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ABSTRACT: The number of therapeutic monoclonal antibody in development has
increased tremendously over the last several years and this trend continues. At present
there are more than 23 approved antibodies on the US market and an estimated 200 or
more are in development. Although antibodies share certain structural similarities,
development of commercially viable antibody pharmaceuticals has not been straightfor-
ward because of their unique and somewhat unpredictable solution behavior. This article
reviews the structure and function of antibodies and the mechanisms of physical and
chemical instabilities. Various aspects of formulation development have been examined
to identify the critical attributes for the stabilization of antibodies. © 2006 Wiley-Liss, Inc.
and the American Pharmacists Association J Pharm Sci 96:1-26, 2007
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INTRODUCTION

Protein therapies are entering a new era with
the influx of a significant number of antibody
pharmaceuticals. Generally, protein drugs are
effective at low concentrations with less side
effects relative to small molecule drugs, even
though, in rare cases, protein-induced antibody
formation could be serious.! Therefore, this
category of therapeutics is gaining tremendous
momentum and widespread recognition both in
small and large drug firms. Among protein drug
therapies, antibodies play a major role in control-
ling many types of diseases such as cancer,
infectious diseases, allergy, autoimmune dis-
eases, and inflammation. Since the approval
of the first monoclonal antibody (MAb) product
-OKT-3 in 1986, more than 23 MAb drug products
have entered the market (Tab. 1). The estimated
number of antibodies and antibody derivatives
constitute 20% of biopharmaceutical products
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currently in development (about 200).2 The global
therapeutic antibody market was predicted to
reach $16.7 billion in 2008.3

There are several reasons for the increasing
popularity of antibodies for commercial develop-
ment. First, their action is specific, generally
leading to fewer side effects. Second, antibodies
may be conjugated to another therapeutic entity
for efficient delivery of this entity to a target site,
thus reducing potential side effects. For instance,
Mylotarg is an approved chemotherapy agent
composed of calicheamicin conjugated to huma-
nized IgG4, which binds specifically to CD33 for
the treatment of CD33-positive acute myeloid
leukemia. Another example is the conjugation of
immunotoxic barnase with the light chain of the
anti-human ferritin monoclonal antibody F11 as
potential targeting agents for cancer immuno-
therapy.* Third, antibodies may be conjugated to
radioisotopes for specific diagnostic purposes.
Examples include CEA-Scan for detection of color-
ectal cancer and ProstaScint for detection of
prostate cancer. Lastly, technology advancement
has made complete human MADb available, which
are less immunogenic.
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Development of commercially viable antibody
pharmaceuticals has, however, not been straight-
forward. This is because the behavior of antibodies
seems to vary, even though they have similar
structures. In attempting to address some of the
challenges in developing antibody therapeutics,
Harris et al.® reviewed the commercial-scale
formulation and characterization of therapeutic
recombinant antibodies. In a different review,
antibody production and purification have been
discussed.? Nevertheless, the overall instability
and stabilization of antibody drug candidates
have not been carefully examined in the litera-
ture. This article, not meant to be exhaustive,
intends to review the structure and functions
of antibodies, discuss their instabilities, and sum-
marize the methods for stabilizing/formulating
antibodies.

ANTIBODY STRUCTURE

Antibodies immunoglobulins) are roughly Y-shaped
molecules or combination of such molecules (Fig. 1).
Their structures are divided into two regions—the
variable (V) region (top of the Y) defining antigen-
binding properties and the constant (C) region
(stem of the Y), interacting with effector cells and
molecules. Immunoglobulins can be divided into
five different classes —IgA, IgD, IgE, IgM, and
IgG based on their C regions, respectively desig-
nated as a, 9, g, 1, and vy (five main heavy-chain
classes).® Most IgGs are monomers, but IgA and
IgM are respectively, dimmers and pentamers
linked by J chains. IgGs are the most abundant,
widely used for therapeutic purposes, and their
structures will be discussed as antibody examples
in detail.

Primary Structure

The structure of IgGs have been thoroughly
reviewed.® The features of the primary structure
of antibodies include heavy and light chains,
glycosylation, disulfide bond, and heterogeneity.

Heavy and Light Chains

IgGs contain two identical heavy (H, 50 kDa) and
two identical light (L, 25 kDa) chains (Fig. 1).
Therefore, the total molecular weight is approxi-
mately 150 kDa. There are several disulfide bonds
linking the two heavy chains, linking the heavy
and light chains, and residing inside the chains
(also see next section). IgGs are further divided

DOI 10.1002/jps
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L 5a

Figure 1. Linear (upper panel) and steric (lower
panel) structures of immunoglobulins (IgG).

into several subclasses—IgG1, IgG2, IgG3, and
IgG4 (in order of relative abundance in human
plasma), with different heavy chains, named v1,
v2, v3, and v4, respectively. The structural
differences among these subtypes are the number
and location of interchain disulfide bonds and the
length of the hinge region. The light chains
consist of two types—lambda (A) and kappa (k).
In mice, the average of « to A ratio is 20:1, whereas
it is 2:1 in humans.® The variable (V) regions
of both chains cover approximately the first
110 amino acids, forming the antigen-binding
(Fab) regions, whereas the remaining sequences
are constant (C) regions, forming Fc (fragment
crystallizable) regions for effector recognition and
binding.® The N-terminal sequences of both the
heavy and light chains vary greatly between
different antibodies. It was suggested that the
conserved sequences in human IgGl antibodies

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 1, JANUARY 2007
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are approximately 95% and the remaining 5%
is variable and creates their antigen-binding
specificity.’

The V regions are further divided into three
hypervariable sequences (HV1, HV2, and HV3) on
both H and L chains. In the light chains, these are
roughly from residues 28 to 35, from 49 to 59, and
from 92 to 103, respectively.® Other regions are the
framework regions (FR1, FR2, FR3, and FR4). The
HYV regions are also called the complementarity
determining regions (CDR1, CDR2, and CDRS3).
While the framework regions form the B-sheets,
the HV sequences form three loops at the outer
edge of the P barrel (also see Section 2.2).

Disulfide Bonds

Most IgGs have four interchain disulfide bonds—
two connecting the two H chains at the hinge
region and the other two connecting the two L
chains to the H chains.® Exceptions do exist. Two
disulfide bonds were found in IgGl and IgG4
linking the two heavy chain in the hinge region
but four in IgG2.” In IgG1 MAD, HC is linked to
the LC between the fifth Cys (C217) of HC and
C213 on the LC. In IgG2 and IgG4 MAbs, it is the
third Cys of HC (C123) linking to the LC.” A
disulfide bond between HC C128 and LC C214
was found for mouse catalytic monoclonal anti-
bodies (IgG2a).®

IgGs have four intrachain disulfide bonds,
residing in each domain of the H and L chains,
stabilizing these domains. The intrachain disul-
fide bonds in Vi and Vy, are required in functional
antigen binding.® Native IgG MAbs should not
have any free sulfhydryl groups.” However,
detailed examination of the free sulfthydryl groups
in recombinant MAbs (one IgG1, two IgG2, and one
IgG4) suggests presence of a small portion of free
sulfhydryl group (approximately 0.02 mol per mole
of IgG2 or IgG4 MAbD and 0.03 for IgG1.” In rare
cases, a free cysteine is found. A nondisulfide-
bonded Cys at residue 105 was found on the heavy
chain of a mouse monoclonal antibody, OKT3
(IgG2a).10

Oligosaccharides

There is one oligosaccharide chain in IgGs.® This
N-linked biantennary sugar chain resides mostly
on the conserved Asn 297, which is buried
between the Cy2 domains.>'! For example, the
oligosaccharide resides on Asn-297 of the Cy2
domain of chimeric IgG1 and IgG3 molecules'?

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 1, JANUARY 2007

but on Asn 299 in a monoclonal antibody, OKT3
(IgG2a).1° The oligosaccharide, often microheter-
ogeneous, is typically fucosylated in antibodies
produced in CHO or myeloma cell lines® and may
differ in other cell lines.>'' There are many
factors that dictate the nature of the glycan
microheterogenity on IgGs. These include cell
line, the bioreactor conditions and the nature of
the downstream processing. An additional oligo-
saccharide can be found in rare cases. A human
IgG produced by a human-human-mouse hetero-
hybridoma contains an additional oligosaccharide
on Asn 75 in the variable region of its heavy
chain.'® In addition, O-linked carbohydrates
could also exist in this antibody.

Proper glycosylation is critical for correct
functioning of antibodies.’! It was demonstrated
that removal of the oligosaccharide in IgGs (IgG1
and IgG3) made them ineffective in binding to Clq,
in binding to the human FcyRI and activating C;
and generally more sensitive to most proteases
than their corresponding wild-type IgGs (one
exception).’? This is because the binding site on
IgG for Clq, the first component of the complement
cascade, is localized in the Cy2 domains.!!
Furthermore, the glycosylation can affect the
antibody conformation.*?

