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Antibodies can have exauisite specificity of target recognition and thus generate highly selective outcomes following their
systernic adminisiration. \"} k antibodies can have hiph specificity, the doses required to treat patients, particularly for a
chronic condition, are typicaily large. Fortunately, advances in production and purification capacities have allowed for the
exceptionaily large amounts of highly purified monoclonal antibodies to be produced. Additionally, genetic engineering of
antibodies has provided a si:abie of antibody-like proteins that can be easier to prepare. Together, these advances have made
antibody-based therapies one of the most wmmor-lv pursued pharmaceuticals in biotechnology pipelines. With this success,
however, has come a series of technical challenges in the formulation of antibody-based materials to maintain sufficient stability
i a variety of configurations and sometimes at § -amculzﬁ.ﬂv high concentrations. This review focuses on issues related fo
dentifving and verifying stable antibody-based 1U[m nlations
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1. Introduction

Therapentic and diagnostic antibodies have be-
come the fastest growing area of biopharmaceutical
applications. There are now 18 monoclonal antibodies
on the market and over 100 1 clinscal trials, wiuch
highlights the significance of these therapeutics and
the advances made n antibody engincering, Further,
by 2008, engineered antibodies are projected to be the
BSOS of over a third of the revenues from biotech-
nology 11,21

A few seminal events have led to the current and
projected prontinence of antibodies as biopharmacent-
icals include the identification of methods to gencrate
mvrine monoclonal versions of antibodies {3}, the
cloning of human antibody sequences to allow for
humanization of murine monoclonal antibodies
through conplementary-determining  region (CER)
grafting {41 and even the establishment of fully
humanized systems t0 generate monoclonal antibodies
(51, With the sequential tdendification of these
technological advances, antibodies for therapeutic
and prophylactic indications have moved from fully
murine, to partially murine {mostly human) to
completely human constructions. Added o these

vents, dramatic advances in production have led to
the ability 1o prepare monocional andibodies at scales
that can provide sufficiont material at costs that make

this area appealing 1o pharmaceutical companies, One
important outcome of these various advances is a
greater potential o use antibody dmigs m chronic
settings, tremendously expanding their biopharma-
coutical applications.

The majority of currently approved antibody drogs
address previously unmet medical needs in the arcas of
cancer and inflammation. These indications came from
practical considerations related to carlior formis of
mopine and partially owrime astibody  thewmpeutics;
the first monoclonal to be approved {(OKT-3%, nur-
omonab-CI3) was approved in 1986 for a single
treatment regimen to protect firom life-threatening
fissue rejection following kiduey transplant {6], Ad-
verse reactions diue to acute fimmuenogenicity problems
due to delivery of a non-self protein limmited the use of
OK1-3% 10 only acute application [7,5]. Subsequent
partially murine antibodies such as Panorex® (17-1A),
Zevahn® (britmomab tiuxetan} and Bexxa® (fositu-
momab} were approved for a limited number of
adropnistrations o cancer patients who had failed
frontline therapies [2] With the advent of fully
bumanized antibodies, chronic therapentic or prophy-
factic applications for infectious agents have become a
realistic clinical option [2]. Ancther critical aspect to
the success of antthodies as therapeutic agents nvolves
mproved methods 1o express, purity and characterize
these proteins [91 In general, antibody therapeutios are
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targe (typically > 150 ki), complex in nature (most
are glycosylated) and must be administered in sioi-
chiometric rather than catalytic quantitics (nearly a
gram per dose s required for many antibodies to be
effective). Production and purification scales have thus
reached levels of production that were previously
assumed impossible in biotech companies [ 18], Nove
concerns then related to the development of stable
formulations and delivery strategies for such farge
amounts of complcy mclecule, L:ndubtandmg
product instability with regard to physicochemical
and themmodyoamic events becomes more and more
critical to enswre market success {11} The reguired
high concentrations of antibodics in these formulations
reduced the nead to add a carrier protein, as is the case
where scrunt afbumin s commonly added in forow-
{ations of highly potent proteins such as erythropoietin
alpha (Epogen®)} and Factor VIO (Kogenate®) to
cnhance stability and reduce loss to vial surfaces.
Sumultaneousky, the large amounts of an antibody
protein used 1o these formadations allowed degradation
products to be more readily detectable particularly
when using the highty sessitive methods designed for
evaluating honmone biotherapeutics.

Finally, the abilify to prepare large gquantitics of an
antibody that could be administered for chronic
thevapy resulted in a plethora of new and novel
applications {910} mvolving the delivery of chemo-
therapeutics, radionuciides and imaging agents — 0
pamne 4 few. New issues, related to identifying stable
formulations such as high concentration formulations
that might reduce the velume of antivody admin-
istrations, arose in the move from intravenous
infustons 10 the xeabmn of subcvtancous mjection
strategics. In some cases the combination of agents
with antibodies produced conflicting stability pro-
files. Addinonatly, potential new indications for
antibody dirugs increased the desire fo find novel
methods for sustained release, muracethular targeting
(12} or delbivery via methods not involving an
wjection, Thus, as is the case in most scientific
advances, techuological advances opened up possi-
bilities for therapentic opportimities that were not
possible previously as well as a totally new set of
problems that required solving. In this review we
have attempted to identify the major issues associated
with formulating asd delivering antibody drugs, 0
recognize challenges already identificd accompanied
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when possible by solutions, as well as o discuss
concerns that will need to be addressed in the futwe
as the use of antibody drmigs continues to evolve,

2. Antihody characteristics relevant for
formulation and delivery

The human body produces several classes of
antibodies that appear to porforn specific functions
snder different conditions and at discrete anatomic
sites. Most of the currently approved antibody-based
diugs are of the 1gGl elass {13} and are glycosy-
iated on the Fc (fragment crystallizable) doruain,
CGlycosylation hag been shown to participate in
specific cell response cvents mediated by antibodics
f14-161: antbody-dependent cell-mediated oytotox-
icity (ADCC) and complement-dependent celi-medi-
ated cytotoxicity {(CDCC) through recoptor
recognition events. Individual glycoforms of anti-
bodies can provide improved efficacies for certain
clinical outcomes [17]. In general, IgGl and 1gG3
antibodies are effective at jmbabing ADRCC while
1g(G2 readily fixes complement but is poor at inducing
ARCC. 2G4 a )pgais 10 be inefficient at both ADCC
and CDCC {1537, Interestingly, antibodies can be re-
enginecred to increase their capacity to recruit
complement [18] or to adjust their affimities {0 the
various classes of Fo receptors and thus ADCC
fonction through nustation of specific amino acids
within the Fe domain | 19]. Molecular enginecring has
also provided a spoctrara of now antibodics (Fig. 1),
Other chapters m this issue delve deeply into the
many charactenstics of antibodies that make them
remarkable and diversely apphicable treatment agonts:
ligand binding properties, effector functions and
potential  for meodification in their design. Other
chapters will also address applications of newly
engineered antibody-like molecules that move beyond
the realm of intact, full-length 12G antibodies. In the
current review, attention will be focused primarily on
lg(G1 since this is where the majornity of published
wformation exists for antibody drug forowiation and
delivery

