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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The
purpose of this series is to publish comprehensive books developed
from symposia, which are usually “snapshots in time” of the current
research being done on a topic, plus some review material on the
topic. For this reason, it is necessary that the papers be published as
quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to the topic
and for comprehensiveness of the collection. Some papers are
excluded at this point, and others are added to round out the scope of
the volume. In addition, a draft of each paper is peer-reviewed prior to
final acceptance or rejection. This anonymous review process is
supervised by the organizer(s) of the symposium, who become the
editor(s) of the book. The authors then revise their papers according to
the recommendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors, who
check that all necessary revisions have been made.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of
previously published papers are not accepted.
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Preface

EFFICIENT DEVELOPMENT OF NOVEL PROTEINS AND PEPTIDES as
therapeutic agents requires a sound understanding of their physico-chemical
properties, which are derived through the use of information-rich and sensitive
analytical tools. Patient-convenient delivery of therapeutic peptides also
continues to be a major challenge, and so a vast number of studies on novel,
polymer-based, sustained delivery systems and targeted delivery systems have
been initiated. Such technologies and issues are growing so rapidly that updated
reviews on the subjects are continually needed.

This book is a compendium of some of the topics presented in three
symposia at the 211th National Meeting of the American Chemical Society,
sponsored by the ACS Division of Biochemical Technology, in New Orleans,
Louisiana, March 24-28, 1996. Topics covered included protein and peptide
formulation, delivery, and analytical advances. The book begins with a review
of protein stability and analytical technologies. An example of nearly all the
major issues of stability and delivery is then reviewed in the intensely studied
case of insulin. The remaining chapters are divided into sections on specific
protein and peptide degradation pathways, solid-state stability considerations,
advances in delivery approaches, and analytical technologies.
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Chapter 1

Developing Pharmaceutical Protein Formulations:
Assumptions and Analytical Tools

Zahra Shahrokh

Department of Pharmaceutical Research and Development, Genentech, Inc.,
460 Point San Bruno Boulevard, Mail Stop #82, South San Francisco, CA 94080

A marketable protein formulation must be safe to administer, remain physically,
chemically, and biologically stable during the recommended shelf life, induce
minimal local irritation, and meet the specific clinical and delivery needs.
Achieving this goal is an evolutionary process involving many disciplines in process
sciences, pharmacokinetics, toxicology, and clinical studies. With this scope in
mind, this review will focus on protein stability and analytical tools for
characterization which are critical to formulation development, demonstration of
process robustness, and establishment of rational specifications. Of particular
importance are the recent changes in the FDA requirements ! that have allowed for a
shift from showing in vivo biological equivalence in humans to demonstrating
physical-chemical, bioactivity, and pharmacokinetic equivalence in animal models;
this calls for greater understanding of the physical-biochemical stability of the
protein using sensitive and specific analytical tools. In addition to providing a
summary of the common protein degradation pathways in this review, theoretical
considerations about protein folding and stability are outlined. Also, some
underlying assumptions in early formulation selection are brought forth, and
suggestions for efficient and rational formulation development are made.

© 1997 American Chemical Society 1
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THERAPEUTIC PROTEIN AND PEPTIDE FORMULATION AND DELIVERY
Temperature Dependence of Protein Stability - Theoretical Considerations:

Temperature has a significant effect on the conformational stability of a protein, as
well as its chemical stability as with any chemical reaction. Conformational
stability is a marginal difference of large contributions from electrostatics, van der
Waals (or dipole interactions), hydrogen-bonding, and hydrophobic forces 25 The
effect of temperature on protein conformation is complex and controversial. Briefly,
as temperature increases, there is a decrease in van der Waals, hydrogen bonding,

67 with little change in electrostatic effects 3,

and dipolar interactions
Hydrophobic effect, driven entropically near ambient temperatures, by ordering of
water molecules around hydrophobic residues to minimize hydrogen bond breakage,
increases with an increase in temperature 3. 1t is believed that these hydrophobic

forces drive thermal denaturation as a result of increased conformational entropy.

Calorimetric studies indicate endothermic thermal protein unfolding with a
mid-point of denaturation, T,,, which can be as low as 35-40 °C (e.g. in acidic
fibroblast growth factor 8, rhodanese ?, IFNy 10), or as high as 130°C (e.g. in
thermophilic bacterial enzymes !!). Given the temperature dependent effects on
protein conformation, ideally, degradation kinetics should be studied as close to the
temperature of interest as possible, and far away from Ty, so as to avoid additional
degradation pathways (e.g. aggregation) not relevant to lower temperatures. How
much below the T, of a protein should be used to make reasonable predictions about
processes, say at 5°C? This would be protein-specific, depending on the protein’s
T, its thermodynamic stability, and chemically reactive sites. For example, RNase
with a T\, of 51.4°C, an unfolding enthalpy of 96.6 kcal/mol at the T, a heat
capacity change accompanying unfolding of 12.5 cal/mol/deg would contain
0.005% and 0.3% unfolded species at 25°C and 35°C, respectively 12 Though the
current analytical tools are not sensitive to directly detect such changes, an order of
magnitude increase in the fraction of unfolded protein could potentially facilitate
further physical destabilization. This may explain the observation of a substantial
amount of conformationally altered species, for example at 20-40°C below the Ty, 6
or during heat-treatment of urokinase for viral inactivation 13 The formation of
species with irreversibly altered conformation is also implicated by the presence of
soluble aggregates, again at temperatures that are 30-40°C below the melting
transition ® 14, Additionally, a small change in temperature may affect protein’s
physical stability, such that the population of partially unfolded species increases;
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1. SHAHROKH  Developing Pharmaceutical Protein Formulations 3

