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Abstract

ntranasal low sialic acid

erythropoietin (Neuro-EPO)

is a non-hematopoietic molecule

that shows neuro-protective
activity in some rodent models of
brain ischemia. The protein formu-
lations are susceptible to a loss of
stability due to formulation, process-
ing, and storage. The aim of this study
was to perform formulation analyses of
Neuro-EPO to achieve acceptable stabil-
ity. Experiments were done to assess
the compatibility of Neuro-EPO with
selected excipients: benzalkonium chlo-
ride (BAC) preservative, sodium chloride
(NacCl), and hydroxypropyl methylcel-
lulose (HPM) K4M polymer. Instabilities
were induced by creating thermal stress
conditions (25 % 2°C). Protein degra-
dation was measured using sodium
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)/Western
blot, reversed-phase high-pressure
liquid chromatography (RP-HPLC), and
size-exclusion HPLC (SE-HPLC). Neuro-
EPO excipient compatibility tests
showed instabilities with BAC, which
seemed to be related to protein aggre-
gation. Non-preserved formulations
maintained a biological activity similar
to that observed with the formulation
preserved.

Introduction

Neuroprotection is a therapeutic and prophylactic treat-
ment strategy against neuronal loss by central nervous system
(CNS) diseases of different origins including cerebral infarction,
neurotrauma, neuroinflammatory and neurodegenerative diseases.
The use of molecules with therapeutic activity, recombinant human
erythropoietin (rHu-EPO), and administered through the nasal route
(Neuro-EPO) is a recent proposal in neuroscience research. The
rHu-EPO is a glycoprotein expressed in the brain and regulated by
the hypoxia-inducible factor-1 (HIF-1). Its receptor (EPO-R) increases
its expression during ischemia, suggesting its participation in an
endogenous neuroprotective system in mammal brains.!"? Repeated
dosing of rHu-EPO comes with the risk of increased hematopoietic
activity. A promising non-hematopoietic variant is the rHu-EPO with
a low sialic acid content (Neuro-EPO), having a sialic acid content of
less than 10 mol/mol in the protein. A Neuro-EPO formulation was
developed for nasal administration using hydroxypropyl methylcel-
lulose (HPMC) bioadhesive polymer K4M, and benzalkonium chloride
(BACQ) as a preservative. This formulation was tested in pre-clinical
trials on non-human primates and it was rapidly and safely delivered
to the CNS without stimulating erythropoiesis.®-*! However, this
formulation showed a decrease in its physicochemical stability after
three months of storage at 6 + 2°C and 75 £ 5% relative humidity (RH).

Protein-based therapeutics have found a prominent place in
the biopharmaceutical industry by being one of the most effective
clinical methods to treat a wide spectrum of diseases. However,
the proper stabilization of therapeutic proteins remains a major
challenge for the industry. Proteins are only marginally stable and
are prone to physical degradations. A variety of excipients have
been added to recombinant protein formulations to stabilize them.
Examples include buffering agents to control pH, surfactants to
inhibit protein adsorption to interfaces, preservatives to prevent
microbial growth, polymers to increase solution viscosity, and salts
to obtain physiological tonicity and osmolality along with protein
stabilization.!®

The study of drug-excipient compatibility is an important process
in the early development stage of biopharmaceutical dosage formu-
lations. The aim of this study was to perform formulation analyses
of Neuro-EPO to achieve optimum product stability.
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Materials

Used in Drug Production

Low sialic acid rHu-EPO (Neuro-EPQO), a non-commer-
cial product (PCT/CU2006/000001 Patent 20050138), was
supplied by the Center for Molecular Immunology (CIM,
Havana, Cuba) with a protein concentration of 2mg/mL.
The preparation was buffered with anhydrous mono-
basic sodium phosphate (BDH) and anhydrous dibasic
sodium phosphate (Merck KGaA). Nonionic surfactant

polyoxyethylene (20) sorbitan monooleate (polysor-
bate 80) was purchased from Riedel-de Haén. The sodium
chloride isotonic agent was obtained from ESCO, and BAC,
from Merck KGaA. The bioadhesive polymer HPMCK4M
was obtained from Blanver. Trifluoracetic acid and
chromatographic-grade acetonitrile were purchased from
Merck KGaA. All other chemicals were of analytical grade.

Methods

Compatibility Test of Neuro-EPO and Excipients

rHu EPO with a sialic acid content of less than 10 mol/
mol of protein (or “Neuro-EPO”) comprises the active phar-
maceutical ingredient (API). At a concentration of 2mg/mL,
the APl was stabilized with buffer (a combination of mono-
basic and dibasic sodium phosphates) and the non-ionic
surfactant, polysorbate 80.