Oligosaccharides in other regions can also play
a critical role. Removal of an oligosaccharide in a
Fv region of the CBGA1 antibody resulted in a
decreased antigen-binding activity in several
ELISA systems."® In addition, this oligosaccharide
might play critical role in reducing the antigenicity
of the protein.'*

The sugar composition of the oligosaccharide is
also critical in antibody functions. It has been
shown that a low fucose (Fuc) content in the
complex-type oligosaccharide in a humanized
chimeric IgG1 is responsible for a 50-fold higher
antibody-dependent cellular cytotoxicity (ADCC)
compared with a high Fuc counterpart.'®

Heterogeneity

Purified antibodies are heterogeneous in struc-
ture. This is true for all monoclonal antibodies
(MAbs) due to differences in glycosylation pat-
terns, instability during production, and terminal
processing.” For example, five charged isoforms
were found in recombinant humanized monoclo-
nal antibody HER2 as found by capillary iso-
electric focusing (cIEF) and sodium dodecyl
sulfate—capillary gel electrophoresis (SDS—
CGE).'® Six separate bands were focused under

DOI 10.1002/jps



IEF for two mouse monoclonal antibodies IgG2a
(x) and IgG1 ().} A mature monoclonal antibody,
OKT3 (IgG2a), contain cyclized N-terminus
(pyroglutamic acid, —17 D) in both H and L chains,
processed C-terminus (no Lys, —128 D) of the H
chains, and a small amount of deamidated form.*°
Similar observation was also reported for a huma-
nized IgG1 (x).'® In rare cases, gene cross-over may
lead to formation of abnormal heavy chains. For
example, a purified monoclonal anti-IgE antibody
contains a small amount of a variant H chain,
which had 16 fewer amino acid residues than the
normal H chain (position is between Argl108 of the
L chain and Ala124 of the H chain)."®

Secondary and Higher-Order Structure

The basic secondary and higher-order structural
features of IgGs have been reviewed.® Only a
small portion of the three-dimensional structures
of IgGs has been solved.?’ The antibody’s secon-
day structure is formed as the polypeptide chains
form anti-parallel B-sheets. The major type of
secondary structure in IgGs is these pB-sheets
and its content is roughly 70% as measured by
FTIR.?! The light chain consists of two and the
heavy chain contains four domains, each about
110 amino acid long.%?° All these domains have
similar folded structures—p barrel, also called
immunoglobulin fold, which is stabilized by a
disulfide bond and hydrophobic interaction (pri-
mary). These individual domains (~12 kDa in
size) interact with one another (Vi and Vi; Cyxl
and Cy,; and between two Cyz3 domains except the
carbohydrate-containing Cy2 domain) and fold
into three equal-sized spherical shape linked by a
flexible hinge region. These three spheres form a
Y shape (mostly) and/or a T shape.??

The less globular shape of IgGs is maintained
both by disulfide bonds and by strong noncovalent
interactions between the two heavy chains and
between each of the heavy-chain/light-chain
pairs.?® Through noncovalent interactions, a less
stable domain becomes more stable, and thus, the
whole molecule can be stabilized.?* A detailed
study indicates that the interaction between two
CH3 domains are dominated by six contact
residues, five of these residues (T366, L368,
F405, Y407, and K409) forming a patch at
the center of the interface.?’ These noncovalent
interactions are spatially oriented such that
variable domain exchange (switching Vi and Vi
inside-out IgG; iolgGG) induces noncovalent
multimerization.?®

DOI 10.1002/jps
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The six hypervariable regions in CDR (1.1, L2,
L3, H1, H2, and H3) form loops of a few predictable
main-chain conformations (or canonical forms),
except H3 loop, which has too many variations in
conformation to be predicted accurately.?”?®
There is a slight difference in the loop composition
and shape between the two types of light chains.?®
However, no functional difference was found in
antibodies having X or k chain.®

Basic Functions of Antibodies

The basic functions of antibodies have been
reviewed.® There are two functional areas in
IgGs—the V and C regions. The V regions of the
two heavy and light chains offer two identical
antigen-binding sites. The binding of the two sites
(bivalent) can be independent of each other and
does not seem to depend on the C region.?® The
exact antigen-binding sites are the CDR regions
with participation of the frame work regions.?’
Binding of antigens seems through the induced-
fit mechanism.?>3? The induced-fit mechanism
allows multispecificity and polyreactivity. It has
been suggested that about 5—10 residues usually
contribute significantly to the binding energy.>?

The C regions of antibodies have three main
effector functions (1) being recognized by receptors
on immune effector cells, initiating antibody-
dependent cell cytotoxicities (ADCC), (2) binding
to complement, helping to recruit activated pha-
gocytes, and (3) being transported to a variety of
places, such as tears and milk.® In addition, C
domains also modulate in vivo stability.?3233 The
function of Fec is affected by the structure of Fab.
Variable domain exchange (switching Vi and Vi
inside-out IgG; iolgG) affected Fe-associated func-
tions such as serum half-life and binding to protein
G and FcyRI.%¢

The hinge region provides flexibility in bivalent
antigen binding and activation of Fc effector
functions.?® Two chimeric IgG3 antibodies lacking
a genetic hinge but with Cys residues in CH2
regions was found to be deficient in their inter-
molecular assembly, and both IgG3 AH + Cys and
IgG3 AH + 2Cys lost greatly their ability to bind
FceyRI and failed to bind Clq and activate the
complement cascade.?*

Alternative Forms of Antibodies

In addition to species-specific antibodies, other
antibody forms are generated to meet various
needs. In the early development of antibody
therapies, antibodies were made from murine
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sources. However, these antibodies easily elicit
formation of human anti-mouse antibody
(HAMA). Therefore, humanized chimeric antibo-
dies were generated. Chimeric monoclonal anti-
bodies (60—70% human) are made of mouse
variable regions and human constant regions.?
Such antibodies can still induce formation of
human anti-chimeric antibody (HACA). Highly
humanized antibodies, CDR-grafted antibodies,
are made by replacing only the human CDR with
mouse CDR regions (90-95% human).? These
antibodies are almost the same in immunogeni-
city potential as completely human antibodies,
which may illicit formation of human anti-human
antibody (HAHA).

Other alternative forms of antibodies have also
been generated and these different forms have
been reviewed.?® Treatment with papain would
cleave the N-terminal side of the disulfide bonds
and generate two identical Fab fragments and
one Fc fragment. Fab’s are 50 kDa (Vg + Cyxl)/
(V1 + CL) heterodimers linked by a single disul-
fide bond. Treatment with pepsin cleaves the
C-terminal side of the disulfide bonds and pro-
duces a F(ab)'; fragment. The remaining H chains
were cut into several small fragments.® Cleavage
by papain occurs at the C-terminal side of His-
H228% or His-H227.2” Reduction of F(ab'), will
produce two Fab'.2?

Fv fragments are noncovalent heterodimers
of Vi and Vi, Stabilization of the fragment by a
hydrophilic flexible peptide linker generates single-
chain Fv (scFvs).? Fragments without constant
domains can also be made into domain antibodies
(dAbs). These scFvs are 25—30 kDa variable domain
(Vi + V1) dimers joined by polypeptide linkers of at
least 12 residues. Shorter linkers (5—10 residues) do
not allow pairing of the variable domains but allow
association with another scFv form a bivalent dimer
(diabody) (about 60 kDa, or trimer: triabody about
90 kDa).?® Two diabodies can be further linked
together to generate bispecific tandem diabody
(tandab).?® Disulfide-free scFv molecules are rela-
tively stable and useful for intracellular applica-
tions of antibodies—“intrabodies.”® The smallest of
the antibody fragments is the minimal recognition
unit (MRU) that can be derived from the peptide
sequences of a single CDR.?

ANTIBODY INSTABILITY

Antibodies, like other proteins, are prone to a
variety of physical and chemical degradation path-
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ways, although antibodies, on the average, seem to
be more stable than other proteins. Antibody
instabilities can be observed in liquid, frozen, and
lyophilized states. The glycosylation state of an
antibody can significantly affect its degradation
rate.*® In many cases, multiple degradation path-
ways can occur at the same time and the degrada-
tion mechanism may change depending on the
stress conditions.*' These degradation pathways
are divided into two major categories—physical
and chemical instabilities. This section will explore
the possible degradation pathways of antibodies
and their influencing factors.

Physical Instability

Antibodies can show physical instability via two
major pathways—denaturation and aggregation.