the time history and environment of these species then determines their fate, either
reversibly converting them back to native form, or proceeding to aggregation.

Protein denaturation may also occur below ambient temperatures, “cold

» 3, 1517 45 a result of weakening in the hydrophobic effect (due to

denaturation
increased solvation of the hydrophobic residues). The weakening of such
intramolecular forces at low temperatures could also induce dissociation of

multimeric proteins, leading to their inactivation 3,

The complexity in interpreting temperature-dependent observations in proteins,
therefore, lies not only in the presence of multiple chemically reactive centers, but to
the extent to which chemical modifications are coupled to conformational changes.
For a single chemical reaction pathway, the temperature-dependence generally
follows Arhenius relationship, indicating that a reaction rate (k) is dependent on the
product of the frequency of collision of the reactants (A) and the chance that the
colliding molecules have sufficient energy (E,) for the reaction to occur:

Ink=-E,/RT+A

Despite the complexities described above, several studies have shown linear
Arhenius profiles, not only for chemical degradation in proteins 18,19 put also for
enzyme inactivation during thermal/cold denaturation 11,20 Thijs suggests either a
lack of change in the reaction mechanisms or protein conformation around the
reactive species over the temperature range studied, or similarity in the activation
energy for the different primary reaction mechanisms (see Table 1 for typical
values); one also can not preclude the presence of many complex reactions, each
having a small contribution to the overall rate constant. Interestingly, linear
Arhenius profiles have also been seen when molecular motions have been
substantially reduced, as in the solid dehydrated state 20 o even after transition from

11 Moreover, such a relationship

d 21, 22

liquid to solid solution at subzero temperatures
has held even when complex reaction kinetic models have been evoke
suggesting that, in many cases, it is reasonable to extrapolate from the high
temperature data (e.g. 40°C) to predict shelf life at low temperatures (e.g. 5°C).

pH Dependence of Protein Stability:

The hydronium ion concentration in solution controls the ionization state of charged
amino acids in proteins, altering the local electrostatic field gradient, and ionic and
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Table 1- Ranges of Activation Energies for Typical Protein Reaction Pathways

Asn deamidation ~20-25 kcal/mol 23

Hydrolysis/Proteolysis ~17-25 kcal/mol (e.g. 20-22 kcal/mol for
L-succinimide and ~25-26 kcal/mol for D-
succinimide 24)

Racemization 25-30 kcal/mol (e.g. for aryl-Gly 25')

Proline Isomerization ~15 kcal/mol 26

Thiol/disulfide Scrambling ~14 keal/mol 27

Oxidation 8-15 kcal/mol
12-18 kcal/mol for thiols 28

Protein denaturation 5-10 kcal/mol 12
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1. SHAHROKH  Developing Pharmaceutical Protein Formulations 5

dipole-dipole interactions. At extemes of pH (typically at pH values below ~4 and
above ~10), where charge density increases substantially, protein’s global
conformation is disrupted by electrostatic repulsions; in some proteins, self-
association of these denatured species are observed 10, 14,29 " Eyen within the
physiological range, pH changes may lead to dissociation of multimeric proteins,
generation of new binding sites for ions of buffers and excipients, and loss of a
cofactor or metal binding 30,31 Some proteins show sharp (within one unit) pH-
induced changes in physical-biochemical properties related to protonation of a
critical amino acid 3%-32; most others have broad pH-denaturation profiles,
consistent with global electrostatic effects 30, Thus, an early assessment of the pH-
dependent conformational state would be valuable in narrowing the limits of this

important formulation design parameter.

In addition to changes in the physical state of the protein, pH can markedly
affect chemical modification rates (see reviews by Manning, 1989; Wang, 1988;
Cleland, 1994; Shahrokh, 1997%9-6%). Ags listed in Table 2, the hydronium ion is
involved directly in specific acid-catalyzed reactions, as in Asp-Pro cleavage 42,
direct Asn-Gly hydrolysis 33 and succinimide formation at Asn-X residues 39 and
under some conditions. Some specific-base (hydroxide ion) catalyzed reactions
include succinimide hydrolysis & Asn deamidation 3, thiol crosslinking, disulfide
scrambling and B-elimination ©!, diketopiperazine 59 and pyroglutamic acid >3

product formation.

