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ABSTRACT The primary objective of this study
was to evauate the effect of drug loading on the release
of leuprolide acetate from an injectable polymeric
implant, formed in Situ, and efficacy of the rdleased drug
in suppressing serum testosterone levels in dogs for a
leest 90 days. An additiond objective was to compare
the optimum implant formulation with a commercia
microsphere product. Evauated implant formulations
contaned 45% w/w 7525 poly (DL-lactide-co-
glycolide) polymer having an intringc viscosty of 0.20
dL/g, dissolved in N-methyl-2-pyrrolidone. Irradiated
polymer solution was mixed with leuprolide at different
drug loads (3%, 45%, and 6% w/w) prior to
subcutaneous adminidration to dogs. Dog serum was
andyzed for testosterone (RIA) and leuprolide
(LC/MSMYS) levds and comparisons within the three
implant formulation groups were made. Vaying the
drug load did not sgnificantly affect the release of
leuprolide or efficacy of the implant formulation. Thus,
the 6% w/w formulation with the smdler injection
volume was sdected for compaison with the
commercid LUPRON® Depot product, which was
adminigered intramuscularly at a Smilar dosage. These
comparisons of serum testosterone and leuprolide levels
showed no sgnificant difference in the pharmacologic
efficacy even though drug leveds were different a a
number of points This was mainly due to associated
high stlandard deviations. Based on these Sudies, the 6%
wiw leuprolide implant formulation was consdered to
be a suitable candidate for further development.
Additiond benefits of this sysem include its smple
manufacturing and lower cods.
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INTRODUCTION

Leuprolide acetate (leuprordin, D-Lalf- (des-Gly™-NH,)-
LH-RH ethylamide) is a potet lutenizing hormone-
rdleesng hormone (LH-RH) agonig andlog thet is useful in
the pdliaive trestment of hormond rdated progate and
mammary cancers, endometriods, and precocious puberty
(1-5). Sudaned leuprolide levels cause desengtization and
downreguldion of pituitary-gonedd  axis leading to
suppresed levels of luteinizing and sex  hormones
Polymer-basad microsphere systems that provide sustained
drug levels over a period of 1 to 4 months are available
commeadadly (6,7). Compared to daly subcutaneous
injections of the andlog solution, these forms reduced the
nesded drug dose to 1/4 to 1/8 and increesed patients
compliance and convenience due to less frequent injections
(8). However, an expensve and complex manufacturing
process, and the ingbility to retrieve the microcgpsules in
cae of drug adverse reection are percaived limitations with
thee sysems A poymeic sydem (ATRIGEL®), as
destribed by Dunn et d. (910) does not have thee
limitations and can be equdly efficient in avariety of drug
ddivery goplications.

The ATRIGEL® sysemis prepared by dissolving awater-
insoluble and biodegradable polymer in a biocompatible
organic solvent such as N-methyl-2-pyrrolidone  (11).
When the polymer solution is injected into the body, the
organic solvent disspates into the surrounding tissue as the
water pamedtes into the implant. This process leads to

phase sparaion and subsequent coagulation of the
polymer to form an implant in Stu. Active drugs are added
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to the poyme solution to produce a reedy-to-use
homogeneous solution or digperson depending upon the
Solubility of the drug. However, if product gability is an
issue due to interaction between the components—-drug,
polymer, and solvent--the product can be prepared as a
two-pat sysem ("A/B"). In this sydem, one syringe
contains an gppropriate amount of the polymer solution,
wheress the other syringe contains the drug as a dry
powder. Before adminidretion to the peient, the two
syringes are coupled and the contents mixed with a number
of back-and-forth cydes between the two syringes A
derile product can be made by asgptic manufacturing or
exposure to g -rradigtion. Once the drug-containing
implant is formed in vivo, drug rdesse is controlled
primarily by the properties of the polymer, solvent, and
drug employed.