Aantibodies, due fo thewr targe size (being greater
than the filtration cut-off size of the kidney} and their
ability 10 be sequestered for periods of time from the
biood, via interactions with FeRn receptors prosent on
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involved in antigen-specific recognition. B) Removal of the Fo domain produces a Fiab)? structure. C) Single chain structures of the antigen

binding region (sclv) can be prepared by themselves or I} in a consiruet that includes Fe domain elom

is. B} Bi-specific anibody elements

{diabodies} can be prepared to bring two different antigens into clcwe p'b)u}‘l'ﬂtv Uy, heavy chain constant regions; Cq, light chain constant

region; Vi, heavy chain variable region: Vy, lhight chain variable reg

endathelial cells, can have extended serum profiles m
the range of weeks. A mumber of engineered antibody-
like molecules axe now being examined for therapeu-
tic applications [28]. Some enginecred fragments,
such as diabodics and minibodics, are much smaller
than intact, full-length {gGi and have very different
properties of systomic distribution and clearance.
Additionally, methods to prepare other antibody types
such as dimeric secretory iga {21] and methods fo
prepare antibodies using son-marmmalisn cell sys-
terns, such as plants {22}, from the eggs of chimeric
chickens 1237 and from transgenic animals [24], are
now being cxplored by academic and industrial
groups. As these new approaches gain promience,
more information will be acquired about their unigue
requirements for suceessini fommulation and delivery.
At present, however, there 13 hittle mformation on

formudation approaches for antibodies produced using
these production processes.

. Gremeral concerns for antibody formulations

Due to thewr proteinacous nature, antibodies present
generic formudation ssues that are similar for most
protein therapeutics [11]. Proteins, in general, can be
degraded wader conditions when they are cxposed to
heat, freering, light, pH extremes, agitation, sheer-
stress, some metals and organic solvents. With ever
advancing analytical technologies, the ability to asscss

the physicochernical and thermodynamic instability of
antibody drugs has also led to the identification of
several ovents that are more specific to the unique
natyre of this particular class of proteins: varistions in
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Fe glyeosylation, partial heavy chaim C-teoniual Lys
processing, Fc methionine oxidation, hinge-region
cleavage and glveation of Lys residues [251.
addition to these issues is the difficulty of prepanng
dosing materials that might have protein concentra-
tions in the range of 100 mg/mi or greater, Sinee garly
preclinical assessment 1S so coritical to successful
identification of a new brotherapeutic product, general
pre-formulation strategies are usvally emploved for
imtal studies with new antibody dmgs. An wital
fornmlation effort will likely employ an isotonic, non-
hemolytie, slightly acidic solution that can be admin-
istered by intravenous nfusion or subcutaneous
injection in studies ermploying a relevant animal
maodel, In some cases, some stability mnformation for
the antibody drug can be obtained from initial in sthico
and n vivo testing during this pre-clinical phase that
aids in the selection of 2 formulation that s used in
clindcal trals {261,

Since most early pre-clinical studies attempt to
eraulate the delivery strategy that will be used in the
chinic, initial studies frequently identily problems with
either the mitial pre-formwlation approach and/or
stability issues with the antibody dmg itself In the
casc of the formulation, protein precipitation can occur
with refrigeratad storags or with repeated freere—thaw

cles; events that may be facilitated by an nappro-
priate pH or buffer selection. Analysis of antibody
drugs stored in this inizal pre-fornmiation svstem may
alsg identify unstable sites within the protein or ifs
finkage to attached molecules (chemotherapeutics,
unagining agents, oftc.). [n the casc of the auntibody,
ﬁ]i% information is frequently evaluated to determine if
enginesting of the protein could be performed, for
exampim to provide greater thermodynanmic stabality or
folding efficiency {271 Such changes in the Fe rc—:gian
are typically conservative, but might act to modify Fo
receptor binding propertics to provide a different
biclogical outcome {28,291, Anuno acid substititions
can also be made within the Fv region to improve
therrmal stabibity 1307, but such changes might also alter
antigen binding specificity [31].

4. Stability issues for antibody formulations

if one cxamines the amino acid sequences for
corrently approved IgGl-based antibody drugs, it

becomes quite clear that only a small segment of
these proteins are dramatically different from one
another, being the Fv segments that are involved in
antigen binding. It should be pointed ovt, however,
that there are some minor differences in conscrved
regions as well A priort, one might assume that by
finding a stable formmlation for one of these antibody
drugs, that such a formulation would be good for maost
if not all, similar antibodies. I this were bome out by
exparience, there would be vo need for a review such
as this. Instead. each antibody seems to have a uniguoe
personality related to its requirements for stability: a
phenomenon derived from the fact that the small
differences between these antibedies are focused on
surtace-exposed amino acid differences that stipunlate
antigen specificity. Thus, the intcrfacial swrface of
cach antibody dmig iz wvmigue and thus requires
g ecific formulation components to provide maximal
tability and retention of activity.

Probably the most important aspect of identifving a
successful antibody drug formulation s in the
identification of truly detrimental alterations rather
than sl of the modifications that mught ocecur
Although, from a regulatory standpoint, it may be
beneficial to understand all of the potential degrada-
tion cvents associated with an antibody formulation, i
is the recognition of a stabilitv-indicating parameter
{or several parameters) that allows the formulation
scicntist to focus in on what is critical to development
of a soccessfol product. Here, a scrics of physico-
chemical and bioanalytical assays can be used to
identify these parameters {321 Although w vivo
bicassays may ultimately be required to validate a
stabiltty-indicating formulation parameter, the most
critical tools at the disposal of the formulation
scientist ars rapid and reproducible assays to measure
protein changes due to oxidation, deamidation,
aggregation, fragmentation and other fornw of cheow
ical modification that could lead to 4 loss of function
of the antibody drug.

4. 1. Oxidation

Methionine and ¢ysteine residues are froguently a
site of oxidation in protem dregs and this 1s also the
case for antibody drugs {337, In the case of antibody-
ba‘s =d drugs, specific methionine residues within the

o donain may be prone to oxidation, resuliting in the
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producton of methionine sulfoxide {2 Whilc
cysteines are present in the Fe framework as disulfide
patrs, unpaired cysteines in the vanable region may
also be sites of oxidation. Besides methiomne and
cysteine residucs, oxidation of histidine, tvrosine,
tryplophan and phenylalamine residues can also ceeur
[341. A number of methods can be used to monitor
oxidation of amino acid residues. As a starting poing,
the number of reactive protein thiols can be monitored
using reagents such as 5,5 -dithienitrobenzoic acid or
indoaccthyl dansylcadaverine {33, providing a simple
readout on the nuwmber of protein thiols per protein.
Total amino acid analysis can also be used to monitor
reductions in methionine, tyrosine and phenylalanine
residoes, Tryptic digestion and peptide separation by
liguid chromatography followed by mass spectrosco-
py analysis (LC-MB) can be osed to identify specific
gites of amino acid oxidation.