From the perspective of the protein’s environment, pH also plays a critical role
in maintaining glass container integrity 70 and leaching of extractables from rubber
stoppers 7,72, Hence, alkaline pH promotes dissolution of silica, giving rise to
particulates, and acid pH promotes metal leaching from rubber stoppers.

Chemical and Physical Degradation Pathways - Formulation Selection
Considerations:

The most common chemical degradation pathways in proteins are listed in Table 2
(see reviews by Manning, 1989; Wang, 1993; Cleland, 1994; Pearlman, 1996;
Shahrokh, 199714 29, 66, 68, 69). Of these pathways, deamidation, disulfide
crosslinking/scrambling, and pyroglutamate formation, occur readily above neutral
pH, and are enhanced in phosphate or bicarbonate buffers (see Table 2).
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Table 2 - Common Chemical Degradation Pathways in Proteins

Pathway: Sites and Usual Conditions
Deamidation: Asn-X (X=Gly or Ser) and/or flexible loops and/or correct

peptide backbone n+1 nitrogen orientation at alkaline pH 33-36
or high phosphate and carbonate 3,

C-terminal Asn 37

Isomerization/ Racemization:
Asp-X (X=Gly or Ser) and/or flexible loops 38 acid and base
catalyzed 2,

Cyclic Imide: Asp-X (X=Gly or Ser) 3941,
Cleavage: Asp-X (X usually Pro) at acid pH > 43 X-Gly (X= Asp, Asn,

Lys, Arg) or Gly-X (X=Gly, Ser) 35, 44-46,

Proteolytic

Oxidation: Thiols in Cysteine when exposed (by oxidants and at alkaline
pH) 28,47, 48'

Met when exposed49’ 50, metals or near metal chelating amino
acids, anti-oxidants or ETDA%! 32, light 33, oxidants>*, glyca-
tion>; usually pH independent, unless in high phosphate 56

His & Trp by oxidants & light 37,

Pyroglutamate:  GIn-X at alkaline or acid pH 58,

Diketopiperizine: N-terminal amine-Gly-X (X=Gly or Pro); base-catalyzed59.

B-elimination: " Disulfide at high pH 0-62

Crosslinking: Thiols by oxidants and at high pH 48
Lysinoalanine by-product of B-elimination 4
Dityrosine by-product of oxidation 63, 64

6

Maillard Reaction of Lys with reducing sugars and subsequent

oxidation %3
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Interestingly, the moderately alkaline pH and the phosphate-containing buffers that
are typically used for purification and study of new biological entities, both facilitate
such chemical reactions, and may lead to loss in biological activity 3. The strategy
of decreasing formulation pH minimizes these chemical reactions, but may promote

35,42,43 " Thys, an optimal formulation

cleavage at susceptible Asp-Pro motifs
should have a balanced choice of pH, buffer species, and ionic strength to

maximally protect the protein’s integrity.

Chemical reactivity is often coupled to protein conformation and the degree of
surface exposure of the amino acids; in the case of deamidation, reactivity is also
governed by the flexibility of the environment and the conformation of the C-
terminal flanking residues 37.74 " Hence, examination of the primary sequence and
hydropathy plots provide a simplistic initial view of the potential “hot spots” on the
protein. Local effects, such as selective Methionine oxidation due to proximity to

52 and increased susceptibility to

metal chelating Histidine or Lysine residues
deamidation of typically non-reactive (based on primary sequence motif) Asn
residues 777 might be implicated by careful examination of the crystal structure.
The influence of protein conformation on Asp-Pro cleavage has also been reported,
in which native p-turn conformation promotes cleavage relative to the denatured
form 78, Ultimately, the empirical determination of the pH-profile of the chemical

degradation rate constants provides the pH of optimal stability.

Table 3 lists some of the conditions that compromise the physical stability of
proteins (see reviews by Ahern, 1992 92). Proteins are suceptible to loss of native
conformation under conditions such as exposure to co-solvents or hydrophobic
surfaces. Though reversible refolding (e.g., upon removal of the destabilizing
condition) may occur (e.g. Dungan, 1993 9), the most common fate of the unfolded
protein species in aqueous solutions is aggregation (to shield the exposed
hydrophobic sites) and/or precipitation due to low solubility of the denatured form.
In some proteins, sequence clusters of hydrophobic amino acids make them prone to

93; in others, external conditions such as interfaces dictate the fate of

aggregation
the protein 86,94 For example, denaturation at air-water interfaces generally
produces protein precipitates (see review by Horbett, 199295). Also, adsorption to
solid surfaces involves an initial “docking” of the native protein onto the surface,
followed by flattening and denaturation 9. this often leads to an irreversible loss of
soluble protein to the surface. Interestingly, however, in a recent study of IL-2

delivery by Alzet minipumps, most of the adsorbed layer in the pump released into
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Table 3 -Physical Degradation Pathways in Proteins
Pathway Usual Conditions