Usng the ATRIGEL® technology, an A/B sysgem of
leuprolide acetate @ a 3% wiw drug load was recently
developed (12,13). This formulaion showed reproducible
efficacy in uppressng and maintaining serum testosterone
levelsin the desired range of 0.5 ng/ml (6) in rats and dogs
for aperiod of & least 90 days To ddiver the desred 22.5
mg of leuprolide with a drug load of 3% wiw, 750 mg of
formulation would have to be injected in humans An
increese in the drug load would reduce the totd amount of
formulation to be injected and lead to gregter paient
comfort while smultaneoudy being more economical.
However, the effects of increased drug load on the in vivo
drug rdesss, and the phamacologic efficacy of the
ATRIGEL® sysem with leuprolide were not known.

Thus the fird objective of this Sudy was to compare the
srum drug levds ad dficacy of an ATRIGEL®
formulation having different drug loads (3%, 4.5% and 6%
wiw). The seoond objective was to compare the
formulaions to the commerdd 90-day sudtained relesse
microsphere product (LUPRON® 90-day Depot) for
pharmecologic efficacy and serum drug levels The dog
was used as the anima modd for these evduations.

MATERIALS AND METHODS

Materials

Leuprolide acetate was purchased from Bachem Cdifornia,
Inc. (Torrance, CA). N-methyl-2-pyrrolidone (NMP,
Pharmasolved ) was obtained from Internationa Specidty

Products (Wayne, NJ). The polymer, 75/25 poly (DL-
lactide-co-glycalide) (PLG) with an intrindc viscosty
(V) of 020 dL/g, was purchased from Birmingham
Polymers, Inc. (Birmingham, AL). LV. vdue wes
determined by the manufacturer usng a Cannon-Fenske
G6/25 viscometer and 05 g/dL chloroform solution of
polymer a 30°C. All other reagents used were of high
pressure  ligud chromatogrgphy  (HPLC) grade
Commedd LUPRON® 90-day depot product was
obtained from TAP Holdings (Deafidd, IL) and Sored
according to the labd guiddines

Preparation of ATRIGEL® Formulations

Appropriate amounts of 7525 PLG (1.V. 0.20) polymer
and NMP were waghed into glass vids After initid

mixing of the contents; vias were placed on a continuous

dheker (LablineO Orbit Sheker, Mdrose Pak, IL)
ovemnight & room temperature to completdy dissolve the
polymer. The proper amounts of the polymer solution,

basad on the body weaight of sudy dogs, werefilled into 3-

cc mde B.D. (Becton Dickinson, Franklin Lines, NJ)

gyringes These syringes were double pouched in
duminum foils with a desccat bag, heat-seded under
nitrogen and Serilized by exposure to g -irradiation a a
dose of gpproximatdy 25 kGy (Isomedix, Morton Grove,

IL). For the drug pat of the sydem, 3-cc mde B.D.

syringes were filled with the calculaied volumes of non-

irrediated leuprolide acetate aqueous solution thet was
prepared from HPLC grade water with no excpients

Thee syringes were lyophilized overnignt usng a
LabooncoO Freeze Dry Sysem (Kansss City, MO) to
fom a leuproide acetae cake Just before animd

injections, syringes containing the irradiated polymer
lution and leuprolide acetate were joined with a
polypropylene syringe coupler and the contents mixed with
40 beck-andforth mixing cydes The resulting
homogeneous disperson was then drawn into one of the
syringes, a needle was atached and the product injected as
abolusinto dogs

Different drug loads (3%, 4.5%, and 6% wiw, bassd on the
find formulaion of polymer, solvent, and drug) were used
in preparing the find formulaions The amount of polymer
formulaion filled into a syringe was adjusted based on the

drug load to kegp the administered dosage comparable for
al theformulations



Polymer Molecular Weight

Irradiated and non-irradiated polymer solutions were
quantitatively dissolved in tetrahydrofuran to yield a
polymer concentration of approximately 0.5% wiv.
Filtered samples were anadyzed by gd permedtion
chromatogrephy (GPC) to determine the weight-
averaged molecular weight of the polymer. Narrow
molecular weight polystyrenes in the range of 580
370,000 datons (Polymer Laboratories, Amherst, MA)
were used as dandards. The chromatography
conditions were: Polymer Laboratories MIXED-D (5 m
m, 30cm © 75 mm) column maintained a 40°C,
Hewlett Packard (Santa Clara, CA) 1050 series HPLC
with isocratic pump, autosampler, 1047A refractive
index detector, and 50 m | injection volume.
Tetrahydrofuran at a flow rate of ImL/min was used as
the mobile phase. Polymer Laboratories CALIBER
software was employed for GPC calculations.