A carcful study of methionine oxidation has been
performed for the humanized monoclonal antibody
that recognizes the har/nev gene product. For this
protein it was determined that a methionine at position
255 in at heavy chain of the Fo region was the
primary site of oxidation and that a methionine at
position 431 could also oxidize under more aggres-
sive conditions, In this study, a chromatography assay
was used to detect oxidation events following papain
digestion to separate Fab and Fo segments of the
antiboedy 136]. Another study on the stability of this
same protein provides a valoable template for dealing
with antibody oxidation: identification of a critical
oxidation event, validation of & robust assay for
monitoring that event and comparison of formulation
parameters to determine conditions that facilitate
oxidation. Addition of antioxidants or stoichiometric
levels of free methionine or thicsulfate were found to
rechice the extent of oxidation in formmulations of thig
antibody {371

Issues associated with administration of oxadized
forms of an antibody may extend bevond concemns of
reduced efficacy, Systeraic upus cryvthomatosus (SLE)
15 a disease characterized by the induction of anti-
double-stranded DNA antibodies, Studies have shown
that increased levels of markers of protein oxidation,
ncluding those of methionine sulfoxide and 3-nitro-
tyrosing, comrelated with SLE disease activity {381
Additionally, oxidative modifications of antibodics
isolated from symovial floid samples collected from

patienis with theumatowd arthnitis suggested alteration
of histidine, methionine, tyrosine and cysteine resi-
dues [39], While no direct causal association is shown
or inpliad, these observations bring attention to the
igsue that we do not fully understand the clinical
unpact of antibody oxidation events.

4.2 Deagmidarion

b

Glutamune and asparagine residucs show a propon-
sity for deamidation [40]. Both light and heavy chains
of antibodies can underge deamidation of these aming
acids {41} and deamidation events are considered to
be ong of the major sources of charge beterogeneity of
monocional antibodies {421 Deamidation events
appear to be highly sclective cvents for individual
antibodies. For example, analysis of several mono-
clonal antibodies that bind the her2/nen gene product
demonstrated asparagine 30 deamidation on one of
both light chains and asparagine 55 on the heavy
chain [43]. Deamidation evends fead to more acidic
forms of the antibody through the acquisition of
addiional carboxylic acid groups. Counversely,
aspartic acid residues can also undergo modification
0 o succinimide moicty that results in a basic
antibody isoform of the antibody by removal of a
carboxvlic acid group {437 In general, deamidation
events appear to be relatively slow but are accelerated
by unfolding of the antibody {441 Initial detection of
deanudation in antibody preparations iz typically
identificd by differences in charge distribution or
content using methods such as iscclectric focusing
{({EF} or high-performance cation-exchange chroma-
tography {437,

High performance clwomatography can then be
used o separate succinimide, isoaspartic and aspartic
acid dsoforms of tryptic digest fragments of the
antivody which can be unambiguously characterized
by tandem mass spectroscopy (MS). Correlation
between tryptic digest tandem MS results and some
other more readily accessible macthod, such as IEF,
can provide a rapid format to follow antibody
dearidation events. Using these technigues, aspara-
gine deamidation cvents residues appears to ocour
mwore frequently than glutanioe deamidation and
specific asparagine residues appear to be selectively
targeted for this event [33] Deamidation of aspara-
gine 18 frequently associated with rearrangernent
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events that lead to the formation of isecaspartic acid
(427 and this outcome is correlated to aming acids
adjacent to the asparagine prone for deamidation {44]
that provide a method for prediction of potential
deamidation sites (BOX). In particular, asparagine—
glveine sequences can demonstrate accelerated dea-
midation rates since glveine residues lack a side-cham
structure that would otherwise act to decreased
conformation mterference for backbone-associated
wsoaspartyl formation (451

Box 1

Aminoe acid¥ sagusncas predicted to
deamidate

SNG, ENG, LNN and ENN

{Note these have a following amino acid of G
or N}

and those that are less prone to deamidation
GNT, GNS, GNY, TNY, SNY, SNF, SNT,
SN, SNL.

WNS, WHS, FNW, FNS, FNR HNA&, HNH,
LNWY,

CNV, NNF, DNA, and YNP

*standard single aming acid letter nomen-
clature.

Non-cnzymatic paramcters of asparagine and
glutamine dearnidation 0 proteins have been defined
in detail for factors such as pH, temperature and ionic
stecngth {46,471 The prmary seqguence dependence of
these deamidation events can be explained by a
simple steric and catalytic model [46,47], Predicoon
of deanudation cvents based upon threc-dimensional
structures have also been deseribed but the data set for
these studies 1s not vet sufficient to produce a general
model {481 That asparagine and glutamine deanuda-
tion appear (o be a constant phenomenon of proteins
and correlate with their nrnover provides the basis for
the bypothesis that the presence and distrdbution of
these amino acids within a protein can act as a
moiecular clock for its biclogical tumover {49 507,
For the formulation scientist, empiric asscssment of
factors such as pH and ionic sirength provide the best
strategy to identify a formmiation that minimizes
deamidation events, In gencral, deamidation docs
not result in a decrease m potency and deamidation

may be bard to deteet as the charge difference is small,
At times, however, there can be a detrimental effect on
potency through the mtroduction of an unfavorable
negative charge that can have further ramification on
biological function, particularly when deamidation
occurs in the binding regions 151]. As partonlarly
reactive residucs are identified, it may be possible to
have the antibody engineered to remove the problem-
atic aming acid or to change adjaccnt residues o
reduice 1#s reactivity.

4.3. Aggregafion

Laquid forowlations of protein therapentics fre-
quently exhibit a decrcase in concentration due 0
adsorptivity to container walls at low concentration
and can show aggregation events at high concen-
trations. Initial preparations of antibody drugs were
adiministered in acute sitwations by IV infusion that
could allow for medium protein concentration {1-10
mgimly forowlations not dramatically affected by
adherence or aggregation losses. As antibody-based
drugs became more widely used in chrowic care, bigh
concentration formulations that would allow for
clinically acceptable SC injoction volumes became
desirable and aggregation became an important
concern for designing formmulations. Along with
aggregation events, protein solutions at concen-
trations > 50 mg/mi may become sufficiently viscous
as to no longer readily pass through the gauge of a
needle that would be comifortable for patients”™ use.
Some antibodics demounstrate bigh concontration
viscosity issucs while others do not. For example,
the anti-respiratory syneytial viral antibody Synagis®
18 formulated at 100 mginl profein and is admonis-
tered successfully by IM imjection. Thus, addressing
vigscosity, adsorptive loss and aggregation in any
specific antibody formulation will likely be performed
on a casc-by-case basis.

Asg protein—protein contact frequency increases at
high concenteations, the opportunity for stable aggre-
gate formation increases proportionally. Proteins are
folded in such a way as to internalize hydrophaobic
domains and surface-exposce more hydrophilic
domatns 1o 3 thermodynamically stable sitnation. As
folded proteins undergo normal molecular motion
transient surface exposure of hvdrophobic domains
can lead to protem-protein contacts that fude these
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soifaces 18 a more ensrgetically favorable masner
The outcome of these events is the stabilization of
these protein—protein contacts with the ultimate
outcome of dimerization, trimerization and so on
leading to extended aggregation cvents [5Z1 As
protein concentration and femperature goes up, 80
does the probabihity of energetically favorable con-
tacts leading to aggregation with increased frequency
and duration of reversible protein-protein contacts
icading to a groator extent of stable {cven preversible)
aggregation events. Aggregation {covalent, non-cova-
lent, dissociable, non-dissociable) must be considered
a likely degradation event for high concentration
antivody formulations.