Denaturation Organic solvents (usually >10%); detergents (any ionic; >0.5 %
non-ionic)
Extremes of pH (~<4-5 and >9) and temperatures (~T,, “cold
denaturation”> )

Adsorptive surfaces, delivery devices
4

79-83

Ice surface 8

Air-water interface 35 86

High pressure 87
High ionic strength 88

Denaturation/  Extremes of pH and temperatures
Aggregation Hydrophobic interfaces (air-water, ice-water, solid-water)

Preservatives 5% 90

High protein concentration (usually >20-50 mg/mt) ol
Low protein concentration (e.g. <200 pg/ml for rhodanese) ?

Dissociation Low protein concentration
Organic_solvents, Chaotropes

Temperature and pH extremes
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the solution’’

. More intriguingly, the released protein, which was denatured,
inactive, and at concentrations in the mg/ml range, remained monomeric rather than

aggregated.

Excipients for prevention of  protein aggregation seem to exert their effects
through a number of pathways including: (a) binding to the protein and stabilizing
the native conformation (e.g. polysulfates and FGFs 97,98 o cyclodextrins 99), (b)
preferential exclusion from the protein surface, allowing for preferential hydration
of the protein (e.g. PEGs and sugars oL 100), (c) prevention of protein-protein or
protein-surface associations or increasing solubility of the aggregates (e.g., non-
ionic surfactants (see reviews by Cleland, 1993; Brange, 1993 101, 102)).

Solid State:

Hydrolytic, oxidative, or proteolytic degradation reactions compromise long term
stability of many proteins in solution. A decrease in temperature, e.g. by freezing,
would decrease chemical reactivity by decreasing molecular mobility. However, the
protein’s physical stability might be compromised by the rate and temperature of
freezing 103 Ag the temperature decreases below zero, ice crystals are formed and
are phase-separated from a very concentrated solution of protein, salts, and other
excipients including oxygen 104 Slow freezing could prolong the exposure of the
protein to a concentrated phase; very fast freezing yields small ice crystals with a

103 gelective excipient

large surface area that facilitate protein denaturation
crystallization (e.g., mannitol and NaCl at -20°C) and the resulting pressure changes
may also provide denaturing surfaces 84, or lead to drastic pH drops (e.g., Na
phosphate 105’). An appropriate choice of buffer and inclusion of cryoprotectants
(typically high molecular weight polymeric compounds such as polyethylene
glycols) appear to bring freeze/thaw stability to many proteins. The mechanism of
cryoprotection is believed to be exclusion of excipients from the protein surface and
preservation of a hydration shell that maintains the native conformation via

stabilizing compact native state over elongated denatured state”1> 100,106, 107

Further reduction of hydrolytic processes may be achieved by removal of water,
by freeze-drying drying 84,107-112 spray-drying 113-116 Strategic approaches to
developing stable dry powder protein formulations have been the subject of
extensive studies (see references just above and also Hageman, 1992117). The most
prominant degradation nathwav durine this nrocess is ageregation. due to exposure

In Therapeutic Protein and Peptide Formulation and Delivery; Shahrokh, Z., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



Publication Date: August 1, 1997 | doi: 10.1021/bk-1997-0675.ch001

August 14, 2012 | http://pubs.acs.org

10 THERAPEUTIC PROTEIN AND PEPTIDE FORMULATION AND DELIVERY

to ice surface (during freezing) or air surface (during drying), and freeze
concentration of protein via excipient phase separation, all giving subsequent
protein conformational loss 118, 119~ golid-state FTIR studies have shown that
excipients which minimize conformational changes during dehydration, provide
long term storage stability 118 These excipients appear to be sugars, believed to
replace water and provide stabilization by hydrogen bonding to the protein. Also,
inclusion of surfactants, albumin, or amino acids have been successful to minimize

85, 116, 120

denaturation at surfaces and particulate formation during storage of

lyophilized proteins. An important consideration is the moisture content: as the

moisture level increases, the chemical reactivity and physical stability increases,

both by providing water as a reactant and by increasing molecular mobility 62, 103,

17,121 Hence, maintaining a low moisture content of ~2-4% has usually been

optimal, the lower limit ensures maintenance of a water monolayer (0.25 g/g
103, 122 To

123

protein) around the protein surface for its conformational stability
achieve this, consideration should also be made to the types of stoppers
Moisture induced destabilization is a special concern in sustained release
formulations, where the solid state protein in the polymeric matrix is exposed to the
high moisture content of tissues (and accelerated temperature of the body) for long
periods in vivo (see reviews by Cleland, 1994, Costantino, 1994, and
Schwendenman, 1996 6% 68,124y