In Vivo Studies

Adult mae beagle dogs (Ridglan Farms, Mt. Horeb,
WI) with a basdline weight range of 9.65-18.75 kg
(median weight of 15.5 kg) were distributed randomly
into 4 study groupsof 5 dogs each (N=20). Dogs were
acclimated for at leest a month and identified by ear
tattoos. Food and tap water were provided ad libitum.
The animas were maintained according to AAALAC
requirements and were in accordance with the Guide
for the Care and Use of Laboratory Animas (DHEW
Pub. No. (NIH) 78-23, revised).

On the dart day of the study (day 0), dogs were
weighed and given a sngle bolus subcutaneous
injection of the ATRIGEL® formulations between the
shoulder blades using a 21-gauge needle. As the tota
contents of syringes were injected as a bolus, syringes
were weighed before and after the injections to
determine the injected amount of formulation and
subsequently leuprolide acetate, based on the theoretic
drug load. Based on literature reports the target dose
was set at 25.6 m gkg/day 14). The commercia
product was administered intramuscularly at a smilar
dosage following the labd ingructions to mimic the
current clinica trestment regimen. On days 0 (pre-
dose), 1, 2, 3,4, 7, 14, 21, 28, 35, 49, 63, 71, 81, 91,

105, 120, 134 and 150, approximately 8 mL of blood
were collected from the anterior jugular vein for
testosterone and leuprolide analyses. The dogs were
observed for overt toxicity and any adverse conditions
a the injection dte throughout the study period.

Serum Testosterone Assay

After dlowing the blood to clot for 30 minutes on ice,
serum was harvested by centrifugation a 3500 rpm for
10 minutes and frozen a -20°C for later analysis by
solidphase  radioimmunoassay  (RIA).  Standard
commercid RIA kits (Diagnogtic Products, Los
Angdes, CA) were used and the mean £ SD of
testosterone levels (ng/mL) were recorded. Samples,
standards, and controls were andyzed in duplicate as
an assay vdidaion. The average vaues that were
reported as nil or that fell below 0.1 ng/mL, the lower
detection limit for the assay, were consdered to be
equa to 0.1 ng/mL. The average of pre-dose serum
testosterone values from al the study animals (N=20)
was used asthe basdine value.

Serum Leuprolide Assay

Leuprolide levels were determined by a proprietary
LC/MSMS method devdoped by Primedica
Corporation, Worcester, MA. In generd, this method
involved the use of an internd LH-RH peptide
sandard, protein precipitation with acetonitrile, HPLC
separation of the extract and mass spectrophotometric

assay of the peptide.
Statistical Analysis

A repeated-measures andyss of testosterone and
leuprolide data using an a -sgnificance level of 0.05
was peformed to determine the effect due to groups
over time. In addition, a by-day andysis of variance
was performed (a =0.05) to compare various groups a
each time point. Single degree of freedom contrasts
were peformed to compare various groups. In
particular, contrasts of interest were those concerning
groups 1 to 3 (ATRIGEL® with 3%, 4.5%, and 6%
w/w drug), and group 3 (ATRIGEL® 6% w/w drug)
vs. group 4 (LUPRON® Depot).