Denaturation

Antibodies can denature under a variety of
conditions. These conditions include temperature
change, shear, and various processing steps.
Compared with other proteins, antibodies seem
to be more resistant to thermal stress. They may
not melt completely until temperature is raised
above 70°C,254243 while most other mesophilic
proteins seem to melt below 70°C.** Shear may
cause antibody denaturation. For example, the
antigen-binding activity of a recombinant scFv
antibody fragment was reduced with a first-order
rate constant of 0.83/h in a buffer solution at a
shear of approximately 20,000/s.*®
Lyophilization can denature a protein to var-
ious extents. An anti-idiotypic antibody (MMA
383) in a formulation containing mannitol, sac-
charose, NaCl, and phosphate was found to loose
its in vivo immunogenic properties (only 10—-20%
of normal response rate) upon lyophilization.*®
Since the protein showed no evidence of degrada-
tion after lyophilization, no change in secondary
structure by CD (29% pB-sheet, 14% «o-helix, and
57% “other”), the loss of activity was attributed to
the conformational change. Indeed, tryptophan
fluorescence properties were different between the
lyophilized and unlyophilized antibodies.*®

Aggregation

Antibody aggregation is a more common manifes-
tation of physical instability. The concentration-
dependent antibody aggregation was considered
the greatest challenge to developing protein
formulations at higher concentrations.*” This is
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because protein aggregates generally have
reduced activity and more importantly, greater
immunogenicity potential because of the multi-
plicity of epitopes and/or conformational
changes.'**® Immunoglobulin aggregates have
been shown to cause serious renal failure*® and
anaphylactoid reactions such as headache, fever,
and chills.?® Therefore, the aggregate level in
commercial intravenous immunoglobulin pro-
ducts is limited to less than 5% based on the
WHO standards.

Aggregates can form easily both in liquid and
solid states under a variety of conditions (Tab. 2).
Since protein aggregation is often the consequence
of protein—protein interactions, a process influ-
enced by diffusion rate and geometric constraints
of the interaction sites, such factors would influ-
ence significantly the aggregation rate, including
protein concentration change, viscosity, ionic
strength, pH, and temperature.®® Other con-
ditions may also affect protein aggregation,
including shaking, long-term storage, freeze-thaw
process, lyophilization process, etc.

Increasing the concentration of antibodies often
increases the aggregation tendency of the protein.
It was demonstrated that increasing the IgG1l
concentration (in 10 mM citric acid, 100 mM NaCl
pH 5.5) from 2.7 mg/mL to 50 mg/mL almost
linearly increased the Nephelometric Unit (NU)
from 2 to 40.52 Since EP defines a clear solution as
having equal or less than three NU, most antibody
solutions in the study are opalescent except those
at 5 mg/mL orless. However, asthe weight average
molecular weight was found to be 0.9—1.3 times
that expected of a monomer (about 149 kDa),
minimal protein—protein association (and readily
reversible) is suggested.’® Shaking can accelerate
antibody precipitation and the shape of the
precipitates may depend on the sample volume in
a container.’® It appears that protein solutions
exhibiting lower surface tension are more suscep-
tible to protein denaturation and precipitation.®®

Low-temperature treatment may induce aggre-
gation of antibodies. The reversible low-tempera-
ture-induced aggregation (below 37°C) of serum
cryoglobulins is well known.?* Human IgM cryo-
globulin preparations easily precipitate or gel at
temperatures below 10—12°C and the process is
reversible at a higher temperature.?’ In a recent
study, aggregation of IgG1 at low temperature at
above 18 mg/mL was reversible as measured by
light scattering.’? The low-temperature-induced
aggregation of cryoglobulins is poorly understood
and was thought to involve sites within both Fab
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and Fc.?® The authors of this article believe that
low temperature reduces the hydrophobic interac-
tion, which is the major force in protein folding.
Without enough hydrophobic interaction at low
temperature, hydrophobic regions of antibodies
become more exposed to solvent and lead to
increased intermolecular hydrophobic interaction,
leading to aggregation.

In close relation to the low-temperature effect,
freeze-thaw process often induces protein aggre-
gation. However, freeze-thaw-induced antibody
aggregation does not seem to be a major issue,
partly due to the reversibility of antibody aggre-
gates. Freeze-thawing of a chimeric (LL6) antibody
solution at pH 7.2 for as many as 35 times led to
formation of dimers (not larger aggregates).*!
Maximum amount of dimers (about 20%) was
observed at pH 6.5 and minimum was below 5.5 or
above 8.5 (less than 2%). The freeze-thaw-induced
aggregation is apparently reversible after treat-
ment at 37°C for a few hours.*' Freeze-thawing of
rhuMAb anti-CD20 three times (freezing to either
—20 or —70°C, thawing to 5°C) did not lead to
significant change in aggregation, no significant
loss of monomer by RP-HPLC or SEC-HPLC.? On
the other hand, isolated Fabs seems to be more
prone to freeze-thaw-induced aggregation relative
to full-length antibodies. For example, Lee”® found
that freeze-thawing of a scF, (MW 27,000 d) at
1.45 mg/mL in sodium phosphate buffered saline
(PBS) at pH 7.3 dropped the %monomer content
(due to aggregation) from 95% to 84%, 59%, 44%,
and 37%, respectively after 1-4 cycles.

Lyophilization may induce antibody aggrega-
tion to a variable degree. It was demonstrated that
lyophilization of a recombinant humanized mono-
clonal antibody (rhuMAb HER2), in the absence of
sugars, led to a slight increase in aggregate (less
than 1.2%).°" Lyophilization caused detectable
aggregation of a human monoclonal antibody
in PBS or physiological saline as measured by
0D600,%® and aggregation of a mouse monoclonal
antibody (MN12) [IgG2a (k)] in the absence or
presence of 5% sucrose, dextran, or hydroxypropyl-
beta-cyclodextrin (HP-B-CD), as measured by
visual examination.?® In a different study, lyophi-
lization of a monoclonal antibody-vinca conjugate
in PBS at pH 7.4 caused 6.2% aggregation.®® The
Iyophilization-induced aggregates could be non-
covalent-linked monomers and/or even disulfide-
linked.®"%?

Antibody aggregation can easily occur during
storage in a liquid state. Storing of a fully human
anti-IL8 monoclonal antibody (ABX-IL8; IgG2)
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in aqueous solutions at 2—-8°C or 25°C led to
formation of high-molecular-weight (HMW) spe-
cies.?! Incubation of two mouse monoclonal anti-
bodies IgG2a (k) and IgG1 (k) at 37°C for 32 days
caused precipitation in pH 3 and 4 solutions for
both antibodies.'” Aggregation can also occur to an
antibody conjugate. Storing a monoclonal anti-
body-vinca alkaloid conjugate (murine IgG2a) in
phosphate-buffered saline solutions at 5°C
between pH 4.5 and 7.4 for 1.5 months caused
precipitation regardless of solution pH and aggre-
gation was accelerated at 30°C throughout the
pH range.%?

Antibody aggregation is a common phenomenon
during storage in a lyophilized state. Aggregation
(OD350 > 0.2) was observed of a high concentra-
tion, lyophilized, monoclonal antibody (type not
specified) by SEC under accelerated conditions.’
So did a lyophilized chimeric monoclonal antibody
during storage at 5°C (0.4% after 2 months).5* In
the absence of sugars, the extent of rhuMAb HER2
aggregation increased from about 1% to >10%
after 3 months at 40°C and the rate of aggregation
for these formulations was about 0.2% per month
at 40°C.%"

Antibody aggregation can readily occur in other
solid forms during storage.® It was found that the
primary degradation upon storage of a spray-dried
anti-IgE (protein:mannitol =80:20) is aggrega-
tion, and the amount of aggregates increased with
increasing temperature and relative humidity
(Maa et al., 1998a).5° As much as 52% aggregate
was observed by SEC-HPLC of a spray-dried anti-
IgE (protein:mannitol = 80:20) after 1 year at 40°C
and 38% RH (Maa et al., 1998b).%°

Antibody aggregation is usually accelerated
upon thermal treatment. In the study of chimeric
(human/mouse) monoclonal antibody (BR96),
Alexander and Hughes demonstrated that ther-
mal treatment at 60°C for 166 h generated
noncovalently linked aggregates.®” In the evalua-
tion of the relative stability of murine IgG2a (x),
chimeric IgG1l(x), trioma IgGl (A), and murine
IgGl (x), Hartmann et al. demonstrated that
IgG2a (k) aggregated and precipitated after heat-
ing at 55°C for 8 h and the half-life for the loss of
monomer for those four IgGs is 1, 18.1, 3.4, and
8.2 h with different aggregate species (dimer,
trimer. . .) by SEC-HPLC.®®

Surface Adsorption

Antibodies, like other proteins, can easily adsorb
to a variety of surfaces. Surface adsorption can
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significantly reduce the antibody concentration in
a solution. For example, a mouse monoclonal IgG1
has been shown to be adsorbed on the surface of
glass shake flasks, causing a loss of protein in
plant culture media.® Such a loss was minimized
by coating the glass vessels or by addition of
Pluronic F127.

Chemical Instability

A variety of chemical degradation pathways have
been observed. These chemical degradants may or
may not loose protein activity depending on the
site of changes. For examples, deamidation of a
monoclonal antibody, OKT3 (IgG2a) as measured
by change in IEF pattern does not correlate with
loss of antigen binding potency (90% deamidation
of Asn386 vs. 80% activity in the potency assay).'°
In comparison, the activity of light chain de-
amidated recombinant humanized monoclonal
antibody HER2 (rhuMAb HERZ2, Herceptin, tra-
stuzuMADb) at Asn30 (to aspartate) is only 70% of
the main species and that of the isomerized
(heavy chain) aspl02 species is only 9-21% of
major species.?” The major chemical degradation
pathways in an antibody include cross-linking,
deamidation, isomerization, oxidation, and frag-
mentation.