For some antibodies redoced {ermnperatures can
incite reversible selftassociations; these molecules
are known as cryoimmunoglobuling {53) [gG3
cryoimmumoglobulins have been shown to self-
associate through sugar structures of the Fo domain
[54]. Sclf-association events involving IgGl anti-
bedies seem to ocour prmarily through weak ionic
and hydrophobic imteractions [55]. More recent
studies have examined kinstic and thermodynamic
aspects of antibody solution dimerization using a
recorbinamt hwman monocional antibody that ree-
ogmzes vascolar endothelial growth factor FhMab-
VEGF) as a model {56 It was found that for this
1gG1 class antibody, aggregation rates were greater
in shghtly alkaline (pH 7.5-8.5) compared to slightly
acidic (pH 6.5-7.5) conditions. A high salt environ-
ment {1 M NaCly also enhanced dimerization. Not
surprisingly, sclf-association cvents were acceleratod
as the storage temperature was mncreased. One of the
st siriking aspects of these dimerization studies on
rhMab-VEGE 18 that trastuzsinab, ancther genetical-
ly enginecred antibody with the same Ig(Gl frame-
work and a 92% sequence homology with rhMab-
VEGF, fails 1o demonstrate aggregation cvents under
the same conditions.

A mipmber of additives have been identified that can
reduce the rate of protem aggregation {32,571, A rather
wide spectrum of egents can reduce protein aggregation
rates: urea, guapidioium chioride, aminoe acids (in
particular glycine and arginine), various sugars, poly-
alcohols, polymers (inchuding polyethviene glyeol and
dextrans), surfactants and even antibodies themselves.
Studies have shown that different proteins beneftt fiom
different types of anti-aggregating factors, consistent

with the notion that the mierfacial surfaces that dove
mteractions leading 1o aggregation are protein-spacific.
Conceptially, anti-aggregating agenis mught fall mto
ong of two categonies: small agents that fit into
channels or grooves and large agents that might interact
with lower-curvature surfaces of the protein. In
essence, the small agents would act o stabilize a
protein from acquiring a conformation that might be
more reactive toward aggregation while a large agent
maght act to reduce the frequency of surface contacts
that lead to an aggregation event In the case of
antibody formulation, cither or both may be mnportant,
As we will discuss, agents found to effectively protect
an antibody from aggregation may differ for various
stress  conditions; antibodies in solution that are
undergoing agitation and thermal stress may  differ
from those of the same anobody as it undergoes
tvophilization and reconstiftion.

Protection  from aggregation can e bimited in
antibody formulations by the addition of surface-
active agents such as detergents, both charged and
uncharged. As an interesting aside, such surface-
active agents can help redoce protein loss due o
adherence t0 surfaces that can occur with low
concentration protein formulations. Polysorbate 20
and 80 {(now available from a vegetal source) are
examplies of detergents that are widely used to
reduce the rate of protein aggregation m high
concentration antibody drug formulations. A precau-
tionary note must be sounded, however, as detergents
perform this function optimally at low concentrations
0.01% to 0.05%) and can act detnumentally to
participate i protein unfolding at higher concen-
trations, o.g., 1%.

That antibody aggregation can be accelerated by
several physical conditions provides the potential for
rmltiple methods to determine 1f @ particular antibody
diug s prone to aggregation and to rapidly fost
formolations for their ability {o wnpede aggregation.
Agitation studies are done, in addition to thermal
stability studies, 10 determine if aggregation can occur
m a given formulation. Different test methods are
used, eraploving a shaker or a stirring apparatus. In
ong study done on an 1gGl antibody found sizes of
aggregates prodoced by the two wmethods were
comparable [38). They concluded that a higher
throughput test could be coonstructed using stirriong
analyzed by ahsorbance measurement. In their work,



694 AL Daugherty, R.J Mrsny / Advanced Drug Delivery Reviews 58 (2006} 686-706

the stirred samples extubited wuch higher absorbance
and second particle species in DLS, indicating that
stirring stress produces a higher amount of smalier
protein aggregates. While Mahler foond polysorbate
80 protects against aggregation, the stirred samples
had an mcerease 1n turhidity and more aggregate
products were detected by DLS as compared to a
surfactant-free formulation. Polysorbate 80 stabilizes
small aggregates and prevents further progress in the
aggregation process,

4.4, Frugmentation

Intact, full-length antibodies are composed of
several segments that have natural flexure sites. One
site, in particular, cxists at the flexure point between
the Fo and Fv domain. Cleavage at this hinge region s
a common concern when assessing antibody dmg
stability {251 Moelecular sizing methods such as
sodinm dodecyl sulphate polyacrylamide gel electro-
phoresis {(SDS-PAGE) and size-exclusion bhigh per-
formance liguid chromatography (SE-HPLC) can be
used to rapidly identify fragmentation cvents in
antibody drogs {591 Fragmentation of full-length
antibody dmgs 15 a2 common occurrence and invari-
ably affects their function. In general, cleaved forms
are present in such low amounts that it is Hkely that
fittle change n cfficacy would he seen [68]. At the
very least, the antibody dmg may have some small
reduction in efficacy following fragmentation or may
be more prone to proteases, degradation and clearance
cvents that would lroit the dueation of its cfficacy. At
the worst, a fragmented antibody preparation may
result in a different biodistribution and thos a different
safety profile. This can be of particular concern if the
antibody is being used to delivery a cytotoxic chemo-
therapewtic agent. Fortunately, the extent of fagmen-
tation in an antibody can be casily bmited in the
formuolated product.

5. Strategies to stabilize antibody formulations

While hguid antibody formulations are less expen-
sive, faster to develop and generally easier to prepare
for administration than alternative formulation
approaches, liquid antibody formulations arc prone
to oxidation, deamidation, aggregation and fragmen-

tation as discussed above. In cach of these events,
water is the common culprit: water mediates efectron
transfer during oxidation and deamidation events and
its required addition across a peptide bond can be a
critical step in fragmentation. The thermodynamic
stresses that lead to protemn aggregation are caused by
hydrophobic protein surfaces being exposed to water
and trying to find 3 lower energy state by non-native
protein—protein interactions. Thus, water is a big
problem for stabilizing antibody-based drags. Lyoph-
ilization or introduction into hydrophobic polymer
systems can reduce the impact of water oo antibody
dirug formulations.

5.1 Lyophilization

Although some antibodies bave demonstrated a
propensity to undergo precipitation as they are cooled
from 37 “C [33], antibodics ave typically wobust o
freczesthaw cyeles {611 Harly studies reported that
antibodies were stable to the fresze-drying (lyophili-
zation) process in the absence of cxcipients that
funchion as cryoprotectants [67], however, with the
technical advancement of certain analytical method-
ologies, became cvident that antibodics are generally
damaged m some way as a resolt of lvophilization as
demonstrated by extensive formation of nsoluble
aggregates {611 More recently, studies have shown
that freeze-drying antibedies to a specific percent of
residual water (usually between 1 and 8%) alfows for
optimal stabilization in the dry state and stability
during reconstitution {631 Higher moisture content in
ivophilized antibody preparations correlates with
1acreased aggregation {as seen by SEC) and aspara-
gine dearmdation and isomerization {as measured by
HIC). Smdies have also been performed to identify
optimized lvophilization schedoles where the second-
ary drving phase is performed at an clovated
temperature {641 This technique allows the lyophyl-
ized cake to achieve optimwm moisture content,
allowing the final product to be conformationally
stable {as measured by DSC) during extended storage.
Solid-state structural studies can be used o monitor
conformational changes and aggregation cvents dur-
ing the storage of a lyophilized monoclonal antibody
preparation {05]. Improved native-like structure and a
reduction in aggregation can be obtained by incorpo-
raticn of a carbohydrate cxcipient in sufficient
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guandities to fulGl the hydrogen bonding require-
ments on the protein surface, suggesting a critical role
for non-water moleciies 10 act as placeholders for
water molecules during drving and in the dry state.
That the addition of excess carbohydrate failed to
mprove the stabilizing funchion of this excipient,
reaffirms the conchision that antibodics have a linuted
numnber of sites that must be protected in this fashion
[65]. A variety of carbohydrates or polyol compounds
such as sucrose, trehalose and mannitod bave been
shown to provide this stabilizing function {066,671