RESULTS

Ealier dudies in ras and dogs showed that an
ATRIGEL® implant formulation with a compostion of
75/25 PLG polymer (1.V. 0.20 dL/g) and NMP was
efficaciousin quickly (by 14 days) suppressing and then
mantaning serum testogterone levels in the human
cadtrate range (0.5 ng/mL) for a least 90 days (12,13).
This formulation hed a polymer/solvent retio of 45:55
w/w and contained leuprolide acetate a 3% wiw drug
loading. The purpose of this dudy was to evauate the
effect of increased drug load (from 3% to 4.5% and 6%)
on the formulation efficacy, udng the same
polymer/NMP composition. An additiona objective was
to compare, for the firg time, the efficacy and serum
drug levels obtained after adminisering ATRIGEL®
implant formulations and the commercid 90-day depot
microsphere product (LUPRON®).

Polymer solutions used in preparing the Atrigd®
formulations were filled in 3-cc syringes and g -
irradiated a 23.2-24.6 kGy. Pre-irradidion, the weight-
averaged molecular weight of the polymer, as
determined by GPC, was 16,950 ddtons and after
irradiation it was 15,094 ddtons. This dight loss was
expected, as irradiation causes scisson of polymer
chains leading to a lower molecular weight (15). Due to
the wide acceptance of this method for termind
derilization of biodegradable polymer systems such as
marketed microspheres and medica devices, no further
evadudion of the irradigted product as to possble
polymer degradants was carried out. For these studies,
the drug was used as supplied by the manufacturer
without any derilization. However, for future
development, drug erilization will be carried out either
by derile filtration of the peptide solution before
lyophilization or by irradiation of the lyophilized solid. If
irradiation is used, the product will be fully characterized
for any degradants.

For this study, dl the ATRIGEL® formulations were
prepared usng the two-pat A/B sysem. All the
ATRIGEL® formulations used in this sudy hed
essentialy the same composition except for the drug
load. In the case of higher drug load, a lesser amount of
formulation was injected to adminiser a Smilar per-
body weight drug dose. All the formulations were easy

to mix and yidded visudly homogeneous suspensions,
which were injected immediately after mixing to avoid
possble sability concerns. These formulations were
injected into dogs usng 21-gauge needles with only
dight difficulty. In the case of LUPRON®, labd
indructions were followed and the intramuscular
inections with 23-gauge needles presented no
difficulties

The dosage as determined by the literature was st a
256 m gkg/day 14). The actud dosages that were
administered were asfallows: 27.8+ 1.35 mg/kg/day for
3% formulaion, 274 + 0.77 m gkg/day for 4.5%
formulation, 31.4 + 1.1 mg/kg/day for 6% formulation,
and 25.3 + 058 mgkg/day for LUPRON®; and were
cdose to the taget dosage of 256 m gkg/day.
Compadivdy, 6% ATRIGEL® formulation received
higher dosage than desired. The formulation loss on A/B
mixing and injection was edimated from a series of in
vitro experiments. However, this estimated loss was
found to be dightly variable between in vitro and in vivo
conditions, as wdl as due to unavoidable varigtion in
mixing and injecting the contents. This possibly explains
the reason for higher dosage with 6% formulation.

Figures 1and 2 show the serum testosterone levels that
were obtained after adminigering ATRIGEL® and
LUPRON® formulations__Figure 1 compares the
efficacy obtained with the ATRIGEL® formulations
having three different drug loads. Leuprolide acetate
being a LH-RH agonis andog caused a transent
increase in testogterone levels during the early period of
the study as expected. The peek levels were noticed at
aoproximately 2 to 3 days after drug adminigration and
were wdl above the basdine. However, by day 4 the
levels started declining to lower than basdine vaue, and
by day 14 the levels were below the targeted level of 0.5
ng/mL. This was noticed with dl three formulations and
possibly sgnified the down regulation of the pituitary-
gonadd axis. From day 14 onwards, the suppressed
levels were maintained well below the cagtration leve of
0.5 ng/mL, until about 105 days The standard deviation
for the five data points was narrow and deidicaly @
=0.05) there was no sgnificant effect due to the "group
over time'. Smilarly, no sgnificant differences between
groups (1 to 3) were observed at any time point during
the study.
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Figure 1. Testosterone suppression in dogs with ATRIGEL® formulations
having different leuprolide acetate loads.
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Figure 2. Testosterone suppression in dogs with ATRIGEL® and
LUPRON® formulations.