Disulfide Formation/Exchange

Disulfide bond formation/exchange is probably
the most common cross-linking pathway, leading
to chemical aggregation. This degradation path-
way can occur readily in various processing steps.
For example, lyophilization of a murine mono-
clonal antibody (IgG2a) without additives reduced
the average number of —SH groups per molecule
from 6.65 to 6.28, suggesting disulfide forma-
tion.”® Since the thiolate ions are often the
initiating species for this chemical degradation,
increasing formulation pH usually leads to
increased formation of disulfide formation. This
is the case for an antifebrin T2G1s Fab’ (IgG1 (),
containing free —SH groups, where the percen-
tage of dimers increased with increasing the pH
from 5.8 to 9.5.%!

Storage often leads to disulfide-based aggrega-
tion. Storage of a lyophilized excipient-free anti-
body (IgG1, containing 12 intra and 4 interchain
disulfides) formulation for 1 year at 30°C resulted
in formation of reducible dimer and trimers.%?
Similarly, reducible aggregates of a monoclonal
antibody (type not specified) were detectable
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by SDS—PAGE after storage of the lyophilized
formulation at 50°C for 6 months.! Such disulfide-
linked covalent dimers and trimers were also
observed during storage of spray-dried anti-IgE
humanized monoclonal antibody.”*

Nonreducible Cross-Linking

Nonreducible cross-linking was observed in
several studies. Incubation of a human mono-
clonal antibody (C23) in solution at a basic pH at
37°C for 14 days resulted in formation of non-
reducible bands above the light chains at pH 4
and 10.”% Incubation of two mouse monoclonal
antibodies—IgG2a (k) and IgGl (k), between
pH 3.0 and 10 at 37°C for 32 days led to formation
of a nonreducible 88 kDa species by SDS—
PAGE.'” A species with the same molecular
weight was observed after incubation of another
monoclonal antibody, OKT3 (IgG2a), at 37°C for
2 months.'%"® Further examination suggests that
this species is a cross-linked product of H and L
chains between the 1.46-52 and H99-121 regions.
Although the exact chemical nature was not
determined, an oxidative step is apparently
involved as inhibition of oxidation delayed the
formation of this species.’®™

A recent study shows that a nonreducible
thioether bond can be formed between C223 of
the heavy chain and the C-terminal Cys residue of
the light chain in humanized IgG1 antibodies. This
cross-linked product has a molecular weight of
75 kDa by MS but shows an apparent molecular
weight of 92 kDa by SDS—PAGE."™

Nonreducible cross-linked products were also
observed in solid dosage forms. Incubation of a
lyophilized mouse monoclonal antibody [IgG2a (k)]
without lyoprotectant or in the presence of 5%
sucrose, dextran, or hydroxypropyl-beta-cyclodex-
trin (HP-B-CD) at 56°C for 18 days led to forma-
tion of 100-kDa band under reduced conditions by
SDS-PAGE.”

Deamidation

Antibody deamidation has been extensively
reported in the literature. This common protein
degradation pathway is so prevalent that purified
antibody preparations may contain many deami-
dated forms. For example, several deamidated
forms of recombinant humanized monoclonal
antibody HER2 (rhuMAb HER2, Herceptin, tras-
tuzuMAb) were found by cation-exchange chro-
matography, including (1) deamidated Asn30 (to
aspartate) on one light chain, (2) deamidated
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Asn30 (to aspartate) on two light chains, and (3)
deamidated Asn55 on the heavy chain (to iso-
aspartate).?’” The sole conversion of Asn30 to
aspartate (not isoaspartate) suggests that the
deamidation mechanism in cell culture may be
different from that during storage.

Storage can easily generate large amounts of
deamidated products. Incubation of a monoclonal
antibody, OKT3 (IgG2a) in a PBS solution at pH 7
containing Tween 80 at 37°C for 2 months led
to more than 90% deamidation at Asn H386.%°
By monitoring the ammonia generation, Poborji
et al.*! estimated that 4% of the total number of
Asn and Gln residues in a chimeric antibody (L6)
was deamidated after storing the solution at
pH 7.2 at 50°C for 3 weeks.

Deamidation also occurs in solid state. In the
evaluation of storage stability of a model recombi-
nant humanized monoclonal antibody (rhuMAb
HER2), Cleland et al. reported that incubation of
a high-moisture formulation (8.4% moisture) for
12 months at 40°C resulted in a 19% drop in the
main peak by IEX due to deamidation.®”

Deamidation in proteins goes mostly through
the intermediate of succinimide at Asn (more
readily) and Gln (see reviews’7%).This seems to
be the case for antibodies, even though alternative
mechanisms were reported, such as deamidation
of Asn30 on the light chain of recombinant
humanized monoclonal antibody HER2 (rhuMAb
HER2, Herceptin, trastuzuMAb).>” A method
has been developed to detect the formation of
succinimide.”’

The rate of deamidation via succinimidation in
proteins can be affected by a variety of factors, such
as pH, sequence, and steric effect (see review®?). A
recent report demonstrated a strong pH-depen-
dency of deamidation at Asn55 (pH 7> pH 6 > pH
5>pH4) in a fully human IgG1 in the pH range of
4-7 during storage at 25°C.”® Using small peptide
as a model, Tyler-Cross and Schirch” found that
deamidation of Asn residues depends on the amino
acid residue on the carboxyl side of Asn in neutral
and alkaline solutions. Increasing the size and
branching of these amino acids decreased the rate
of deamidation by as much as 70-fold compared
with the N—G sequence (greatest rate of deamida-
tion) but under acidic conditions, these amino
acids lost their protective effect.

Isomerization

The most common isomerization in antibodies is
iso-aspartic acid formation, which results not only
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from direct isomerization of Asp but also, mostly,
from hydrolysis of succinimide intermediate. The
pH-dependent formation of succinimide inter-
mediate can occur either from Asn deamidation
or Asp dehydration.®® In neutral and alkaline
condition, the isoAsp and Asp products formed in
a peptide were at a ratio of about 3:1.7

Isomerization is also prevalent and difficult
to control. Again, many purified proteins con-
tain significant amount of isomerized products,
either from deamidation or direct isomerization.
A typical example is recombinant humanized
monoclonal antibody HER2 (rhuMAb HER2, Her-
ceptin, trastuzuMAb).?” In addition, since isomer-
ization occurred at Asp H102 in CDR regions, the
activity of the isomerized species is only 9-21%
of the major species.?’ Similarly, isomerization
of Asp L32 on one light chain in a recombinant
monoclonal anti-IgE antibody (E25) reduced the
relative binding activity of F(ab)'s to 42% and the
activity of isomerized form on both chains (iso-Asp-
iso-Asp) to 15%.36

Since formation of the succinimide intermedi-
ate does not need participation of water, it can
readily occur in solid state. Asp isomerization
is one of the major degradation pathways for a
lyophilized, monoclonal antibody (type not speci-
fied), and increases with increasing storage tem-
peratures both above and below their Tg values.!

Like deamidation, the relative rate of isomer-
ization can be influenced strongly by steric effect.
For example, a recombinant monoclonal anti-Igk
antibody (E25) contains two Asp-Gly sequences
within its CDRs, but only one site was found to be
labile to isomerization (Asp L32). The unreactivity
of one Asp residue is suggested to be due to
hydrogen bonding.?®

Oxidation

The oxidizable residues in proteins include Met,
Tyr, Trp, His, and Cys. Although oxidation is not
as prevalent as deamidation and isomerization
in antibodies, it can easily occur during storage
of antibodies. For example, the major route of
degradation of a monoclonal antibody, OKTS3
(IgG2a), in solution during storage at 5°C is
oxidation of a nondisulfide Cys and several Met
residues.'® Oxidation was also observed in rhu-
MAD anti-CD20 in solution during storage at 40°C
for 2 months.?®

Oxidation of CDP870, a pegylated one-half
antibody (one light and one heavy chain) at a Met
residue (M3) was also observed after incubation of
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the protein at 25°C or 40°C for 12 weeks (14% at
pH 4.1 and 4.2% at pH 5.5).%° Light exposure can
accelerate baseline oxidation. For example, light
exposure (20,000 lux for 2 weeks at 27°C) of
recombinant humanized monoclonal antibody
HER2, rhuMAb HER2 caused 5—10% increase in
oxidation in various liquid formulations at Met
H255 (primary site) and Met H431 at tempera-
tures 30 and 40°C.%!

