pre-dose, 5, 10, 15, 30 min, and 1, 4, 8, 12, 24, 48, 72 and 168 h
post-dosing. For safety assessment, blood and urine samples were
taken at screening, 48 and 24 h pre-dosing, at 8, 24, 48 and 72 h,
and 7 days post-dosing. Evaluations included a complete blood
count, biochemistry panel, iron metabolism panel (serum iron, per-
cent TSAT, transferrin, and ferritin) and clotting function tests.
Resting 12-lead electrocardiograms were obtained at screening, and
48 h pre-dosing, at 15 min, 1, 4, 8, and 24 h, and 7 days post-dos-
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ing. Vital signs were obtained at the same time points and addition-
ally at 1, 5, 10, 30, 45 min, and 2, 4, 48 and 72 h.

Hemodialysis Patients. The study in hemodialysis patients was
an open-label, dose escalation study to assess the safety and phar-
macokinetics of two doses of ferumoxytol in non-anemic chronic
hemodialysis patients (n = 20) receiving EPO therapy for anemia.
Subjects were at least 18 years old, currently undergoing outpatient
hemodialysis three times a week and receiving EPO therapy; he-
moglobin =11 g/dl and/or hematocrit =33% was required. Pa-
tients had not received oral or parenteral iron therapy for at least
2 weeks prior to entry; nor did they receive it for the duration of
the study.

Two doses of ferumoxytol, containing 125 and 250 mg of ele-
mental iron, were evaluated, given as an intravenous injection over
5 min, with the safety of the first dose established before proceed-
ing to the higher dose. The first 10 patients were given a single dose
of 4.2 ml of ferumoxytol (125 mg iron, 25 mg iron/min) and the
second group of 10 patients was given a single dose of 8.4 ml of
ferumoxytol (250 mg iron, 50 mg iron/min). Ferumoxytol was ad-
ministered within 30 min of starting dialysis in all patients. No test
dose was given.

Laboratory tests including complete blood count, electrolytes,
comprehensive chemistry, hepatic function, iron metabolism pan-
el and clotting function panel were drawn 1 week pre-dose, and at
48 h, 2 weeks, and 4 weeks following dosing. A panel consisting of
complement levels (CHso and C3) and a complete blood count with
differential was drawn immediately pre-dose and at 60 and 180 min
post-dose to assess complement activation.

Blood clearance samples were drawn immediately pre-dose and
post-dose at 5, 10, 15, 30, 60, 120, 180 min, 48 h, and 96 h. Patients
were evaluated for evidence of adverse reactions during and after
the drug administration and at 48 and 96 h following drug admin-
istration.

Drug Concentration Quantification

Because ferumoxytol has strong magnetic properties (T1 relax-
ivity of 38 mmol s~! and T2 relaxivity of 83 mmol s~!) the intact,
unmetabolized drug can be quantified by magnetic resonance spec-
trometer measurements [25], independent of serum iron, which has
very low magnetic properties. The T1 spin-spin magnetic resonance
relaxation time of the serum samples, standards, and controls were
measured at 39.5°C using a Brucker PC-120 nuclear magnetic res-
onance spectrometer with an applied field of 0.47 T (20 MHz) using
an inversion-recovery pulse sequence. The limit of detection of the
assay was 3 pg/ml of ferumoxytol iron.

Safety Evaluation

Vital signs (blood pressure, heart rate, respiration rate and tem-
perature) were evaluated at multiple time points before and after
the drug administration in both studies. In addition, for the hemo-
dialysis patients, the change in blood pressure recorded for each
patient on the day of ferumoxytol injection was compared to the
intradialytic blood pressure measurements recorded for that pa-
tient during the dialysis session 1 week prior to drug administra-
tion. Hypotension was considered an adverse event if the decrease
in blood pressure was clinically significant based on the opinion of
the investigator, regardless of the degree or absolute value.

Adverse events were identified by direct questioning and obser-
vation during drug administration, the post-administration obser-
vation period, and at later time points up to a week for the normal
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subjects and a month for the hemodialysis patients. A serious ad-
verse event was defined as one which constitutes a definite hazard
and/or results in a handicap to the patient, including but not lim-
ited to: death; a life-threatening adverse drug experience; inpatient
hospitalization or prolongation of existing hospitalization; a persis-
tent or significant disability/incapacity; chest pain, dyspnea or oth-
er evidence of anaphylaxis.