The origind plan was to terminate the study at 105
days. However, based on the results that showed
continued testosterone suppression a 105 days, it was
decided to continue the study with additional sampling
time points on 120, 134, and 150 days. This was done
to invedtigate the time at which the cessation of
suppression, represented by the elevated testosterone
levels, occurred. Mean testosterone levels were seen to
deadily eevate from day 91 in case of the 3%
formulation, 133 days in case of the 4.5% formulation,
and around 119 days for the 6% formulation. The
reason for this response between the three formulation
groups was not clear. The posshility of longer
resdence of drug in implants from higher drug loaded

formulations leading to longer suppresson of
testosterone levels could not be verified as the residud
implants were not retrieved for andyss of drug
content.

Based on the equivaency of efficacy observed from
these formulations it was decided to sdect and
characterize further the 6% drug loaded formulation, as
a higher drug formulation would mean a lower
injection volume. For example, compared to a 3%
formulaion, only haf the volume of formulation is
needed with a 6% formulation for the same kind of
efficacy. Figure 2 compares the efficacy profile
obtained from LUPRON® to that of the ATRIGEL®
6% leuprolide acetate formulation. Until about day 70,
there were no dgnificant differences between the
profiles. However, a the data points 80, 91, and 105
days the mean levels with LUPRON® were high and
well above the cadration levels of 0.5 ng/mL, even
though not datidticaly different (a =0.05) due to
associated high standard deviation. One of the dogs in
the LUPRON® group (group 4) showed very high
vaues at these time points, leading to eevated mean
vaues. As these vaues were greater than a least 2
times the standard deviation from the mean testosterone
vaue obtained from the other four animals, this dog
was deemed as an outlier. The mean data from the
other four dogs were plotted and are shown in Figure
2. Even when the data from this particular dog were
excluded for caculating mean values, ATRIGEL® 6%
leuprolide acetate formulation was seen to be equal to
or better than the LUPRON® formulation at providing
the phamacologic efficacy. ATRIGEL® 6%
formulation was, however, given a a dightly higher
dose compared to LUPRON®. It should also be noted
that the pharmacologic efficacy obtained with 3% and
45% formulations dosed comparatively, was not
datistically different from the efficacy obtained with
LUPRON® or ATRIGEL® 6% formulation.

Thus, the efficacy obtained with the ATRIGEL®
formulation not only met the objective of quickly
obtaining and maintaining suppressed testosterone
levels for at least 90 days, but aso appeared to have
exceeded the dedred duration of testosterone
suppression by at least 45 days. Complete suppression
of pituitary-gonadal axis however, could not be
verified, as the animals were not chdlenged with



leuprolide solution. In a repeat study that was carried
out in dogs under GLP conditions, challenging the dogs
with a second injection of formulations on day 91
showed no testosterone flare-up (acute-on-chronic
effect) (data not shown). This unreported data
confirmed the formulations to be effective until at least
91 days post dosage administration.

Figures 3 and 4 depict the serum leuprolide levels after
adminigering the ATRIGEL® and LUPRON®
formulations. The leuprolide analyss was carried out at
only sdected time points. For the 6% ATRIGEL®
formulation and LUPRON® dl the samples (n=5) a
the sdlected time points were andyzed individualy and
mean and standard deviation were determined from this
data. However, for the 3% and 4.5% formulations, the
serum a the selected time point was pooled for andysis
S0 as to minimize the analytical cogts. Thus, only mean
vaues but not the standard deviation were obtained,
and accordingly, no datigticd comparisons involving
these groups could be made, which inhibited the ability
to interpret the data comprehengvely.
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Figure 3. Serum leuprolide levels in dogs after administering
ATRIGEL® formulations having different drug loads. (day 1
leuprolide levels were 45.6 ng/mL for 3% formulation, 32.4 ng/mL for
4.5% formulation, and 108.98 £ 101.16 ng/mL for 6% formulation).