Formation of Acidic or Basic Species

Antibodies can form acidic or basic species,
which are often monitored by IEF or ion exchange
chromatography. Among all the possibilities,
deamidation is the most likely degradation path-
way, leading to formation of acidic species. There-
fore, formation of such species is used loosely as
an indication of deamidation in the absence of
other confirmatory studies. Strictly speaking,
formation of such species can only be considered
as an indication of chemical instability (see
below). A pH-dependency is almost certain for
this kind of degradation. In the stabilization of
CDP870, a one-half antibody (one light and one
heavy chain), which is linked through Cys to a
branched (20 kDa each) PEG, Johnson et al.?°
found that the protein generated more acidic
species (up to 17% at pH 4.1 and 41% at pH 5.5)
by IEF as the solution pH was increased from
4.1, 4.5, 5.0, to 5.5 during storage at 25°C for
12 weeks.®°

Another possible mechanism for generating
acidic species in antibodies is the Maillard reac-
tion, where reducing sugars can react with lysine
residues. Such a reation will result in loss of
positive charges and formation of apparently more
acidic species. This is the case for an spray-dried
anti-IgE humanized monoclonal antibody with
lactose during storage.”™

Formation of basic species was also observed in
antibodies. Its formation can result from several
possibilities, most likely as a result of succinimide
formation, removal of sialic acids, or pyroGlu
formation. Such a basic species was observed after
incubation of a human monoclonal antibody (C23)
at 37°C for 14 days in a solution at an acidic pH by
IEF.”

C-Terminal Clipping

Terminal cleavages can easily occur during
normal production of antibodies. For example,
the majority of a purified chimeric protein rCD4-
IgG lacks the heavy chain C-terminal Lys.52
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This is also the case for recombinant humanized
monoclonal antibody HER2 (rhuMAb HER2,
Herceptin, trastuzuMAb)3” and a recombinant
monoclonal anti-IgE antibody (E25).3¢ It was
suggested that the cleavage was due to the action
of basic carboxypeptidases during production.?’

Fragmentation

The most likely sequences leading to fragmenta-
tion in proteins are Asp-Gly and Asp-Pro,®
although other sequences can also experience
cleavages, such as Asn-Ser.”® Fragmentation can
easily occur in antibodies even during product-
ion processes. A small amount of fragment
(MW < LC) was detectable under reduced condi-
tion in a purified recombinant MAb IgG4 pro-
duced in Chinese hamster ovary (CHO) cells.”
Half molecules should be monitored routinely for
IgG4s.3

A variety of processing conditions may accel-
erate fragmentation of antibodies, such as acidic or
basic treatment, % thermal treatment,*"67 freeze-
thaw,*! and storage.'”"®"® Fragments can simply
include masses with a loss of a light chain (M-LC),
a loss of a Fab arm (M-Fab), and separated heavy-
chain (HC) and light-chain (LC), as well as species
less than common antibody subunits, resulting
from both peptide and/or disulfide bond clea-
vage.%” Antibodies are also subject to radiation-
induced cleavages.®®

Maillard Reaction

Proteins may form adducts with sugars. In an
investigative study, mouse MAbs were found to
form glucose adducts after incubation with 0.5 M
glucose at pH 7.4 for 14—21 days at 37°C and
the glycated antibodies significantly increased
the dissociation of the antibody-antigen binding
complex.®®

ANTIBODY FORMULATION

As mentioned above, antibodies, like other pro-
teins, may generate a variety of degradants
during production, processing, and storage both
in liquid and solid states. Their tendency to
generate such degradants depends very much on
their individual sequence, pl, hydrophobicity, and
carbohydrate content.?® The antibody degrada-
tion products may have reduced activity and more
importantly, increased immunogenicity.'*%” A
strong immune response (antibody formation)
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may lead to severe neutralization of the protein
drug product and even endogenous proteins.

The major purpose of formulating antibodies as
therapeutic agents is to control the rate of antibody
degradation to provide an acceptable shelf life for
worldwide shipping and storage. This can be done
by choosing proper formulation excipients and
other formulation conditions. It should be stressed
that one formulation excipient stabilizing a spe-
cific antibody may not be suitable for another
because of the differences in their sequence. A
proper formulation composition should not only
maximally preserve the activity of the antibody
but also minimize the potential immune response,
as excipients could alter the immune response by
changing the presentation of the protein (such as
the spacing of epitopes).!* The following section
will discuss critical factors in formulating
both liquid and lyophilized antibody products.
Advanced formulations will also be briefly
described.

Liquid Formulation

Liquid dosage form is usually preferable to
lyophilized products as it is easier to administer
and less expensive to manufacture. Among all the
commercial antibody products, about half are
stable enough to be formulated in a liquid form
(Tab. 1). Formulating a successful liquid product
needs consideration of at least the following
aspects.

Protein Concentration

Since the EC50 values of antibodies are often
10—1,000 times higher than for other proteins
such as hormones and cytokines,*® a relatively
large amount of antibodies needs to be dosed to
achieve any therapeutic effect. A large dose
requires that an antibody product needs to be
formulated/reconstituted at a high concentration
to reduce dose volume, especially for subcuta-
neous injections; otherwise, a large volume of
antibody preparation has to be infused. Since the
aggregation process is usually concentration-
dependent, antibodies at high concentrations
have at least two potential issues: high tendency
to aggregate during storage and likely high
viscosity, leading to more difficulty during injec-
tion (injection time correlated with viscosity).*’
It has been suggested that the concentration-
dependent protein aggregation is the greatest
challenge to developing high-concentration
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protein formulations.*” On the other hand, mod-
erate increase in protein concentration may not
have a significant effect. In fact, increasing the
concentration of antifebrin T2G1s Fab’ (IgG1 (x)),
from 0.05 to 5.0 mg/mL in solution resulted in a
decrease in dimer formation during storage
(73.2% to 22.9% after 13 weeks at 22°C).*

An effective way to reduce the viscosity of an
antibody solution is to add sufficient amount
of NaCl.>®® Adjustment of formulation pH could
potentially reduce the viscosity of an antibody
solution.®® Although not very effective, histidine
has been shown to reduce the solution viscosity
of a fully human anti-IL8 monoclonal antibody
(ABX-ILS8; IgG2) from 20 to about 9 centistokes
when its concentration was increased from 0 to
60 mM.?! However, use of such excipients in
reducing viscosity can be limited, as the excipient
can adversely affect the stability of the antibody,
such as MAb anti-CD20.%°

Another potential issue in formulating high-
concentration antibody products is their solubility
limits, as presence of undissolved proteins are
generally not acceptable for intravenous injection.
Fortunately, the solubility of antibodies seems to
be relatively high and solubility-limited formula-
tion difficulty has rarely been reported to our
knowledge. To increase the solubility of antibo-
dies, excipients such as surfactants may be used.
In a recent report, Golovanov® found that a
combination of 1.-Arg and r-Glu at an equimolar
concentration (50 mM) significantly increased the
solubility of several proteins (either alone does not
have a significant effect). In addition, the room-
temperature storage stability (fragmentation) of
proteins was significantly improved as monitored
by SDS—-PAGE.

One potential advantage of formulating a
protein product at higher concentrations is the
greater freeze-thaw stability. Often, proteins at
high concentrations are more resistant to freeze-
thaw-induced aggregation, as the interface-
induced protein denaturation can easily reach a
saturation point. However, it does not seem to be
the case for antibodies. Increasing the concentra-
tion of a chimeric antibody (L6) did not inhibit
freeze-thaw-induced aggregation.*! In addition,
surfactants such as Pluronic F68 and Tween 80
did not appreciably prevent antibody aggregation.
In a different study, Tween 80 alone (or Pluoronic
F68) at 0.1% failed to offer any protection against
freeze-thaw-induced aggregation of a single-chain
antigen-binding protein CC49/218 sF, MW
27,000 d) at 1.45 mg/rnL. in sodium PBS at
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pH 7.3.°° These results suggest that freeze-
thaw-induced antibody aggregation may not be a
surface phenomenon.

Effect of Formulation pH

Formulation development often starts with deter-
mination of a stable formulation pH. Like other
proteins, the pH effect on the stability of anti-
bodies depends on the formulation composition,>®
stress conditions,** and even antibody concentra-
tion.®* Formulation pH may affect the physical
stability of antibodies as it alters the number and
distribution of charges on the protein surface. For
example, low pH (below 3) caused a loss of tertiary
structure in rhuMAb anti-CD20.°° Low pH (pH 3
and 4) is also responsible for the precipitation of
two mouse monoclonal antibodies IgG2a (k) and
IgG1 (x) during incubation at 37°C for 32 days.'”
Susceptibility to pH stress varies among different
IgG molecules.®®

Regarding chemical stability, formulation pH
may play a critical role in controlling many
degradation pathways, such as disulfide bond
formation/exchange, deamidation, fragmentation,
isomerization, etc. Due to variable effects on
different degradation pathways, the optimum pH
value varies depending on both the sequence of an
antibody and the analytical methods used in
monitoring the stability. By IEF, Lam et al. found
that rhuMAb anti-CD20 is most stable at pH 5
within the pH range of 3—6 irrespective of protein
concentration in formulations containing 10 mM
citrate, 8% trehalose, and 0.05% Tween 20.%° By
SEC-HPLC, Usami et al. found that pH 6 was the
most stable condition during incubation of a
human monoclonal antibody (C23) at 37°C for
14 days in a solution containing isotonic sodium
chloride between pH 4 and 10.”> Sometimes, the
optimum pH values reside outside a certain range.
In the study of the stability of a chimeric antibody
(L6), minimum amount of dimmer formation was
observed at pH below 5.5 or above 8.5 (less than
2%) during freeze-thaw.*!