Statistical Analysis

Data are presented as mean * SD. Two-way analysis of vari-
ance (ANOVA) with between-groups repeated measures was used
to evaluate differences in laboratory measures and pharmacoki-
netic parameters between groups. The pharmacokinetic parameters
were calculated assuming a first order process in a single compart-
ment model, with a first order elimination rate constant (K), area
under the curve (AUC) calculated by trapezoidal rule (ton—tagn),
maximum concentration (C,,) estimated as the instantaneous
concentration at t = 0 and clearance calculated as volume of distri-
bution (V4) X K. Parameters were calculated using PK Solutions
2.0 (Summit Research Services, Pharmacokinetics and Metabolism
Software, Montrose, Colo., USA).

Other Analyses

Although these were not efficacy trials, and neither volunteers
nor hemodialysis patients were anemic, changes in hematologic
parameters including serum iron, serum ferritin, TSAT, hemoglo-
bin, hematocrit, and reticulocyte count were evaluated for evidence
of iron utilization.

Results

Demographics

Normal Subjects. The study population was comprised
of comparable numbers of men and women, and was pre-
dominantly black (63%), with an average age of 33.5 *
7.7 years (table 1). Seven of these patients had ferritin
levels <12 ng/ml; none had hemoglobin values <10.8 g/dl.
The four treatment groups did not differ significantly
with respect to gender, race, age, height, and weight.

Hemodialysis Patients. The study population included
20 patients (age 34-77 years; 10 women, 10 men, 70%
black, see table 1) currently undergoing hemodialysis
three times weekly at an outpatient dialysis unit. The first
10 patients recruited were assigned to the low-dose group
(125 mg iron). After this dose was found to be well toler-
ated in this patient population, 10 additional patients
were recruited to the high-dose group (250 mg iron).

Pharmacokinetics

Normal Subjects. The pharmacokinetic summary data
including V4, K, AUC, C,,.,, half-life, and clearance for
the dose escalation arm of the trial are shown in table 2.
The AUC and C,,,, increased significantly with dose, as
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Table 1. Subject characteristics

Table 2. Pharmacokinetic parameters at

Normal subjects

Hemodialysis patients

Number

Age

Gender, m/f

Race, B'W/H/O

Weight, kg

Height, cm

Hemoglobin, g/dl
Transferrin saturation, %
Serum iron, pg/ml
Ferritin, ng/ml

41
33.5+7.7 (20-58)
22/19
26/8/7/0
79.6%15.1 (46.5-115.0)

171.2+9.8 (153.0-189.0)
13.0%1.2 (10.8-16.0)
21.4+7.6 (7.4-40.2)
69.0%20.7 (20-107)
41.0%32.5 (4-109)

20
60.7+11.8 (34-77)
10/10
14/5/0/1
84.2+14.5 (55-107)

168.4+7.8 (157-183)
12.4+ 1.0 (10.7-12.9)
29.6+9.7 (14-47)
58.8+19.8 (32-99)
259+ 154 (86-677)

increasing dose, constant injection rate® Parameter Dose group

1 mg Fe/kg 2 mg Fe/kg 4 mg Fe/kg
Rate, ml/min 2 2 2
Rate, mg iron/min 60 60 60
Number 8 8 8
Mean dose, mg 85+17 152+30 32171
K, h71P 0.076 £0.010 0.069£0.010 0.049£0.007
Half-life, h® 9.3+1.1 10.2£1.5 145+24
Cinax, g iron/ml° 26.3+£7.0 62.0+11.6 126.0+£32.6
AUC, g iron-h/mlP 396+122 997+320 2,771+624
Vg 1 3.1+0.8 2.4+0.7 2.4+0.6¢
Vg4, ml/kg 36.3£10.0 31.1x74 31.6+8.5
Cl, ml/h® 235.8+91.8 162.9+52.4 115.7%15.1
Cl, ml/(h-kg)° 2.82+1.21 2.17+0.63 1.51+0.33

4 Values are mean = SD. K, = First order rate constant; AUC = area under the curve;
Cnax = maximum plasma concentration of intact drug; half-life = elimination half-life; Cl =
clearance; V4 = volume of distribution.

b Significant by dose, p < 0.001.