Given the higher cost and time of developing dry powder formulations, liquid
formulations would be the first choice if adequate protein stability is feasable.
Special conditions, however, may dictate development of dry powder preparations,
irrespective of solution stability. For example, solid preparations allow versatile
reconstistution to achieve a range of high dose concentrations with only one vial

configuration.
Analytical Tools for Stability Assessment:

Key to efficient formulation development is utilizing multiple, orthogonal,
information-rich, and quantitative analytical tools. Rapid identification of primary
degradation pathways facilitates rational optimization of formulations. Marketing a
Biotechnology product in the 70’s required demonstration of preserved biological
activity (with the typical 30-50% assay variability), SDS-PAGE patterns, and visual
clarity of the solution. Advances in technology now provide femtomolar detection
of variants or impurities, and detailed information on carbohydrate sequence and
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conformation. The common analytical tools used for determining chemical and
physical properties of proteins are listed in Table 4 (also see reviews by Jones, 1993,
1994125, 126)_

Experimental Design Considerations:

Given the number of formulation parameters that can be altered, and the typically
limited initial amount of material, strategic experimentation through the use of
Experimental Design can be an efficient way to select a formulation, as has been
effectively used in the chemical industry for many years 158-160  Instead of
changing one factor at-a-time, Experimental Design calls for using matrix methods
that explores the experimental space by studying many variables at the same time in
a systematic way, ultimately using less sample and time to reach the optimum (the
details of this approach is beyond the scope of this review and the readers are
referred to excellent books on the topic 100 161). For example, an initial screen of
typical important formulation parameters such as pH, temperature, protein
concentration (varied at 3-5 wide levels), plus 2-level parameters such as light (vs.
dark), anti-oxidants (vs. none), tonicifier (sugar vs salt), surfactant (vs. none), etc.,
can rapidly sieve out critical parameters that affect protein stability and any potential
interactive effects of those parameters on protein stability. In the second
experiment, fewer critical factors are selected at levels nearer to the region of
optimum, allowing one to build a predictive model, which is next verified at
predicted best settings. The strength of this systematic approach lies in providing
information-rich data that have statistical power through the use of averages.
Examples of this approach that has been utilized in identifying optimal formulations
and minimizing degradation in proteins are given by Massart, 1988, Fransson, 1996,
Patel, 1990 6,162,163,

Formulation Approaches and Future Considerations:

Efficient development of a stable formulation is critical for rapid initation of clinical
evaluation of a therapeutic protein. Ideally, preformulation work should quickly
reveal the bioactivity-compromising physical and chemical states of the protein. For
example, given that neutralization of the overall charge at the isoelectric point gives
minimal solubility of the native state, it is imperative to determine pl very early in
preformulation studies. Also, assessment of the pH dependence of chaotrope- or
temperature- induced denaturation could reveal the range of suitable pHs for optimal
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conformational stability 164 Such studies can be designed to identify
excipients/conditions that stabilize the native conformation. Other stress conditions
can be used to test the physical stability of the protein and to screen excipients that
would minimize its alteration. For example, a simple study of agitation-induced
aggregation/precipitation may point to the need for inclusion of non-ionic
surfactants, albumin, sugars, or amino acids. Also, identifying the need for and the
level of surfactant to prevent potential adsorption to surfaces could substantially
improve handling. Finally, probing of the protein’s chemical stability, e.g.
susceptibility to peroxides 49 could identify the bioactivity-compromising reactive

sites, and guide formulation development.

It is clear that efficient and economic approaches to test the stability of protein
formulations are highly desirable. Several new information-rich, sensitive,
quantitative, and fast technologics have been developed which facilitate this goal.
For example, CE-IEF provides quantitative, faster, more sensitive information on
charge heterogeneity compared to the conventional IEF method 131 Orthogonal,
coupled HPLC techniques may efficiently identify peaks corresponding to different
stability indicating assays, allowing discontinuation of redundant assays earlier in
the development phase. Other coupled technologies, such as LC/MS/MS, efficiently
provide sequence information on multiple peaks in peptide maps, and considerably
accelerate degradation product identification. Information from SEC may be
enriched through the use of an on-line light scattering detector for sensitive
135,136,165 and for MW distribution across peaks 166 Also,
on-line fluorescence detectors allow simultaneous detection of native and denatured
species 165, Techniques such as fluorescent staining of SDS-PAGE gels give
quantitative measure of MW distributions, with similar sensitivity as silver staining,
and markedly greater convenience 167 MALDI analysis of mixtures may give a

aggregate quantitation

more accurate and sensitive preview of the distribution of covalent aggregates and
clips than conventional SDS-PAGE 126, Finally, quantitative peptide mapping is
being developed as a high resolution information-rich assay of protein identity and
stability 168170,

A limitation in developing optimal protein formulations is lack of models that
can predict immunogenecity of degradation components, since animal models are
not predictive of humans. Moreover, novel and safe excipients for improved long
term stability of proteins are rather limited. Additionally, non-parenteral routes have
not generally been successful delivery means, creating major challenges in long

In Therapeutic Protein and Peptide Formulation and Delivery; Shahrokh, Z., et a.;
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term therapy. Future efforts should be directed at identifying approaches for facile
localized administration, minimizing the drug load while maximizing patient
compliance.