‘The rate of rebydration when water is rewtroduced
doring reconstitution of Iyvophibzed formulations s a
critical paramctor. As water is removed during the
differerdt drving stages of the fyophilization cycle and
replaced by a shell of non-water excipionts, the
antibody drug can vndergo structural modifications
that result in a non-native conformation as may be
geent by differential scanping calormmetry {631 If the
rate of rehydration iz safficiently slow to allow
recovery of native counformation as water veplaces
non-water cxcipient molecules, reconstitution will
typically provide a satisfactory outcomne for the
antibody. If, however, the antibody does not have
sufficicnt time of capacity o recover ifs native state
dunng reconstitution, extensive aggregation can re-
sult. Efforts to protect monocional antibodics from the
rigors of freeze-dryving and reconstitution have been
aided by a number of analytical methods that can
exarmine protein modifications. In the scolid state,
circular dichroism {CD) and Fourier transforn: infia-
red (FTIR) spoctrascopy may e used 1o evaluate the
protein; after reconstitution in the higuid phase, SEC
or SDR-PAGE bave been uitlized to gather informa-
tion fom byophilization studics [OR.69]. A micro-
scopic apparafus to visually monitor freeze-drving
vents hag even been described [78]. Excipients that
have boen reportad to slow the reconstitution rate and
thereby preventing such changes i the rehydrated
antibody are ghycerol {71,727 and polymeric materials
such as polyethyiene glyeol {731

Pharmacawtical scientists frequently use increased
terperatores  for accelerated formulation stability
studies. Although such studics can be used to assess
formulation parameters such as pH and 1onic strength,
antibodies lyophilized in the presence of a cryopro-
tective sugar cxcipient provide a more complicated
pictore. Lyophilized amorphous sobids composed of a
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moncclonal antibody and a sugar oryoprotectant
material such as suerose or trehalose form glassy
structures, ligquids that arc too viscous o flow. That
antibody-excipient complexes exhibit a glass transi-
tion temperature {Tg) provides the basis for observa-
tions showing that these wmaterials have wvumigue
propertics above and below this value. Thus, n
predicting shelf life m accelerated degradation studies,
it is important 1o use iesting temperatures that do not
cxceed the Tg theeshold of the complex [67] I
general, bvophilized formulations containing trehalose
may likely show less tendency toward antibody
aggregation than those with sucrose, since trehalose
preparations have 2 higher Tg {671 With this 1n mind,
a promising approach o assess secondary structural
parameters o evaluating antibody formulation stabi-
ity is the use of amide { band Raman spectmswpv
This method demonstrates a good correlation betwees
structural  protein perturbations  iunediately zaf!ter
fvophilization and the rate of aggregation during
fong-term storage under accelerated conditions [74],

5.2, Polymer delivery systems

Removal of water from antibody preparations,
either by lyophilization or spray freeze-drying, pro-
vides a provides a starting point for incorporation of
this dried material into a hydrophobic polymer matrix
such as polylactide-co-glyeolide (PLGA) that can be
made into microspheres generated through 4 solid-m-
oil-in-water {8/0O/W) encapsulation process [73L
Although both marnnite] and trchalose can stabilize
human igG during spray freere-diving, the double-
erouision solvent evaporation method used to load
spray freere-dried human {gG intc PLGA micro-
spheres has been shown to produce extessive anti-
body aggregation {751, Such an ontcome is hikely the
result of theemodynamic stress oxperienced at the
water/orgamc sofvent interface and a vanety of
process methods and excipients can be use to mini-
ze this concern [76].

One feature of PLGA microparticle preparations is
their recoguition by’ iomune ¢lements and their
capacity to stimnglate immunization against incorpo-
rated profeins {77- “3} While this bas clear advan-
tages for vaccines, it poses a serious concern for
therapoutic protein delivery, Hydrophobic micropar-
ticles have been reported fo incite focal nflammation
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at subcutancons igection sites [88], events that may
be partially mediated through macrophage recruitment
[31]. Not only is the potential for antibody formation
increased with local inflammation, the resulting
injection site reaction may be clinically unacceptable.

In spite of some serious caveats, polymeric micro-
spheres and delivery systems can be successiul
antibody formmiations if administerad to the appropri-
ate sifes, using certain types of polymers or preparing
microspheres or polymernic formmlations by methods
that ave more protective of the antibody. An example of
a certam delivery site that may have less prochivity
towards an milammatory response is reported, where
PLGA wmicrospbheres loaded with an anti-VEGE
antibody were injected nto the mtravimreal mor of
the cve, an mmunc-privileged site, for the treatment of
age related macular degeneration (AMD) {821, Resorb-
able polymers that show less potential to incite
wflammation, ¢.g.. have smoother surface character-
istics, might be used to deliver antibodies in a
sustained maoner, THrect, local delivery of antibodies
using carboxymethyleclivlose aqueous gels can be an
cffective post-surgical anti-tofective strategy [E31
Antibodies covalently coupled to a biodegradable
byaluronic acid hydrogel through a labile hydrazone
fimkage bave been used for the sustained debivery of
antibodics to sites within the condral ncrvous system
1241, Introduction of dry powder IgG mito ethylene-
viny!l acetate copolynwer (EVAc) has alsc been
examuned as a potential polymer-based antibody
delivery system [83]. Sumnilar to PLGA systems, EVAc
microspheres can oxtond the bme course of {gG
release. This property makes polymers loaded with
aniibodies inferesting opporfunities for ipjectable
sustained release delivery forimats bat also for topical
apphcation at mucosal surfaces. For example, long-
term vaginal delivery of an antibody can be achieved
in a mouse model using polymer vaginal rings {86,871,
Formulations of a biomedical grade polyorethane
hydrogel with an antibody coating have also been
prepared and shows to release bioactive protemn {88 It
is important t0 note that one complicating aspect of
many of these approaches s the requirement of a
polvmer selubifization step using a solvent, such as
methylene chioride or isopropancl, which can com-
promise protein drug stability, Sustained release
fornwilation approaches such as microspheres prepared
psing water, such as the PROMAXX microspheres
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{Epic Therapeuiics) or crysizllization of protemns {B3]
can bypass the use of solvents that are incompatible
with proteins and antibodies.