¢ Significant by dose, p < 0.02.

d Significant by gender, p < 0.01 (see text).

did the half-life, while clearance decreased (p < 0.001).
The elimination half-life increased from 9.3 to 14.5 h
from 1 to 4 mg of iron/kg. The high-dose group showed a
statistically significant difference in V4 by gender, also
observed in all groups but not at statistically significant
levels. This difference is attributable to a lower body
weight in the females, since total blood volume is propor-
tional to body weight. The V4 per kilogram was not sig-
nificantly different.

The pharmacokinetic results from the injection rate
escalation are shown in table 3. There were no significant
differences in the pharmacokinetic parameters with in-
creasing administration rates. Including all subjects who
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received the dose of 4 mg iron/kg, a mean dose of 316 mg
of iron in this study, the mean half-life is 14.7 h. The high-
est individual dose administered in this study was 420 mg
of iron.

The concentration of ferumoxytol with time is shown
in figure 1. The concentrations are dose-dependent (p <
0.001), and 90% of the highest dose is cleared from the
blood by 48 h, approximately 3 half-lives.

Hemodialysis Patients. The pharmacokinetic summa-
ry data including V4, K, AUC, C,,.x, half-life, and clear-
ance are presented in table 4. The plasma pharmacoki-
netic parameters were similar to those observed in normal
subjects. The half-life was different by dose (p < 0.01) as
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Ferumoxytol concentration (ug/ml)

Fig. 1. Serum concentration of ferumoxytol
with time in normal subjects by dose. % =
Placebo; A = 1 mg/kg; m =2 mg/kg;, ® =

4 mg/kg. Concentration of ferumoxytol was
dose-dependent (p < 0.001). The values are
for intact drug and do not include serum
iron.

Time (h)

Table 3. Pharmacokinetic parameters at increasing injection rate, constant dose®

Parameter Administration rate group

Dose, mg iron/kg 4P 4 4 4 4

Rate, ml/min 2 3 6 60 -

Rate, mg iron/min 60 90 180 1,800 -
Number 8 3 3 3 17

Mean dose, mg Fe 32171 323+69 337+45 273+81 316 £ 66
Kg, h! 0.049+0.007  0.049+0.008  0.051%£0.005  0.043+0.006  0.048x0.007
Half-life, h 14524 145+2.3 13.6x1.4 16.2+2.5 14.7+2.2
Chnax, g iron/ml 126.0%+32.6 124.7+31.1 141.4%50.0 134.5+30.3 130.0%£32.5
AUC, pg iron-h/ml 2,771 +624 2,857+336 2,914+984 3,343+£963 2,912+683
Vg, 1 2.4+0.6 2.4+0.9 2.4+0.5 2.0+0.4 2.3+0.6
Vg4, ml/kg 31.6+8.5 29.6+6.3 29.0+9.3 29.1+5.7 30.4%+7.3
Cl, ml/h 115.7%£15.1 116.1£40.0 121.2£27.1 83.2+9.7 111.0£24.1
Cl, ml/(h-kg) 1.51+£0.33 1.41+0.18 1.47+0.43 1.28+0.43 1.44+0.33

4 Values are mean = SD. K = First order rate constant; AUC = area under the curve; C,x = maximum plas-
ma concentration of intact drug; half-life = elimination half-life; Cl = clearance; V4 = volume of distribution.
b Data in this group repeated from table 2, column 3, for comparison.

were Cpax, AUC, and clearance (p < 0.001). The half-life
was 10.7 h in the low-dose group and 16.2 h in the high-
dose group, similar to that observed in normal subjects.

The concentration of ferumoxytol remained stable
during the dialysis procedure, indicating that ferumoxy-
tol is not removed with hemodialysis (fig. 2).
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Laboratory Values

Normal Subjects. As expected, serum iron and TSAT
increased in a dose-dependent manner, peaking at 1-day
post-dose, whereas serum ferritin peaked at day 3; all re-
turned toward baseline at 7 days. The changes in all were
statistically significant (p<0.001). The serum iron, TSAT,
and serum ferritin are shown in figure 3.

Landry/Jacobs/Davis/Shenouda/Bolton

Find authenticated court documents without watermarks at docketalarm.com.

edicine

/2016 3:07:59 PM


https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