Acknowledgments: I greatly appreciate discussions and critical input by Drs. Linda
De Young, Jun Liu, Reed Harris, and Jeff Cleland at Genentech Inc.
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Chapter 2

The Pharmaceutical Development of Insulin:
Historical Perspectives and Future Directions

Henry R. Costantino', Stanley Liauw', Samir Mitragotri', Robert Langer’,
Alexander M. Klibanov’, and Victoria Sluzky"*

Departments of 'Chemical Engineering and ’‘Chemistry, Massachusetts
Institute of Technology, Cambridge, MA 02139

The pharmaceutical development of insulin has revolutionized diabetes
therapy since it was introduced and clinically validated in the 1920's.
Due to its importance for therapeutic use in a large and expanding
market, insulin has been the focus of intense research in both academia
and industry. As a result, there is currently much information available
on the physical, chemical and biological aspects of insulin activity.
Over the course of the clinical advancement of insulin, there has been a
corresponding development in other areas related to biopharmaceutics,
e.g., in federal regulation of biological drugs. Insulin formulations
have advanced since the early days of crude pancreatic extracts to
complex biphasic mixtures involving highly purified preparations of
genetically engineered recombinant human protein. Insulin still
remains a model for the biopharmaceutical industry. Current research
in insulin therapy for diabetes is aimed at improving the insulin
molecule and its formulations, developing novel methodologies for its
delivery, and further understanding its stability.

Despite some 70 years of clinical use, the polypeptide hormone insulin is still
undergoing new developments for application in the treatment of diabetes mellitus.
From the early years of insulin’s discovery to date, pharmaceutical investigators have
competed to discover new, efficacious insulin formulations to bring to the market.
Initial efforts focused on producing more pure insulin for rapid and prolonged actions
in more stable formulations. As the protein’s use became widespread in the U. S. and
elsewhere, inconsistencies in insulin quality necessitated the development of federal
regulation of biological drugs. In addition, the pharmaceutical development of insulin
paved the way for numerous scientific advances, such as in protein chemistry and
molecular biology. Due to its medical importance, insulin has been intensely studied
and was one of the first proteins to be sequenced, examined by X-ray crystallography,
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synthesized, and later produced via recombinant DNA technology. Ultimately,
insulin became the first recombinant human protein to become commercialized in the
early 1980's. Today, it remains at the forefront in the quest for new technologies for
polypeptide delivery, and is often employed as a model for investigation of protein
stability. The story of the pharmaceutical development of insulin may shed light on
the future of current investigational and newly discovered biopharmaceuticals.

The Polypeptide Hormone Insulin. Insulin is a peptide hormone involved in the
regulation of glucose transport from the blood into cells which metabolize glucose
(1). Insulin induces changes in the permeability of plasma membranes which in turn
increase the uptake of glucose, along with various ions and biomolecules present in
the blood. These effects lead to the overall anabolic effect of insulin including not
only the metabolism of glucose, but also an increase in synthesis of glycogen, lipids
and certain proteins. For a recent review on the physiologic basis of insulin, and its
pharmacokinetics and pharmacodynamics in the treatment of diabetes, see Chien (2).

Because of its pharmaceutical importance, insulin’s chemical nature has been
the subject of intensive study, as reviewed by Brange and Langkjar (3). Briefly, the
insulin monomer is composed of two amino-acid chains (A and B) and contains one
intrachain and two interchain disulfide bonds (Figure 1). The biologically active form
of insulin which binds to the insulin receptor is monomeric. Insulin monomers
associate into dimers in a stable configuration that buries part of the hydrophobic
surface of the monomer. In the presence of divalent cations (such as Zn**) dimers
associate into hexamers (4), which is the configuration of insulin stored in the B-cells
of the islets of Langerhans in the pancreas.

The islet cells make insulin by first synthesizing proinsulin, a peptide that
contains the A and B insulin chains and an additional chain (C peptide), which is
excised in most insulin molecules before secretion (5). Proinsulin itself may also play
an important role in overall glucose metabolism.

Figure 1. The primary structure of the human insulin monomer. The monomer
consists of two chains, A and B, which contain 21 and 30 amino acids, respectively,
and one intrachain and two interchain disulfide bonds.
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Diabetes Mellitus. Diabetes mellitus is a complex disease thought to involve auto-
immune, environmental, and perhaps viral components, in which the metabolisms of
various substances are abnormal (6). Glucose is the most prominent of these, partially
because of the ease with which it can be measured in the blood. In addition,
abnormalities in glycogen, ketones, lipids, certain proteins, and even minerals, have
been observed as signs in diabetic patients. If the situation is untreated, fat and
muscle metabolism must replace carbohydrate metabolism resulting in high plasma
levels of organic acids that can result in ketoacidosis and diabetic coma.