It needs to be mentioned that oxidation could be
inhibited by adjusting formulation pH. In a
formulation containing 40 mg/mL MAb anti-
CD20, 150 mM trehalose, 0.9% benzyl alcohol,
0.02% Tween 20, and 50 mM histidine, reducing
the pH from 7.5 to 5 virtually eliminated the
oxidation during storage at 40°C for 2 months.5® In
a different study, oxidation (M3) of PEG-CDP870,
a one-half antibody, in a formulation containing
160 mg/mL CDP870, 10 mM sodium acetate, and

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 1, JANUARY 2007



16 WANG ET AL.

125 mM NaCl was slower at pH 5.5 than at pH 4.1
(4.2% vs. 14% after 12 weeks at 40°C).%°

Due to the simultaneous presence of multiple
antibody degradation pathways, the formulation
pH has to be adjusted to balance all the potential
degradations. Generally, a weakly acidic condition
seems to be the optimum for most antibodies (see
Tab. 1).

Effect of Buffering Agents

It has been long recognized that both the type and
concentration of a buffering agent may affect the
stability of proteins (see review?*). For example,
phosphate buffer accelerated deamidation of an
IgG1 relative to citrate buffer at both pH 6.5 and
7.0 during storage at 25°C.”® Therefore, proper
choice of a buffering agent can potentially achieve
both pH control and stabilization of antibodies. In
rare cases, a buffering agent good for one antibody
may be harmful to another. One of these agents is
histidine, which has a pKa of pH 6 and potentially
good in controlling a weakly acidic condition. It
has been shown to provide better protection
against precipitation for a fully human anti-IL8
monoclonal antibody (ABX-IL8; IgG2) upon ther-
mal incubation both at 50 and 40°C than citrate at
pH 6.2! Addition of a small amount of histidine
(0.4 mM) also increased the freeze-thaw (4x)
recovery of a single-chain antigen-binding protein
CC49/218 sF, (MW 27,000 d) at 1.45 mg/rnL in
PBS solution at pH 7.3 from 37% to 90%.°° On the
contrary, histidine was found not only to increase
the rate of aggregation of rhuMAb anti-CD20
during storage but also to induce coloration of the
solution compared to a acetate-buffered antibody
solution at pH 5.%° In addition, oxidation of Fc was
also faster in histidine solution.

The concentration effect of a buffering agent
was demonstrated in a study where freeze-thaw-
induced aggregation of a chimeric antibody (L6)
was higher with increasing phosphate buffer
concentration (0.01 vs. 0.05).*! Therefore, both
the type and concentration of buffering agents
need to be examined.

Effect of Formulation Excipients

Use of formulation excipients remains a major
and convenient approach in stabilizing antibodies
in solutions. It is so at least in reducing antibody
aggregation.?” A variety of formulation excipients
have been shown to stabilize antibodies under
different processing conditions and during sto-
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rage, including sugars,*’ polyols,*! amino
acids,*%* surfactants,®* and polymers.*>8*

Formulation excipients are effective generally
in protecting the physical stability of an antibody.
Among these excipients, sugars are the most
commonly used. A variety of sugars, such as
sucrose, trehalose, glucose, have been shown to
reduce the freeze/thaw-induced aggregation of
rhuMAb anti-CD20,® a chimeric antibody (16),**
a human anti-IL8 monoclonal antibody (ABX-ILS;
IgG2),%! and a single-chain antigen-binding pro-
tein CC49/218 sF, (27 kDa).?® Other excipients can
be equally or even more effective in protecting
antibodies. Histidine was shown to be equally
effective as sucrose in reducing freeze-thaw
induced aggregation of a human anti-IL8 mono-
clonal antibody (ABX-ILS8; IgG2) and combination
with Arg resulted in a better protection than
sucrose in solution stability at different incubation
temperatures.?! Sugars are not always effective.
In the evaluation of freeze-thaw stability of a
single-chain antigen-binding protein CC49/218
sF, MW 27 kDa) at 1.45 mg/mL in sodium
phosphate buffered saline (PBS) at pH 7.3, addi-
tion of 10 mM trehalose, lactose, glucose, or
mannitol did not offer any protection.?® In a rare
case, sucrose hasbeen shown to promote agitation-
induced aggregation of an IgG1 antibody.”®

Formulation excipients may inhibit chemical
degradation of antibodies. Replacing 0.14 M NaCl
with 8% trehalose or 4% mannitol in a thuMAb
anti-CD20 increased the chemical stability as
measured by IEX during storage at 40°C.%® Such
an effect is likely a result of stabilization of
antibody conformation. Some excipients may
protect antibodies against oxidation. Replacing
NaCl with 4% mannitol and 1% benzyl alcohol
protected recombinant humanized monoclonal
antibody HER2, rhuMAb HER2, against oxidation
(primarily Met-255) at 30 or 40°C.3! This effect is
likely due to a function of mannitol as a free radical
scavenger. Some commonly used antioxidants,
such as thiosulfate and methionine, are effective
in inhibiting antibody oxidation. The minimum
effective levels (molar ratios of antibody to anti-
oxidant) required to inhibit temperature-induced
oxidation of rhuMAb HER2 were 1:5 and 1:25 for
methionine and thiosulfate, respectively.®! How-
ever, use of thiosulfate has led to formation of a
thiosulfate adduct of rhuMAb HER2.3! The safety
of such a thio-containing adduct has not been
reported.

One of the main excipients often used in anti-
body formulation is surfactants. They are usually
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effective in reducing shaking/stirring-induced
aggregation®! but may have negative effect during
long-term storage.®? One obvious concern is that
such compounds may contain a residual level of
peroxides, which have been shown to cause protein
oxidation.?® Therefore, use of surfactants should
be kept to a minimum in an antibody formulation
if possible. For example, removing Tween 20 in
a recombinant humanized monoclonal antibody
HERZ2, rhuMAb HER2 solution reduced the oxi-
dized antibody from 52% to <10% at 40°C.%!

Effect of Shaking/Shearing

Both shaking and shearing can denature antibo-
dies. It was found that shaking murine antibody-
based products caused antibody precipitation and
the shape of the precipitates are different depend-
ing on the fill volume.?® In the evaluation of shear
effect on the antigen-binding activity of a recom-
binant scFv antibody fragment in a buffer solu-
tion, Harrison et al.*> found that the binding
activity decayed at a mean rate constant of 0.83/h
at a shear of approximately 20,000/s.

Effect of Preservatives

A limited number of studies have been conducted
on the compatibility of preservatives with anti-
bodies. Compatibility depends both on the anti-
body and the preservative. In the evaluation of
the effect of several preservatives, including
benzyl alcohol, chlorobutanol, methylparaben,
propylparaben, phenol, and m-cresol, on the
stability of a humanized monoclonal antibody,
Gupta and Kaisheva® found that the antibody
was most stable in the presence of methylparaben
and propylparaben, compatible with benzyl alco-
hol and chlorobutanol at low concentrations,
and not compatible with phenol and m-cresol,
as measured by a variety of assays, including
SEC-HPLC, DSC, light scattering, UV, and
potency assay.

Effect of Processing Equipment

Another important issue in antibody formulation
is the choice of proper processing equipment/
containers. A few studies have shown that anti-
body stability can be significantly affected if an
inappropriate choice is made. In the study of the
stability of recombinant humanized monoclonal
antibody HER2, rhuMAb HERZ2, in liquid formu-
lations, Lam et al.®! found that replacing the
stainless steel filler with a nonstainless steel filler
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reduced the oxidized antibody (primarily Met-
255) from 52% to 18% after storage for 2 weeks at
40°C. It was suggested that Fe ions, released from
erosion of stainless steel by chloride ion at low
pH, catalyzed the oxidation. In a similar case,
Chen et al.?! demonstrated that a fully human
anti-IL8 monoclonal antibody (ABX-IL8) in aqu-
eous formulations containing 60 mM His had a
higher level of aggregates after freeze-thaw in a
stainless steel vessel and subsequent storage at
40°C, possibly due to the effect of Fe ions
generated from a similar mechanism. In addition,
proteins have been shown to facilitate metal
corrosion.”®

Effect of Product Containers

The effect of product containers was clearly
demonstrated in a recent study. McCormick
et al.?® reported that Tween 80, intended to
replace human albumin in the original formula-
tion, interacted with uncoated rubber stoppers in
single-use Eprex syringes. The stoppers leached a
small amount of plasticizers in the drug solution,
which acted as an adjuvant, and caused a strong
IgG response to the recombinant human erythro-
poietin. The immune response was significantly
minimized later by switching to PTFE-coated
rubber stoppers. In addition, headspace oxygen
can accelerate oxidation of antibodies and repla-
cement with an inert gas could minimize such a
reaction.”