Binary blends of stabilized APl and excipients were
prepared. The particular excipients chosen for this study
included sodium chloride, BAC, and HPMC K4M. No
published papers were found on the use of BAC and the
HPMCK4M polymer in combination with rHu EPO. We used
the APl/excipient formulations that were tested in earlier
pre-clinical trials, shown in Table 1.8

For this preformulation study, 1 mL samples were stored
in a dark stability chamber and maintained at a tempera-
ture of 25+2°C and 75+ 5% RH conditions. They were
withdrawn after 21 days and analyzed.

Determination of Neuro-EPO Purity

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)/Western Blot

To assess fragmentation and covalent aggregation of
the Neuro-EPO products, SDS-PAGE was performed under
non-reducing conditions. Identification of Neuro-EPO
was carried out in 13% polyacrylamide gels.”-® Proteins
were visualized by silver staining to determine the rela-
tive molecular weight of Neuro-EPO. Reference protein
from Sigma-Aldrich was used for molecular weight.
After SDS-PAGE, gels were transferred to nitrocellulose
membranes washed in Tris-buffered saline (10 mM Tris HCI,

100 mM Nadl, at pH 7.6) with 1% bovine serum albumin
(BSA). Membranes were exposed to anti-EPO antibody and
visualized using peroxidase reagent (both provided by the
Center for Genetic Engineering and Biotechnology [CIGB]
in Havana, Cuba).

Size-Exclusion High-Pressure
Liquid Chromatography (SE-HPLC)

SE-HPLC was performed on a KNAUER HPLC system with
UV detection at 280 nm using Tosoh TSKgel G3000SWxI
columns (exclusions rate 10-500 kDa) equilibrated with
0.1M KH,P0O,/0.2 M KCl (25:75). The 0.2 mg protein load
was eluted in the same buffer. The flow rate was 0.3 mL/
min and the column temperature was 25°C.

Determination of Neuro-EPO
Content by Reversed-Phase (RP)-HPLC

RP-HPLC was performed to determine Neuro-EPO
content using a KNAUER HPLC system connected to a
Sigma-Aldrich Discovery BIO Wide Pore C5 column (25 cm X
4.6mm, 5um) and a KNAUER UV detector adjusted at
214 nm. The chromatography was carried out with a lineal
gradient. The mobile phases were: (a) H,O containing 0.1%
trifluoracetic acid (TFA); and (b) a mixture of H,O/acetoni-
trile (AcN) (30:70, v/v) containing 0.08% TFA; which were
passed through a MilliporeSigma 0.45 um filter. The flow
rate was 1 mL/min and the column was maintained at
ambient temperature. The injection volumes were 20 uL.
All data was represented as mean * standard deviation (SD),
n=3. This method complied with international standards
for the validation of analytical techniques, and therefore

TABLE 1. Evaluation of stabilized APl samples after 21 days of storage at 25°C and 75% RH.

Sample Ratio Control Value, Time 0 Induced Stress, Day 21
Formulation (protein:excipient) Concentration (mg/mL) Purity (%) Concentration (mg/mL) Purity (%)
API — 1.02 +0.05 97.70 +£0.03 0.95 +£0.01 98.00+0.13
APl + BAC 1.0:0.2 1.01 £ 0.05 98.30+0.01 0.73 £0.02* 96.80 = 0.02
APl + HPMCK4M 1.0:6.0 1.06 +£0.08 98.10 £0.02 0.94 £0.03 97.90 +0.14
APl + NaCl 1.0:7.8 0.99 +0.04 97.40 + 0.09 0.99 £ 0.02** 98.40 = 0.05
Analysis of variation (ANOVA) of samples concentrations: *p<0.01, **p<0.05
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guarantees a procedure that is linear, precise, and exact
for the protein quantification.”

Preparation of Neuro-EPO Nasal Formulations
for In Vivo Evaluation in Rodent Models

According to the results of the compatibility test, an API
formulation containing HPMCK4M and NaCl was prepared
with and without the BAC preservative for evaluation:

e HPMCK4M polymer was dissolved in water for injec-
tion (WFI) at a temperature of 85-95°C. Cold WFI was
added to reach complete dispersion. This process was
performed 24 hours ahead of time to optimize hydration.