6. Formulation issaes for altersative forms of
antibedy delivery

1o date, antibody development has focused pri-
marily on injectable routes of admimstration: indrave-
nous (1V), mtramuscular {(IM} and subcutaneous (5C).
A long history of IV antibody infusions oxists {901 and
the advantages are clear for antibody-based drugs that
are used in cancer treatments in arder to reach tamor
sites that may be diffuse or not otherwise accessible,
In fact, the majortty of the approved antibody-based
drugs are adrmmnistered by 1V mfusion (Teble 1) with
the total dose administered approaching one gram of
wolein per treatment i some cases. For many
antibody-based therapies a critical safety concem
wvolves the ouset of acute or delaved systenic
reactions following infusion {91,921, Parameters and
characteristics of the “infusion reaction” as well as
treatment protocols have been well described with
acute cvents commonly occurring within 10 min o 4
h and delayed cvents oconrring 24 b o 4 days post
dosing {93]. Althongh formation of antibodies to the
administered antibody drug appesr to be a nsk factor
for mfusion reaction cvents [94], infusion reactions
can occur following the mitial exposure {937 and these
reactions do not appear 1o be due to gkl responses or
mast cell activation [95]. Most importantly for the
patient, there appear to be treatment protocols to
provide re-treatroent of patients even afier an infasion
reaction event {93 with concomitant administration of
immunomaodulation mwelecules [94]. There are many
pranswered questions about the mechanism and
prevention of adverse infusion reaction events asso-
ciated with [V mfusion of antibody drogs. Certamnly,
one method is to explore IM and SC delivery when
passible, although these delivery approaches may also
have confounding aspects of tissue response and
volume limitations,

Other routes are also amenable to antibody delivery.
The wereased momber of antibady therapeutics on the
market and the greater exploration of non-life threat-
cning indications being freated by antibodics, duve
efforts to deliver these agents by routes other than 1V
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Tablo 1
Formulations of approved products

Antibody product; company  (Generic name; descripiion  Delivery  Pormufation  Buffer components; pH*  Excipients

route concen tration
Othroclone OKT3®; J & Muromonab-CI33; Murine IV 1mg/mi Na,K phosphate; pH 7 NaCl, polysorbate 80
}-Ortho Biotech 12G22, anti-CD3

Reopro®; Centocor-Lilly Abciximab; "mm‘u IpGL, IV 2 mg/mi Na phosphate; pH 7.2 NaCt, polysorbate 80
anti- GP'Ib/Hm,

Rituxan®; Idec-Genentech  Rituximab; Chunene IgGl, IV 10 mg/md Na citrate; pH 6.5 Na{’l, polysorbate 80
anti-C20

Zenapax™®; Roche Daclizimab; Humanized v 5 mg/mi Na phosphate; pi 6.9 NaCl, polyscrbate X
IgGH, anti-CD25

Simutect; Novartis” Basilixamab; Chimeric 1pG, IV 4 mg/mi Na K phosphate, glycine Nalll, sucrose, manmitol,

anti-CD25 iysorbate 80

Synagis®; Medlmmune” Palivizumab; Humanized ™ 100 ma/mi Histidine, plycine itol
12Gi, anti-RSV

Renicade®; Ceptocor” Infliximab; Chimenc 122G, IV 10 mg/mi Na phosphate; pH 7.2 Sucrose, polysorhate 80
anfi-ITNFa

Herceptin®; Genectech” rastuzumaly; Huomanized v Histidine; pH & Trehalose, pelysorbate 20,
163}, anti-HER?Z2 i

Mylotarg®; Wyeth® Gemtugumab ozogamicing iy Na phosph

Humanized IgG4,
anti-CR33, irmunotoxin

Campath ®-1F; Alemtuzumab; Humanized IV Unclear — Na,K-phosphate pIl 7
Milepniun-fLEX 103}, anti-CD52 30 mg /vial

Zevalin®; Biogen ldec Tbritsamomab tiuxetan; we 1.6 mp/md Na Acetate, Na,
Murine IgG1, anti-CI320; K-phosphate pi{ 7
radiolabeled (*Y or m,'m)

Humira®; Abboit ndaJmumab, Human IpGl, IV 50 mg/imd Na phosphate, Mannitol, polysorbate 80
antt-TNFo Na Citrate; pH 52

Xolair®, Gensntoch” Omslizamab; Humanized sSC 128 mp/md Histidine Sucrase, polvsorbate 20
12G1, anti-Igh

Bexxar®; Corixam-35K Tositumomab-{131; Murine 1V 14 mg/mi Na phosphate; pH 7.2 NaCl, maltose
{g(G2a, ant~C320,

radiclabeled (V'D)

Raptiva®; Genentech Efalizumab; Humanized sC 100 ma/mi Histidine; pH 6.2 Sucrase, polysorbaie 20
121, anti-ChDlia

Erbitux®; Imclone Systerns Cetuxis
anti-EGER

Avasatin®; Genentecht Bevacizumab; Humanized IV 25 mg/mi Na phosphate; pH 6.4 Trehalose, polysorbate 20

; Chimenie JgGi, IV 7 mg/mi Na phosphate; pH 7.2 Na(t

13}, anti- fF\n
Tysabri; Biogen Idec Natalizumab; Humanized [AY 20 g/mi Na phosphate; pH 8.1 NaCl; polysorbate 80

1204, anti-4a-integrin

Ordered by approval dates in the US.

Abbreviations: RSV=respirvatory syncyilal virus; TNFe=tumor necrosis factor alpha; EGFR=epidermal growth
VEGF=vascular endothelial growth factor; NaBDTA=sodiam edentate.

“ Some lyophilized formmlations do not stipulate a pH {or range) following reconstitution.

" yophlized product, concentration, pH, eto. values are obtained after reconstitution.

© Added as a preservative to generate a multi-dose vial configuration.

4 Kit where components are mixed just prior to administation.
mfusion. These routes way be more effective, less the case where the alterpate rovte of admnistration
invasive, provide easier delivery, permit self-adminis- delivers the therapeutic agent to the intended site
tration and thereby be more convenient and possibly direcily. Interestingly, some studics have suggested that

have lower costs if less active agent can be used, as in antibodics admunistered by IV infusion are more
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susceptible o proteolysis than via M injection {5
and sucrose-stabilized immunoglobulins have been
associated with acute renal fatlvre following IV
nfusion {96]. The antibody used to protect nconates
from respiratory syncytial viral (RSV) infection {Syn-
agis®} is one example of an antibody adminmstered by
M injection. For reasons discussed above, the majority
of antibody-based drugs have moved toward SC
delivery with formulations efforts being focused to
this end. Based upon the deswed actions for & number
of antibody-based drugs, however, routes of adminis-
trafion other thap IV, IM or SC may be desirable. These
altcrmative routes can provide umque formulation and
stability issues.