Accelerated Stability Studies

To accelerate formulation development process,
accelerated stability studies are usually con-
ducted. However, estimation of room temperature
or 5°C stability based on accelerated stability
studies for antibodies, like other proteins, may or
may not be possible or accurate. The unpredict-
ability is due to the presence of complex and
multiple degradation pathways, which may have
different degree of temperature dependencies.*’
Kroon et al.!’ found that relative to other
degradation pathways of a monoclonal antibody,
OKT3 (IgG2a), Asn deamidation was preferen-
tially accelerated with increasing temperature.
Therefore, caution needs to be applied in inter-
preting such high-temperature-induced deamida-
tion. On the other hand, Poborji et al.*! found that
loss of monomeric chimeric antibody (L6) at pH
7.2 followed Arrhenius behavior in the tempera-
ture range of 30-50°C and extrapolation of the
high temperature SEC data to 2—8°C at pH 7 and
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5.5 resulted in comparable stability estimates
with the available real-time data.

Lyophilized Formulation

Preparation of lyophilized protein formulations
has been extensively reviewed.?” '! Like most
proteins, some antibodies are not stable enough in
a liquid form and lyophilized dosage forms will
have to be considered. Lyophilization was sug-
gested to be one of the two approaches in solving
antibody aggregation.*’ This section will discuss
some critical issues in formulating a lyophilized
antibody product.

Amorphous Versus Crystalline State

It has been commonly believed that proteins are
more stable in an amorphous state.!®® This is
mainly because proteins need another excipient(s)
to replace water molecules to from the required H-
bonds as water molecules are removed during
drying and a crystalline matrix does not provide
intimate H-bonding between the excipient and
the protein.!?%1% It appears that if the protein
itself can be crystallized during the lyophilization
process (may be difficult practically), the protein
could be more stable and might not need as much
stabilizing agent as in the amorphous state. In a
recent report, Shenoy et al.!® compared the
stability of two model proteins, glucose oxidase
(GO) and lipase, and demonstrated that dry
crystalline formulations are significantly more
stable than their amorphous counterparts as
monitored by size-exclusion chromatography. It
remains to be seen whether this can be applicable
to antibodies.

Effect of Formulation Excipients

To make a lyophilized antibody product, at least
one formulation excipient, a bulking agent, is
needed to confer an acceptable cake. If the
antibody is not stable enough in the presence of
a bulking agent during lyophilization or storage, a
stabilizer(s) is included. The relative amount of
formulation excipients (bulking and stabilizing
agents) should be carefully chosen as these agents
may affect each other’s behavior, the tonicity, and
stability of the lyophilized products.

Commonly used bulking agents include manni-
tol and glycine. Crystallization of these agents
during lyophilization makes them wonderful bulk-
ing agents but poor stabilizing agents.?” Although
mannitol could stabilize an antibody as in the case
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for a monoclonal antibody-vinca conjugate in a
PBS solution at pH 7.4 upon lyophilization,®°
many studies showed that mannitol could not
stabilize effectively or even destabilizes antibo-
dies. Such examples include the aggregation of a
lyophilized model recombinant humanized mono-
clonal antibody (rhuMAb HER2) in the presence of
mannitol during storage.>%” In the lyophilization
of a human monoclonal antibody at 1 mg/mL, it
was demonstrated that addition of 5% mannitol
has no effect on the lyophilization-induced aggre-
gation in PBS or physiological saline as measured
by OD600 and addition of 10% mannitol actually
accelerated aggregation during the lyophilization
process.”® On the other hand, when used in
combination with sucrose or trehalose, similar
degree of stabilization to that for sugar alone may
be achieved such as the case for model recombi-
nant humanized monoclonal antibody (rhuMAb
HER2).5” The disaccharide/mannitol formulations
also inhibited deamidation of this antibody during
storage to a greater extent than the lyoprotectant
formulations alone.?’

Sugars are the most common stabilizing agents
used in lyophilized formulations. Among these,
two nonreducing sugars, sucrose and trehalose,
are usually the first choice. Both sugars protected
the stability of a few lyophilized antibodies equally
well. These antibodies include lyophilized recom-
binant humanized monoclonal antibody, rhuMAb
HER2,”” IgG1 (containing 12 intra and 4 inter-
chain disulfides),®? anti-IgG,'® and chimeric
monoclonal antibody.®* However, sucrose seemed
to be more effective in protecting a lyophilized
IgG1 against aggregation during storage at 40°C
at a sugar:protein weight ratio of 1:1 (Chang et al.
2005b).1°2In another study, sucrose at 5% failed to
offer any protection to a lyophilized mouse mono-
clonal antibody (MN12) (IgG2a (x)) during storage
at 56°C for 18 days.% Again, as mentioned in the
liquid formulation section, even the most com-
monly used stabilizers may not stabilize all
antibodies in the solid state and antibodies need
to be treated as individually different molecules.

When sugars are used as stabilizing agents
(Iyoprotectants), a sufficient quantity needs to be
used to achieve a significant effect depending on
the protein concentration. It has been suggested
that a molar lyoprotectant:protein ratio of 300:1 or
greater should be used.?” Indeed, the available
literature data indicate a ratio higher than 300 is
needed for better stabilization. It was shown that
sugars protect the stability (aggregation and
Asp isomerization) of a lyophilized, monoclonal
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antibody (type not specified) to a significant level
when the sugar to protein molar ratio was
increased to 500:1, which happens to the theore-
tical number of water binding sites in the mole-
cule.! Similarly, Andya et al.%2 demonstrated that
use of sucrose or trehalose inhibited the aggrega-
tion of a lyophilized antibody (IgGl—containing
12 intra and 4 interchain disulfides) during
storage at 30°C to a maximum degree when the
sucrose/trehalose:protein ratio was 500 or higher,
which is roughly equivalent to the number of
water-binding sites on the surface of the protein
(550 estimated). Increasing the trehalose/anti-
HER2 ratio from 60 mM (360 molar ratio) to
200 mM (1,200 molar ratio) significantly increased
the stability (monomer by SEC-HPLC) of lyophi-
lized formulation at 25 mg/mL at 40°C.1°" In a
recent report, it was found that at least a weight
ratio of 2:1 (molar ratio of about 800) was needed to
achieve a maximum protection of a lyophilized
sucrose:IgG1 formulation against both aggrega-
tion and chemical degradation during storage at
40°C (Chang et al. 2005a).%!

Other formulation excipients were also used
and some of these are effective in stabilizing
certain antibodies. A recent study demonstrated
that addition of sorbitol to a sucrose or trehalose
formulation resulted in further enhancement of
storage stability of a lyophilized IgG1l antibody
(Chang et al. 2005b).'°? Either dextran or HB-p-
CD (better) protected the activity of a lyophilized
mouse monoclonal antibody (MN12) (IgG2a (x))
during storage.”® Glucose was shown to inhibit
gamma irradiation-induced fragmentation of
humanized monoclonal antibodies (hr3).%°

Effect of Formulation “pH”” and Buffering Agents

The pH of the liquid formulation can have a
potential effect on the stability of the lyophilized
formulation, even though the solid-state “pH”
could not be well defined. In the evaluation of the
stability of a lyophilized monoclonal antibody-
vinca conjugate, aggregation seems to be lower at
aneutral pH 7.1 than at either pH 8.5 or 6.1 when
the lyophilized formulation was stored at 25°C.%°
In adjusting the formulation pH, use of a buffer-
ing agent may have effect on the antibody
stability both during lyophilization and storage
of the lyophilized products. For example, in the
stability study of a fully human anti-IL8 mono-
clonal antibody (ABX-IL8; IgG2), Chen et al.?!
demonstrated that addition of histidine inhibited
the formation of HMW species upon lyophilization

DOI 10.1002/jps

ANTIBODY FORMULATION 19

and during storage at 37°C in a concentration-
dependent manner. Among several excipients
including His, Gly, mannitol, Glu, and polysor-
bate 20, His is the most critical in protecting solid-
state stability of the antibody (minimizing aggre-
gation). In a different study, the aggregation rate
of a lyophilized anti-IgE at 5°C at 5 mg/mL in
10 mM buffer is affected both by pH and buffers
in the following order: Na Phosphate, pH 7>K
Phosphate, pH 7>Na Succinate, pH 6 or
5> Histidine, pH 7.'°7 It should be noted that
some buffering agents may induce significant pH
change due to selective crystallization during
lyophilization, such as sodium phosphate. Such
buffering agents should be avoided in preparing
pH-sensitive antibody formulations.