Diabetes affects millions of people worldwide. According to the American
Diabetes Association (ADA), there are 14 million diabetics in the U. S. alone, only
half of whom have been diagnosed (7). Diabetes is the leading cause of blindness and
is one of the leading causes of death. Treatments for diabetes include administration
of insulin, weight control, dietary control, and hyperglycemic drugs, such as
sulfonylureas. According to the ADA study, about 1.5 million diabetics in the U. S.
are treated via insulin therapy. All insulin-dependent (Type I) diabetes patients and
some non-insulin-dependent (Type II) ones require an exogenous source of insulin.
The Diabetes Control and Complications Trial Research Group (DCCT) has
established that intensive insulin therapy, including frequent blood glucose
monitoring and three or more insulin injections per day, significantly reduces the risk
of developing long-term diabetic complications such as retinopathy, neuropathy, and
nephropathy (8).

The Insulin Market. According to the Wilkerson Group (a biotechnology,
drug, and medical consulting firm), the total U. S. market for drugs to treat diabetes
was about $940 million in sales in 1990 (9). Insulin represents $465 million of this
total with the remainder due to sale of oral anti-diabetic drugs. The growth for insulin
sales is estimated at about 11% annually, projecting into $965 million in sales by
1997. In contrast, oral anti-diabetic drug sales are expected to decline at about 3%
annually, resulting in sales of $390 million by 1997. Thus, insulin should remain the
dominant drug in the treatment of diabetes.

Insulin is produced in a variety of formulations according to various U. S.,
British and European pharmacopoeias. A partial listing of some of the commercially
available insulin preparations and their manufacturers is shown in Table I, adapted
from ref. (/0). These are classified into rapid-, intermediate-, rapid/intermediate- and
long-acting. The two suppliers which dominate the U. S. market, Novo Nordisk
(Denmark) and Eli Lilly (Indianapolis, IN), are represented.

Issues in Insulin Therapy. The typical therapy for about half of all insulin-
dependent diabetics is a subcutaneous or intramuscular injection of concentrated
insulin preparations. Because insulin has a limited lifetime in vivo (about 30 min in
humans (//)), multiple injections are required. Both short-term and prolonged actions
are desirable so some commercial preparations contain combinations of rapid-acting
and long-acting formulations.

To efficaciously deliver insulin and achieve normoglycemia, the blood insulin
level should mimic the normal one as closely as possible. However, it is difficult to
mimic the normal, physiological profile by injection. Between meals, when the blood
glucose level is 80-90 mg/dL, only a basal level of insulin is desired (a plasma level
of about 10 pU/mL) (12). Following meals, the glucose concentration rises rapidly,
and a much higher level of insulin (in the range of 100 uU/mL) is required (12).
Thus, an optimal insulin formulation must have both rapid and prolonged actions.
Following injection, there is a slow rise to a therapeutic level of insulin which may
result in postprandial hyperglycemia, after which there is a slow decline in insulin
concentration potentially leading to hypoglycemia between meals. Insulin absorption
and dispersion rates vary not only because of differences in their formulations, but
also due to differences in patient behavior, metabolism, and eating habits (13).
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Table I. Examples of commercially available insulin preparations®

Class Supplier Name Source  Onset Peak  Duration

() ) )

Rapid-acting
Regular Eli Lilly Humulin R H® 0.5 2-4 6-8
insulin Regular IletinI  B,P 0.5 2-4 6-8
Regular lletinII P 0.5 2-4 6-8
Novo Novolin R H 0.5 2.5-5 8
Nordisk  Regular P 0.5 2.5-5 8
Velosulin BR H 0.5 1-3 8
(semisynthetic)
Insulin Eli Lilly Humalog H <0.25 0.5-1.5 3-5
analog
Intermediate-acting
Lente Eli Lilly Humulin L H 1-3 6-12 18-24
insulin Iletin I Lente B,P 1-3 6-12 18-24
(zinc spn) Iletin II Lente P 1-3 6-12 18-24
Novo Lente P 2.5 7-15 22
Nordisk  Novolin L H 2.5 7-15 22
Isophane Eli Lilly Humulin N H 1-2 6-12 18-24
insulin
NPH Eli Lilly Iletin I NPH B,P 1-2 6-12 18-26
(protamine Iletin II NPH P 1-2 6-12 18-26
spn) Novo Novolin N H 1.5 4-12 24
Nordisk NPH P 1.5 4-12 24
Rapid/Intermediate-acting
NPH/Regular Eli Humulin 50/50 H <l 2-12 24
Lilly Humulin 70/30 H <1 2-12 24
Novo Novolin 70/30 H 0.5 2-12 24
Nordisk
Long-acting
Ultralente Eli Lilly Humulin U H 4-6 8-20 24-28
(zinc spn)

‘Data for Humalog obtained from product insert obtained from Eli Lilly (Indianapolis,
IN). All other data obtained from ref. (/0).