» A stock solution of stabilized APl (comprising 50% of
the total formulation volume) containing 2 mg/mL
Neuro-EPO, 0.5 mg/mL polysorbate 80, 3.6 g monobasic
sodium phosphate, 1.32 g dibasic sodium phosphate,
and 15.6 mg/mL NaCl was prepared and then passed
through a 0.2 um filter (Sartorius).®

o The HPMCK4M polymer dispersion was combined with
the stabilized API stock solution and then divided in
two. BAC was added to one half and the other remained
preservative-free. Sufficient WFl was added to each
solution to fill 2R glass vials. The vials were plugged

(chlorobutyl rubber) and capped (crimp-on aluminum).
» The vials of preserved and non-preserved Neuro-EPO
formulations were placed in a dark stability chamber for
21 days and then analyzed for concentration and purity.

In Vivo Evaluation and Statistical Analysis

Male Mongolian gerbils, adapted for in vivo experimental
conditions, were provided by the National Center for
Laboratory Animal Breeding (CENPALAB, Havana, Cuba). All
protocols were discussed and approved by the Institutional
Ethics Committee, considering the international standards
established by CCAC.”! Full details describing the animal
surgical procedures used, subsequent intranasal (IN)
administration of formulations, and final animal evaluation
parameters have been published previously.®

All resulting data was collected, and statistical analysis
was performed by GraphPad Prism software. Frequencies of
clinical signs and behaviors were analyzed employing the
Chi-square independence test. The Mann-Whitney U Test
helped with the score comparisons between the control
(group 1, n=15) and other groups (group 2 [placebo], n=30
for each vehicle; and group 3 [Neuro-EPQ], n=30 for each
replicate of formulation). The Kaplan Miller analogies test
was used for the gerbil survival calculations.

Results and Discussion

Compatibility Test of APl and Excipients

The effect of excipient/Neuro-EPO interaction on protein
concentration and purity was determined by RP-HPLC and
SDS-PAGE/Western blot. There was a significant change
in the stabilized APl sample after 21 days of storage under
stressed conditions, leading to the conclusion that the BAC
caused loss of stability. A decrease in protein concentration
and purity was determined through RP-HPLC, as shown
in Table 1.

The BAC preservative compound is included in formu-
lations to prevent microbial growth, particularly for

LA

AA AR
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API KM4

<— 66.000 —=>

<— 45.000 —=>

~<— 36.000
<— 29.000
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<— 20.000 —>
<— 14.000
<— 6.500

multi-dose, single-container formulations. However, BAC
can often cause protein aggregation due to varied concen-
trations, temperatures, and times.!6 %

BAC has been shown to rapidly induce the aggregation
of Neuro-EPQ. This preservative is found to weakly bind to
hydrophobic contacts on the protein, shifting the protein
population towards partially unfolded species that are
more prone to aggregation.

To examine the presence of aggregation, SDS-PAGE/
Western blot was accomplished under non-reducing condi-
tions (Figure 1). An analysis of this sample showed two

°

/Y T |
Stabilized  NaCl HPMC BAC
API KM4

FIGURE 1. Analysis under non-reducing conditions: (A) SDS-PAGE; and (B) Western blot.
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TABLE 2. Formulation analysis by RP-HPLC.

Sample Control Value, Time 0 Induced Stress, Day 21
Formulation Concentration (mg/mL) Purity (%) Concentration (mg/mL) Purity (%)
Preserved 0.99 +0.02 96.12 +£0.08 0.72 +0.02* 69.0 £ 0.61*
Non-Preserved 1.00 +0.03 97.35+0.02 0.96 +0.02 96.2 £0.02

ANOVA of stressed samples concentration and purity: *p<0.01

bands: one between 29-34 kDa (corresponding with the
theoretical molecular mass for the Neuro-EPO monomer);
and the other, between 50-60 kDa./”:®!

The stabilized API+HPMCK4M sample showed a
protein concentration reduction of 6%, very similar to
that observed in the API control (5%), suggesting that this
polymer is an inert form without a significant contribution
to the physicochemical instability of Neuro-EPO (Table 1).

The effect of salts on protein stability is complex, partly
because of the complexionic interactions on fully exposed
surfaces, and in the fully or partially buried interior of
proteins. Salts may stabilize, destabilize, or have no effect
on protein stability, depending on the type and concen-
tration of salt, nature of ionic interactions, and charged
residues in proteins. The blended sample of stabilized
APl +NaCl showed no change in purity or concentration,
suggesting that it has a stabilizing effect on Neuro-EPO.
The stabilizing salts seem to increase surface tension at the
water-protein interface and strengthen hydrophobic inter-
action by keeping hydrophobic groups away from water
molecules, inducing preferential hydration of proteins.!'