Effect of Protein Concentration

In many cases, increasing the protein concentra-
tion increases the stability of the protein during
lyophilization (see review).”® However, antibodies
do not seem to follow this trend and many
antibodies have been shown to be less stable both
during lyophilization and storage at high concen-
trations. For example, lyophilization of a human
monoclonal antibody caused significant aggrega-
tion of MAb formulated in PBS or physiological
saline as measured by OD600 and increasing the
protein concentration from 1 to 2.5 or 5 mg/mL
increased the OD600 from 0.194 to 0.311 or 0.427,
respectively.’® Similar trend was also observed
during storage of lyophilized formulation. Increas-
ing the concentration of a chimeric monoclonal
antibody from 2.5 mg/mL to 25 mg/mL in a
lyophilized formulation, containing 31 mg/mL
sucrose, 15 mM NaCl, 0.02% Tween 80, 10 mM
citrate, increased the aggregate level from 0.4% to
0.6% after 2 months at 5°C.%* In the evaluation of
the stability of a model recombinant humanized
monoclonal antibody (rhuMAb HER2), Cleland
et al.’” demonstrated that increasing the protein
concentration from 25 mg/mL to 50 mg/mL in a
lyophilized formulation (containing 60 mM treha-
lose, 5 mM His at pH 6) increased the aggregate
level from 8.5% to over 30% by SEC-after storage
at 40°C for 44 months. Such behavior was also
observed of anti-HER2 from 5 to 21 mg/mL
containing 250 mannitol.'®

Effect of Moisture Content

The effect of moisture on the stability of lyophi-
lized antibodies has not been consistent and seem
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to depend on the antibody and the degradation
pathways being monitored.?” Generally, increas-
ing moisture content of a lyophilized antibody will
gradually increase the rate of degradation during
storage. Such negative effect of moisture was
clearly demonstrated in a variety of degradation
pathways, including dimerization of T2G1s Fab’
(IgG1l (x)) in a moisture content range of 1.5—
12.3%,%! aggregation of TNF-MAb between 0.68%
and 8%,'% formation of acidic/basic species of
rhuMAb HER2 between 1% and 8.4%°" and
fragmentation of a mouse monoclonal antibody
(MN12) with and without secondary drying.”®

In other cases, the effect of moisture is either
complex or not significant. For example, Breen
et al.! found that high-moisture formulations (8%)
of a lyophilized monoclonal antibody (type not
specified) showed a higher rate of aggregation,
fragmentation, and Asp isomerization during sto-
rage than those containing 2% or 5% moisture but
formulations containing intermediate moisture
levels (2—3%) were less prone to aggregation
than those containing a lower moisture levels (1%)
as measured by SEC under accelerated storage
conditions. Similarly, the aggregation of a lyophi-
lized IgG1l was found to be minimal at an inter-
mediate moisture level around 3% at different
storage temperatures. (Chang et al. 2005b).}*?
In a different study, Cleland et al.’” found that
using a model recombinant humanized monoclonal
antibody (thuMAb HER2), a residual moisture
between 1 and 8.4% had no impact on the rate of
aggregation during storage at 2—8 or 40°C for
12 months.

Accelerated Stability Studies

Like antibodies in a liquid state, those in a solid
state may or may not undergo degradation that is
characteristic of Arrhenius behavior. It is gener-
ally believed that stability studies should be
conducted at least below the glass transition
temperature of the formulation. Duddu et al.®*
found that accelerated stability data generated in
the glassy state (40°C) seems to be a better
predictor of the relative stability of formulations
than the data generated at a higher temperature
(60°C). In the study of the stability of a high-
concentration, lyophilized, monoclonal antibody
(type not specified), Breen et al.! demonstrated
that chemical and physical degradation pathways
followed Arrhenius kinetics during storage in the
glassy state. Only Asp isomerization followed the
Arrhenius model above the Tg value.
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Advanced Formulations

In addition to the liquid and lyophilized dosage
forms on the market, other dosage forms have
been tried and limited success has been reported.

Spray-Dried Formulations

Spray drying is an efficient way of preparing solid
dosage forms because of the rapid removal of
a solvent(s) from a drug solution. It is a very
attractive alternative to lyophilization in prepar-
ing solid protein formulations. So far, a number
of studies have been conducted for proteins
and partly because of the high-temperature
exposure in the process, albeit very short, limited
success has been achieved. Protein aggregation
during spray drying seems to be the major
challenge 65:66,109:110

Spray drying of antibodies has also been tried.
As for other proteins, process-induced protein
aggregation seems to be the major issue.’>!!?
Careful selection of proper excipients could mini-
mize this problem. In the evaluation of a spray-
dried formulation for a rhuMADbE25, it was
demonstrated that trehalose or lactose minimized
the aggregation during spray drying (aggregate
dropped from 5-6% to <1%). For trehalose, the
molar ratio for significant inhibition of aggrega-
tion is at or above 300:1 to 500:1 (excipient:
protein).”* Such a ratio seems to be comparable
with that used in the lyophilized formation. The
addition of mannitol also reduced aggregation,
but only up to a molar ratio of 200:1 and
further increase in mannitol content resulted in
crystallization, which had a detrimental effect
on protein stability and aerosol performance.”
In a different study, either trehalose or sorbitol
could inhibit IgG aggregation during spray
drying.'1°

Stabilized Antibodies via Mutagenesis

Antibody fragments, such as scFv, are alternative
antibody therapeutics. However, since their sta-
bility is not as good as full-length antibodies,
mutagenesis, or chemical modifications have been
tried to improve its stability. For example, R71A
mutagenesis in the heavy chain of an unstable
scFv dramatically increased its stability when
incubated in human serum while having only a
minor effect on the binding affinity of the
molecule.’™ A more stable heavy chain, made
through mutation, can increase the stability of
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the light chain, and thereby confer more stability
to the whole scFv.?*

Stabilized Antibodies via Chemical Modifications

The clinical performance of an antibody can be
desirably changed by conjugation of the antibody
to another entity. For example, McIntosh et al.!'2
demonstrated that conjugation of carboxymethyl
dextran to a tumor-antigen-specific monoclonal
antibody (A5B7) increased the clearance of the
antibody in mice but conjugation of cisplatin (cis-
dichlorodiammine platinum II) with the antibody
complex restricted its tissue distribution and
reduced its systemic clearance.

PEGylated Antibodies

A common method of increasing plasma half-life
of proteins is to increase the size of the protein by
attaching a PEG moiety. Currently, there are at
least four PEGylated commercial protein pro-
ducts on the market. However, the long plasma
half-lives (as high as 7-23 days) of antibodies
made much less appealing the development of
such an antibody product. Since the long half-life
was due to the binding of Fc to the Fe-receptor
(neonatal Fc¢ receptor, FcRn) in various tis-
sues,>®3% antibody fragments, such as Fab’ lack-
ing the Fc portion have a much shorter half-life
and could be good candidates for PEGylation.
Such a modification was made on a humanized
IgG Fab’ fragment via site-specific attachment to
an additionally engineered Cys residue, as mod-
ification via the lysine residues led to substantial
losses in binding activity.??

Controlled Release Systems

Controlled release systems have been extensively
investigated for proteins in the past two dec-
ades.!'®11* However, limited work has been
conducted in this area for antibodies, partly due
to their relatively long plasma half-lives com-
pared with other proteins. To achieve long-term
effect, a controlled released system consisting of
biodegradable poly (lactic-glycolic) acid (PLGA)
was prepared for an anti-cocaine catalytic mono-
clonal antibody and an in vivo release of the
antibody for up to 10 days was demonstrated in
mice following subcutaneous injection.''® It is
anticipated that such systems could be useful if a
minimum of 1l-week duration of release is
achieved.
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SUMMARY

Antibodies have similar tertiary structures. The
presence of a significant number of disulfide
bonds and intimate domain—domain interactions
in antibodies make them relatively stable and
more resistant to moderate thermal stress com-
pared to other proteins. Nevertheless, antibodies
do experience a variety of instabilities similar to
most proteins. These physical and chemical
instabilities include denaturation, aggregation,
surface adsorption, deamidation, oxidation, iso-
merization, fragmentation, etc. Due to the sig-
nificant difference in the primary sequence
among different antibodies, the relative severity
of these degradation pathways can be signifi-
cantly different. On the average, aggregation,
deamidation, and isomerization seem to be more
prevalent in antibodies.

Partly due to the stability difference, some
antibody products are made into a liquid form
while others are lyophilized (Tab. 1). The solution
pH of these commercial products is either neutral
or weakly acidic, suggesting that such a pH range
is probably optimal for most antibodies. Surfac-
tants have been used in most of these antibody
products, presumably to inhibit antibody aggrega-
tion, and will likely be used in other antibody drug
candidates. Two most commonly used formulation
excipients in these antibody formulations are
sucrose and NaCl. For liquid formulations, either
one can be used if they offer the same level of
stability protection. For lyophilized formulations,
sucrose is preferable as NaCl does not form
intimate H-bonds with the antibody and also
reduce the glass transition temperature of for-
mulation, making lyophilization less efficient.
All the formulation excipients and buffering
agents used in commercial antibody products or
discussed in the article should be evaluated
individually for each antibody drug candidate
through stability studies before they are chosen
as part of the product, as antibodies are structu-
rally different.

The available stability data in the literature
and the information on the commercial antibody
products suggest that antibody formulation seems
challenging but relatively manageable, compared
to other protein drugs. Three major issues in
antibody formulation are apparently challenging
and need significant attention in the coming years:
(1) development of stable high-concentration for-
mulations, (2) management of the high-concentra-
tion-associated viscosity of these formulations,
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and (3) minimization of antibody-formulation-
induced immune response.
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