"H=(recombinant) human; B=bovine; P=porcine; B,P=70% bovine and 30% porcine;
spn=suspension.

In Therapeutic Protein and Peptide Formulation and Delivery; Shahrokh, Z., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



Publication Date: August 1, 1997 | doi: 10.1021/bk-1997-0675.ch002

August 14, 2012 | http://pubs.acs.org

2. COSTANTINO ET AL.  Pharmaceutical Development of Insulin 33

In addition, patient compliance is a problem in insulin injection therapy.
Typically, diabetics must inject themselves at least twice a day. They consider such
injections uncomfortable at best and often painful. This leads to a high non-
compliance rate, in the range of 40-50% (/4). The large number of injections
required is a particular problem for diabetic children. Due to these considerations,
insulin is a candidate for novel modes of delivery (discussed below).

The insufficient stability of insulin formulations presents additional problems.
Like all protein pharmaceuticals, insulin possesses relatively large molecular weight,
contains multiple functional groups that are susceptible to deleterious processes, and
has a three-dimensional structure that is critical for biological activity. Under certain
conditions, insulin in solution is subject to non-covalent aggregation (/5), e.g.,
‘frosting’ of refrigerated commercial formulations (/6). This aggregation poses major
problems in alternative modes of insulin delivery. Implications of these instability
pathways are discussed in more detail below.

HISTORICAL DEVELOPMENT OF INSULIN AND INSULIN THERAPY

Major events in the pharmaceutical development of insulin are shown in Figure 2.
Some of the milestones reflect technical advances in protein biochemistry, while
others represent the successful application of new methodologies of protein
production, purification, and administration. Since the initial discovery of insulin,
pharmaceutical researchers have competed to produce more efficacious insulin
formulations and modes of delivery. Bringing these new products to market and
clinical application has been an ongoing goal for many pharmaceutical companies.

The clinical development of insulin was also paralleled by advances in federal
regulation of pharmaceuticals. As insulin gained more widespread use in the U. S.
and worldwide, a need was perceived for increased federal regulation of insulin and
other drugs. As a result, production of insulin preparations now falls under strict
regulations. These regulatory conditions have fostered a market in which only a few
large pharmaceutical companies are involved.

Discovery and Early Development. Insulin was first discovered in pancreatic
extracts at the University of Toronto by Banting and Best (/7). Dispute over claims
of credit in the discovery of insulin led to a 1923 Nobel Prize being shared by Banting
and Macleod, and furthermore, the prize money was shared with two other
researchers, namely Best and Collip. An interesting review of the story of insulin
discovery is presented by Bliss (/8). Initially, the only formulation available was a
crude solution of insulin derived from porcine, and later, bovine pancreas. This
solution was acidic in order to maintain insulin solubility and inhibit the enzymatic
action of numerous contaminating pancreatic enzymes. The earliest clinical trials that
were conducted in the 1920's demonstrated that insulin was ineffective when
delivered orally, rectally or intranasally. Thus, subcutaneous injection became the
standard route of administration for insulin, and other protein pharmaceuticals.

Abel performed the first crystallization of insulin in 1926 (19), and Scott (20)
successfully obtained insulin crystals in the presence of zinc. Following these
advances, crystalline insulin suspensions were formulated for clinical use. These
formulations were more pure than the previously used crude acid insulin solutions and
had more reliable therapeutic action.

Following these early advances, researchers endeavored to prolong the activity
of insulin. The first formulation with prolonged action put into therapeutic use was
protamine zinc insulin (2/). Protamine zinc insulin (PZI) was the first stable insulin
crystal suspension. This formulation is prepared by precipitating insulin in the
presence of zinc and another protein, protamine. Depending on the specific mode of
preparation, PZI can be either intermediate-acting or long-acting.
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Insulin is discovered

Crystallization of insulin
Insulin is a polypeptide

Crystallization of Zn-insulin
Protamine insulin
Protamine Zn-insulin

Federal Food Drug and Cosmetic Act
Stricter federal regulation of insulin production

Iso-insulin developed
Isophane insulin (NPH)

Re-crystallization reduces immunogenicity
Lente insulin

Insulin becomes the first protein sequenced
4-Zn insulin crystallization

Biphasic insulin (Rapitard)

Neutral insulin solution
Kefauver-Harris Drug Amendments

Discovery of proinsulin
First 3-dimensional crystal structure of insulin

Monocomponent insulin
Development of insulin infusion systems

Total chemical syn