An analysis of SDS-PAGE/Western blot on samples with
polymer and sodium chloride didn’t show fragments or
aggregates on the gel after silver staining (Figure 1). Bands
present around 29-34 kDa corresponded to the theoretical
molecular mass for the Neuro-EPO monomer, leading to
the conclusion that protein was stable with polymer and

sodium chloride after storage under stress conditions.”-8

Incompatibility between drugs and excipients can
alter stability of drugs thereby affecting their safety and/
or efficacy. The formulation of Neuro-EPO without BAC
may provide an advantage in the protein’s stabilization.
Molecular weight and size are important in the absorp-
tion of therapeutic agents. At greater molecular weights,
there is a lower diffusion coefficient. Molecular weights
over 1kDa cross the cell membrane, a difficult process
for others, at least through passive diffusion.l'>3 For that
reason, it is important to maintain the monomer state of
Neuro-EPO.

Comparison Between Preserved
and Non-Preserved Formulations

The results of the physicochemical determinations after
21 days are shown in Tables 2 and 3, respectively. All data
was represented as mean+SD, n=3.

A decrease in the protein concentration and purity of
the preserved formulation was observed in comparison to
the non-preserved formulation. ANOVA was performed to
compare formulations obtained in cases of the dependent
variable, protein concentration, and statistically signifi-
cant differences. In the purity analysis, highly significant
differences between the two formulations (Table 3) were
observed, thus corroborating the results obtained in the
evaluation of excipients.

TABLE 3. Formulation analysis by SE-HPLC.

Sample Control Value, Time 0 | Induced Stress, Day 21
Formulation Purity (%) Purity (%)
Preserved 99.18 £0.09 75.58 £ 0.10*
Non-Preserved 99.38+0.15 98.70 £ 0.17

ANOVA of stressed samples purity: *p<0.01
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In Vivo Evaluation

Biological activity results are shown in Figures 4-6. All
data were represented as mean = SD. Biological evaluation
of non-preserved Neuro-EPO formulations, performed
using the model of ischemia ulcer-like projection (ULP) in
Mongolian gerbils, demonstrated that the lack of BAC did
not affect performance indicators, survival, and neuro-
logical status, and maintained a similar behavior to that
observed with the preserved formulations (Figures 4
and 5). Clinical signs of stroke at day 7 (Figure 6) were less
pronounced in non-preserved formulations.

100 - —— 0

80 < p=0.0025

Survival (%)

o

34.37%

== Vehicle e=i=1 aafas )

-3

0 T T T T T T T
1] 24 43 72 96 120 144 168

Time (h)

Triplicate evaluations of both Neuro-EPO formulations
showed a similar behavior. These results show that the
permanent, unilateral ischemia model used to demon-
strate neuroprotective effects was reproducible.

This biological assessment is an appropriate design
space to cover the variant without preservative due to its
simplicity and safety. Sterile formulations are considered
safer for the patient, since BAC is related to the presence of
irritation and allergic rhinitis after prolonged treatment.l'

This non-preserved formulation should be evaluated for
longer periods to establish a consistent expiration time.

100
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FIGURE 4. Percent of survival in the Mongolian gerbil ischemia model after evaluating various replicates of the IN Neuro-EPO
formulations. Significant differences were seen (in the Kaplan Miller analogies test) between replicates: (A) preserved; and

(B) non-preserved.
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FIGURE 5. Clinical signs of stroke at 24 h (permanent occlusion of the right common carotid artery) in Mongolian gerbils, evaluating
different replicates of the IN formulation of Neuro-EPO. Numbers indicate a significant difference between bars in the Mann-
Whitney U test with respect to vehicle: (A) preserved; and (B) non-preserved.
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FIGURE 6. Clinical signs of stroke at day 7 (permanent occlusion of the right common carotid artery) in Mongolian gerbils, evaluating
different replicates of the IN formulation of Neuro-EPO and vehicle formulation. Numbers indicate significant differences between
TO (initialization of permanent occlusion) and T7 (day 7, day of permanent occlusion) in the Mann-Whitney U test (n=35 per group):

(A) preserved; and (B) non-preserved.
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Conclusions

HPMCK4M and NaCl were compatible with
stabilized APl in Neuro-EPO formulations, but
the BAC preservative induced protein aggrega-
tion. A preservative-free formulation was found
to be stable over the 21-day thermal conditioning

study. In the permanent, unilateral ischemia in vivo
model, a higher survival percentage was observed
with non-preserved formulations during the seven
days subsequent to surgery, as evidenced by the
analysis of neurological parameters.
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