6.7 Oral

Uptake of antibodies from the intestinal lamen can
ceeur through fetal Po receptors (FeRn) expressed at
the apical surface of enterocytes [97]. This natural
antibody uptake mechanism was mitially identified in
the gastromtestinal (G1) tract of neonatal rodents and
its cxpressien shown to vanish following “closure” of
the intestine after weaning. It was only recently that
the contimued expression of this receptor in the adult
intestine was demonstrated and this finding has
prompted cfforts to examine this receptor system as
a means of debivery antibodies after oral adtmmstrw
tion. Although this pathway appears to be a viable
route for the delivery of therapeautic antibodies, issues
associated with antibody stability in the Gl tract [9¥]
and competibon from codogenous antibodics can
dramatically reduce the efficiency of uptake after oral
delivery. Outside of this spectfic mechanism, no other
transcetfular mechanism of efficient antibody trans-
port across epithelial cell of the Gl tract has been
demonstrated to date. Topical application of anti-
sadics to produce a desired clinical outcome have
been shown, bhowever, with the oral debvery of a
chicken-derived {IgY) antibodies for treating and
preventing mfectious diseases of the GI teact {98~
1861, It should be noted that IgY antibodies have been
shown o not bind to {or be ransported by) FeRn {971,

6.2 Respiratory tract

fotranasal and pulmonary administration of protein
therapeuotics has shown more promising chimcal ot
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comes than oral delivery. While the surfaces of both
the respiratory tract and the gastrointestinal tracts are
readily accessible, the respiratory tract is a far less
hostife enviromment for an administered protemn
therapentic. Nonetheless there are physical clearance
mechanisms in place o remove foreign particles
which act to reduce residence time dramatically
following administration. In the case of nasal admin-
istration the use of a cream emulsion and a polymer
debivery systenn has been shown fo significantly
decrease the clearance rate for a monodonﬂ antibody
when applicd to the nasal mucosa [i011 This study
provides one approach for the topical appiication of a
therapeutic anftbody designed to provide climical
benefit at the muocosal sorface, It does not, however,
suggest that an appreciable amount of an antibody
mught be absorbed into the systenic croulation from
this site. The nasal muccsa affords only 2 small
absorptive surface arca compared to the cpithelial
fimings of the lung.

Agroscel delivery of antibodies to the hung has been
explored as cither a liguid or drv powder formulation,
where in both cases the droplets or particles youst be
of sufficiently small size that they are respirable
perhaps to the fevel of the deep fung but large enough
that they are not readily exhaled or just smpact the
back of the throat {1027 The sizes of particles that
provide this performance have a mass mean acrody-
namic diameter and density such that they enter the
alveoli and remain in the long. This size window has
been reported to be between 1 to 3 um depending on
the formulation vsed and m one case, fr larger, 20 um
where the pasticles are dense (<0.4 g/em’) and highly
porous {1021

Formulation efforts were made for producing fine
dry powder particles of an anti-Igh monocional
anttbody (£23) in the size range desired for delivery
to the fong [103] These studics showed that sodium
phosphate was capable of extending the uscfuluess of
mannitol as a protective excipient in spray-dried
antibody formulations and that wmannitol can play a
mole both m maintaining protein stability as well as
producing a suitable aerosol preparation. Further
studies to assess carbohydrate excipients for spray-
dried acrosol E25 formulations showed that excipient
to protein ratios were critical. Degradation issues
involved not ondy protein aggregation but also protein
glveation or lactosylation, a protein modification
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event where a reducing sugar can add covalently at a
free amine { 1084]. The ability to fornmldate and delivery
an antibody-based drug to the hng provides the
potential for systemic delivery of that protein via
uptake through the FeRn cxpressed at this nwcosal
surface, Hlegant studies showing the distribution and
function as well as the application of this transport
route for systernic deliver of an Fe-containing protein
chimera has been demonsirated [105,1061, Thus, the
patential or systomic debvery of antibody-based drugs
via the respiratory tract looks promising.

6.3, Miscellaneaus defivery sites of the body

Unigue aspects of antibody-polviner formulations
designed for ntravireal injection [82] or topical
vaginal delivery [86.87] have been discussed above.
Additionally, antibody formulations using hyaluronic
acid bydrogels for sustained hrain delivery have been
noted {84]. These mcthods focus on strategics to
administer large amounts of an antibody at a specific
site 1 order to provide a sustained level to improve
efficacy and/or to mimmize mjection frequency, Other
strategies have been described to deliver antibodies to
miscellaneous sites throughout the body, For example,
an anti-transforrin antibody {OX-26) has been de-
scribed as a carvier tor delivery of covalently attached
therapeuntic molecules across the blood-bram barrier
following 1V njection [107]. An anti-tumor necrosis
factor antibody has been adsorbed onto cardiovascular
stent wires for local neutralization of this cytokine n
order to ot restenosis cvents following stent
placement [108]. A CMC gel containing antibodies
0 prevent post-surgical infections has been adminig-
tered to the mtraperitoncal cavity {831

6.4. Intracelfilar targeting

Some promising antibody drog targets are intra-
cellular. Although techniques exist where a cell can
syathesize an antibody and scercte xt inde the cell
cytoplasny, suaceessfid nae of this technology reqguoires
gene therapy. Instead, it is possible to cheraically
couple an antibody to a pH-sensitive polymer that
functioned to disrapt membranes at acidic pH. Many
antibodies are internalized by cells through a receptor-
mediated uptake process that leads to their delivery
1o carly and then late endosomes. Duonng endosomal

maturation afier receptor-antibody mternalization the
pH of these vesicles will drop from near neutral to
below pH 6. This approach was demonstrated in a
format where the pH-responsive polymer poly{propy-
{acrylic acid) was covalently attached to a monoclonal
antibody to faciintate its delivery to the cytoplasm of
avget cells {121,

)
i

. Gther delivery issves

A wide range of novel drugs and drug conjugates
are being developed using monoclonal antibodies
and eonginesred antibody fragments [20]. For some of
these novel therapeutic approaches to be successful,
they requive additional or non-traditional delivery
strategies. A oursory discussion of some of these
approaches as they relate to intracellular targeting,
site placement and engineered antibodics fragments
follows.

71 Awntibody fragments

An entire spectrum of antibody fragments have
been identified through protein engincering studies
with many of these showing remarkable potential for
unigue and novel clinical opportunities [109]. These
saller recombmant antibody fragments, the mono-
valent antibody fragments, Fab and single cham Fv
and the enginecred vanants, diabodics, triabodies,
minibodies and single-domain antibodies are an
emerging formm of antibody therapy that are less
costly to manufacture while still retaining the target-
mg specificity of full length antibodies. In fact some
may have greater ¢fficacy and more apphcations than
whole monoclonal antibodies. It may be andicipated
that this new subset of antibodies are posing new
formmlation challenges, however, to date, publica-
tions detailing stability stodies and formulation
developiment for these mwlecules are rare in the
sciendific literature so formulation data on antibody
fragments 15 scant. The single V domains have been
found to be poorly scluble and have a tendency o
aggregate (109}, but these problems are being
overcome by the identification of rautants that
minimize the hydrophobic interface and selected by
phage display {110}, Five Fab molecules have been
approved as of this writing with the one humanized
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Fab {ranibizumnab rhbab) awaiting approval m the
very near fufure, but many are in early clinical trials
and most in prechinical development. One study has
been descnibed that focused on Fab fragments. In
zeneral, the binding of an antibody to an effector
protein docs not necessarily inaclivate that target’s
function {iii]. When an antibody is cffectively
inactivating, however, the Fab fragments in the
absence of an Fo domain can frequently function as
highly potent binding agents capable of masking
binding sites or enzymatic elements on macromole-
cules. For exarmaple, Fab fragments prepared from
sheep anti-snake venom antibodies (Digibind, from
GSKy can be an effective anti-venom. Storage of
tiqud formufations of such anti-venoms in sub-tropical
countrics where refageration may not be possible
provides @ significant formulation challenge. Although
fvophilized products can perform well under these
conditions, a pH 4.8 {acctate buffer) formulation was
found to also be stable and potent for at least one year
at yoom femperature {1121, presumably room temper-
atures characteristic of the tropical and subtropical
regions where the material would be used. Stokingly,
this stable forrmulation did not require the presence of
a protective carbohydrate excipient. To improve drug
delivery, antibody fragiments have been fired to many
types of molecules, such as radiomuclides, cytotoxic
drugs, toxins, peptides and proteins, enzymes and
fiposomes 1131 An inwwncliposome made with a
Mab fragment is reported to deliver diugs to the brain
as such a molecule is able to cross the formidable
harrier of the bleod brain baroer [114%