As can be seen from Figure 3 the mean leuprolide
profiles with the ATRIGEL® formulations were very
gmilar. Relatively high leves of leuprolide during the
initid time points were observed. Upon injection of the
ATRIGEL® formulation, the NMP solvent rapidly
disspates while the physologica fluids permesate the
implant. As the organic solvent leaves the system it

caries out some of the drug leading to a short initid
burs releese of drug. Factors such as the solvent
employed, drug solubility (solution or suspension in the
solvent used), and interaction between the drug and
polymer contral initid drug release. Except for two time
points, day 91 for 4.5% and day 120 for 3% formulation,
when there gppeared to be a dight burst rdease of drug,
the leuprolide levels were uniform but low. However,
these levels gppeared aufficient to cause and maintain
testosterone suppression. It is reported in the literature
that once the gonadotropin LH-RH receptors are
downgraded, a minimum amount of leuprolide is needed
to sugtain the suppresson even though the exact levels
needed are not known (16).
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Figure 4. Serum leuprolide levels in dogs after administering
ATRIGEL®-6% w/w drug and LUPRON® formulations (at day 1

leuprolide level for ATRIGEL® formulation was 108.98 + 101.16
ng/mL).

Figure 4 compares the drug levels obtained after
adminigtering 6% drug ATRIGEL® and LUPRON®
formulations. Both products gave ahigh initid release of
drug, but the leves with the ATRIGEL® formulation
were higher than the LUPRON® microspheres until
about 30 days when the two became equivdent. The
resson for higher sandard deviations associated with
ATRIGEL® formulations can not be speculated on
other then the varied animad regponse to released
leuprolide. Unlike the ATRIGEL® system, only surface
associated drug is released initidly from microspheres.
This is usudly followed by a lag period until weter
permestes the polymer mass to create pores for diffusion
of the drug. Laer drug rdlease is associated with



polymer erosion (17-19). It gopears from these deta that
the exchange of wae and solvent between the
ATRIGEL® implant and the body fluids during the
initid solidification phase diminates the lag period and
provides a more sustained and devated release of drug
until polymer eroson occurs. The inherent property of
high initid release from the ATRIGEL® system can be
termed advantageous or disadvantageous only on a case
gpecific (drug and thergpeutic window; application and
need for aloading dose) bass

A certan corrdaion between the drug and testosterone
levels from these two formulations, especidly during the
firg 28 days, can dso be seen. If only the aosolute mean
vaues without the assocated fandard deviations are
conddered, the higher mean drug levds seen with the
ATRIGEL® formulation gave lower mean tetosterone
levels. Elevated levels of tesosterone in the LUPRON®
group during days 80 to 120 were observed even when
determined leuprolide levels gppeared to be sufficient. As
described above, only one dog from this group hed high
vaues of testoserone during this period and the mean
vaues were high due to this bias. Thus this unexpected
rase in mean testosterone levels was due to an anomaous
animd in the group.

CONCLUSION

In condluson, these sudies have shown that the three
ATRIGEL® formulations with different drug loads. 3%,

45%, and 6% wiw are equdly efficacious in obtaining
and maintaining suppressed testogterone levels from day
14 to day 91 of the study. Smultaneous evauation of a
commercid product, LUPRON® Depat, with the 6%

wiw ATRIGEL® formulation a a dightly higher dosage,

has shown both to be comparable in pharmacologic

efficacy. Mean leuprolide levels obtaned after

adminigering ATRIGEL® formulaions were Smilar in

three drug loads, and comparison between levels from the
6% formulaion and LUPRON® did not show any

ggnificant difference, mainly due to the associaied high

dandard deviaion vaues during the early time period.
With a reduced need for injection volume and equd

efficacy, the 6% ATRIGEL® formulation gppearsto be a
suitable candidate for further development. The additiond

bendfits offered by this sysem ae the ease of

manufacture and adminigration, and lower cogs
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