7.2 Immunoconjugates

Arming antibodies with materials useful for detec-
tion or cell killing has become a prominent approach
to increasc the utility of these proteins, reviewed by
Wu and Senter, {20]. Antibodies provide a usctul
format for the production of radiopharmaceuticals for
site- or tissue-speciic localization wsing gamuna
scimtigraphy [10.1157 or for enhanced cell killing.
There are cureently three approved antibody-radionu-
chide drugs: two are murnne radiclabeled Ab for B cell
lympbomas ibritomonmab fuixetan (Y, Zevaling and
tositumomab (' Bexxar) and the third is a human-
ized, gemtuzumab ozogamicin {calicheamicin, Mylo-
targ} for loukemia. The presence of 2 high energy

erutting  radionuclide, bowever, will compromise
iong-term: stability of any antibody formudation; not
enly would the released coergies act © damage the
protein buot there is strong preference to use short half-
life isotopes for these procedures {1161, Thus, in these
instances, a stable formuolation based upon the
principles discussed above can provide a product that
can be radiolabeled and then used soon after this step.
Ong example of this appreach is a lyophilized
antibody forovglation that is reconstitnted and pro-
pared by a kit method prior to patient dosing {117].

Antibodics coupled with cytwioxins for targeted
cell kifling [118] are particolarly uscful in antibody-
based cancer therapies [119]. Beyond the identifica-
ton of a stable formulation for the antivody, such
materials have several additional problems for the
forrmiation scientist to solve: stability issues of the
attached agent and stability of the linker used 1o join
the attached agent to the antibody. In the case of a
monocional antibody-vinca alkaloid conjugate, a pH
range of 4.5-5.5 in a phosphate huffer showed
inproved solution stability compared to material
stared at pH 6.5-7.4 as evidenced by astibody
aggregation and hydrolysis of the chemical linker
used to conjoin the atkaloid to the antibody (1281 In
maost cases, oyiotoxic matenials are coupled to ani-
bodies using veversible chemistries to provide a
refease mechanism for maximal activity at the target
site. Many of these antibody conjugates use a
disuifide bond hinkage that can be reduced by a nove
redox enzyme present in endosomes and lysosomes of
target cells [121], Shghtly oxidizing conditions that
would provide added stability of this linker in the
formuiation could, over time, act t© cayse detrimental
oxidation cvents in the antibody and/or the linked
compound. Other conjugates use an acid-labile linker
(1221 In this case, formalation pH must be regiricted
to cither ncutral or alkaline conditions. Enrymatic
separation of antibody and a cytotoxic matenial could
alsa be achieved by coupling the two through an
amino acid linker that is recognized as a sgbstraie by a
specific protease or peptidase [123] Formulation
wastability of this linker sequences can be corrected
to some cxtent by sclective changes of the amino
acids used.

Thus, the challenges of immunoconjugates inciude
maintaining both dug sad antibody potency and
stability,. While some antibodies are efficacious by




AL, Daugherty, RJ. Mrsny / Advancea

theroselves, many are rouch more therapeutically
active after being armed with a toxin, drug and
radionuclide [1245. These changes make the resulting
product more diffioult to prepare, stabilize and deliver.
Yet, there is tremendous enthusiasm for these
approaches as they provide the promise for some
companies to transforor their antibody into a poten-
tially curative drug. For this reason many antibodies
are combined with & generic delivery system, such as
a Iiposome, that can be used o delivery a varniety or
even multiple agents simultaneously through anti-
body-directed targeting {1281, Examples of such an
approach include studies performed using an antibody
directed against the Her2/oeu astigen to delivery
iiposomes containing a chemgotherapeutic have been
described 1261, antibodies used to deliver cationic
liposomes for the administation of nuvcleie acid
material for gene therapy {1277 and antibodies used
in the targeted delivery of modified gelatin nano-
particles {12%] that can be coupled through a disulfide

linkage [ 1291,

8. Conclusions — challenges and opportunities

As antibody-based drogs come to the forefront of
therapeutics derived from biotechnology, they provide
a range of now and exciting opportunitics to freat 4
number of currently unnet medical peeds. Successful
clinical application of these novel agents requires the
development of stable formulations that can be used
for spectfic delivery methods. Astibodies, becanse of
their endogenous natwre, have built-in features that
may pose problems for siability as biotherapeutics,
that fimction m the normad clearance of these proteins
from the body {404}, Thus, despite our best efforts {o
prepare stable antibody-based drug formulations, the
uiltimate stability of these products may be limited to
mherent mechanisms of degradation pre-designed for
the rate of clearance optimal for their function and
tmover 1 the body, Protein engineering has led o
significant advances in improving sonme of these
pararneters and the trend would predict that additional
advances will be made in the near future (reviewed in
(149D, Protein maodifications can be engincered such
that stability and efficacy can be improved in ways
that cannot be achieved solely, i at all, with
forrmdation alterations, While it 18 clear that more

1 Drug Delivery Reviews 38 {20067 686-706
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o

research s needed m the relatively new area of
engineered antibody fragments for climcal use 1091,
they have great potential for diagnostic and therapeu-
tic application.

In general, successinl antibody formulation designs
are simply the best compromise of minimizing several
competing degradation pathways. One approach is o
find a pH where the minimal armount of degradation
events such as deanudation and oxidation will occur.
Another 1s fo identify a buffer system that can stabilize
the formulation at that pH without damaging the
antibody. One common tactic faken w reduce the rate
of many of these chemical degradation events is to
prepare lyopbilized or freeze-dued antibody prepara-
tion but even these can be compromised by aggrega-
tion issues due to thermodynamic stress that occuss
during freering, drving and reconstitution. A number
of protective excipients, mostly carbobydrates, can
rechuce the propensity of antibodies (o aggregate during
these stressful events. Another issue is to produce a
formwlation that is compatible with delivery — neither
fiypotonic — nor hypertonic solutions are well-
tolerated upon injection. Added to this is the potenhial
use of a surface active agent to help with liguid
stability such as 2z pon-ionic detergenti at a jow
concentration {581 as well as the possible addition of
preservatives requived for multi-use systems {1381,

The future of anubody based drugs s hkely 1o
melude more complex systems than those currently
approved for use in man. Possibly the most critical
aspect of generating a pharmaceutically successtul
formulation for anoibody based drugs s an uoder-
standing the critical aspects of stability for the protein
or the materials associated with the protein. [t has
been known for some time that even a single aming
acid change ® the Fv region of an anitbody can result
in dramatic differences in antigen-binding specificity
[31]. Also, alterations at specific aming acids in the Fe
domain can dramatically change functional aspects of
an antibody. Thus, these kinds of changes must be
considered maore importand in the scarch for a
successful formulation than those changes that do
not appear to affect function. In the case of antibody
or antibody-like agents being used to delivery a

vioad soch as a toxin or chemotherapeutic, the
(.blhty of the material to be delivered and its
contirmied asseciation with the delivery antibody i
crucial.

a
X
8
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