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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIVISION  DE NUEVAS CREACIONES
E. 5. D.

Re:  Dxpediente No. 05.091.313
Solicirud de patente a nombre de ELAN PHARMACEUTICALS, INC.

Yo, DI1LIA MARLA RODRIGUEZ D’ALEMAN identificada como aparece al pie
de mi firma, domiciliada en la carrera 11 A No. 86-53, piso 6, obrando como
apoderada de la sociedad ELAN PHARMACEUTICALS, INC,, domiciliada en
California, Estados Unidos de América, solicitante de la patente de la referencia, cn
respuesta al oficio No. %4 notficado pot fijacién en lista el 29 de enero de 2010 y
relacionado con el concepto téchico Wa. 396, nos permitimos manifestar:

1 Nivel inventivo

Fl sefior examinador en su concepto técnico No. 396 argumenta que: “Ta
imptunggiobuling natalizumab o5 amplamente conovida en el esfadn de la Womia Y cuwmigiier
documente D1-D6 puede ser consideradp como corcany del arte previe, Bl D6 comiprende una
tovmlaion de natalizaonab, b diferescia von la provente solivitud o5 que la formulaciin de la
solicitud womprends natalizumab, amortiguador de fosfato y wn polisovbate y vorurs de sodio,
mientray D6 on la pdg 1072 wolum. Dercha renglones 10-12 se reflere a solncidn salina normdl
sin embatyy o5 Bitn conocie gue lar formudaones de anticeerpar comprenden amortigsadores de
fasfata, polisorbato y cloraro de sadin, por gempls DT describe las mismas composiciones de
inmsnaplibaiinas (Pagd, rengl. 1-26); D2 (pdg. 33, ¢jem. 10 y reiv.6); D3(column.2 rengl 4348,
columd rengl10-20, 4243, cobum 5 renpl16-17, 30-31), Ddfeolumn.s rengld7-42, 55-
67 coburn§ ejemr. Jll), D)3 (hdg. 36 renghi7-20, pdg 38, rengl25-32 y diiimo pdrrafo, pag.51
vergpd A 3-T 5\ @ moa, que podawas ver 16 en combinaciin con sualguiera individualmente de DV a
35, v obtencomor la materia xhora objets de iz pviente soliitud, por fo lanto para #Ra persond
normaimente versada en ki materia ne tendria ningin inconveniente para derivar de manera
virdente lu invencion reclamada, ya que fa ovenin o sompleevente of sowbie de wne
imunogiobuling por obra, abora particular, ero inonlucra solamiente ensayes de pracba y err
rutinarios, lor suales re preden conviderar solamente experimentacion trivial, eipeciaimente s las
sy irpmnoglobulinas particularer (natalispmab) son wiaday o el arte previo para Jay
dutermiinacioner de [as congentraciones mds extables en a5 formulaciones y en conceniraones
Jarmacnllgrianmeniy efling, e 5 donitderade gue sox producty de lay hahilidade: de una periong
nurmaimente versada cn of arte, wo se encuentra of ~ fecto Sorprendente, el yalto cualiiativite, €l
cambio en la regla lienfia, entonves la soliciind no cumple von el requisito exigide en aniiulo?8
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Several successful strategies have been developed to minimize oxidation,
including the use of antioxidants. There are three classes of anticxidants. The
“true” antioxidants are usually phenolic compounds such as BHT, BHA, propyl
gallate, and vitamin E. Reducing agents form the second class of antioxidants
and inciude ceompounds such as methionine, ascorbic acid, sodium sulfite,
thieglycercl, and thioglycolic acid. These act as oxygen scavengers in closed
systems (where the supply of oxygen is limited) wherein they oxidize preferen-
tially over the protein. Metabisulfite has also been used extensively, despite
problems associated with inhibition by many alcohols, aldehydes and ketones,
decreases in pH due to metabisulfite, and reaction with rubber closures.?®? The
third class of antioxidants are chelating agents such as EDTA, citric acid, and
thioglycolic acid. These antioxidanis act by removing trace metal jons that play
a major role in initiating antooxidation reactions, EDTA may occasionally cause
an increase in reaction rate by binding the EDTA-metal jor complex to the
protein, resulting in site-specific generation of radicals.”'* The contribution that
each of these classes of antioxidants makes to decreasing oxidation has been
reviewed recently 2i¢

Based on the above, the first strategy for minimizing protein oxidadon in a
formulation is to refrigerate (as usual), protect from light, remove oxygen, and
adjust the pH. for minirmizing oxidation (Figure 6). If these straightforward at~
tempts do not reduce oxidation, then excipients which may have contaminants that
catalyze oxidation should be remaved and antioxidants added. It is sometimes
necessary to further refine the formulation to stabilize the antioxidants. Finally,
lyophilizefion ot freezing should be employed if these initial steategies do not
provide the shelf life extension required.

Orxidation, deamidation. and apgregation are the major pathways for protein
degradation. These pathways must be understood in order to develop stable formu-
lations. The degradation rates cen be minimized either by formulating wnder
conditions where the individual reactions are the slowest, or by adding excipients
that retard selected reaction pathways. In addidon, stdies of these pathways
provide information on the degradation products, which may or may not be
biologically active. Finally, the prediction of formulation stability is necessary for
drug development. The prediction of protein stability can be achieved by using
accelerated kinetics at elevated reaction temperamres.

V. ACCELERATED STABILITY AND USE OF THE AHHHEN[US
EQUATION

The stability of small-molecnle drugs is usvally determined over a wide
ternperature range. The rate copstants determined at higher temperatures may be
used to predict, via the Arshenius equation, the shelf life at lower storage tempera-
tures. When the kinetics clearly follow Arrhenius behavior, this approach allows
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FIGURE 6. Strategy for minfmizing oxidaetion of protein pharmaaeuiicals.

for the determination of shelf life without a real time analysis.?®® Small.molecule
drugs often degrade via a single reaction mechanism, and the resulting Kinetics
usnally follow Arrhenius behavior. However, because of the greater structural
complexity of proteins, there are numerous degradation reactions that can take
place in a protein drug. Many of these degradation routes and mechanisms kave
been summarized and discussed in review articles,”*2% Often the degradation
routes at higher temperatures are ot the same as those at the lower temperatures.

It bas become common practice fo carry out accelerated stability testing for
proteins, and to use the accelerated rate profiles to compare formelations and
minimize the degradation at the higher temperature. This approach may give
misjeading results since the degradation at higher temperatures may require very
different formulation conditions for maximusn stability corapared to the degrada-
tion occurring at the lower storage temperature,

The complexity of potential reactions in a protein is reflected not only ir the type
of reactions that can occur, but also in the effect of neighboring functionat groups.
The effect of functional groups on the rate of degradation of a nearby amino acid
residue may be determined solely by the distance apari within the amino acid
sequence. Examples include the kinetics of deamidation (as previously discussed in
Section ITT) that have been shown o be highly sequence specific in small peptides'®
and hydrolysis of the peptide bond 3% In addition to these “nearest-neighbor
effects”, the protzin conformarion can dictate what reactions will dominate the

degradation profile of a protein. The arrangement of the charged residues on the
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surface of the protein confribute to the overall dipole moment of the molecule as well
- as the local dieleciric constants of solvent around potentially reactive residues.
Distuption of the protein conformation can alter the spatial arrangement of charges,
which in tumn can affect the way the protein interacts with selvent molecules in
solution.3? The protein conformation can also dictate the course of a reaction if a
particular structural intermediate is favored by the local geometry of the polypeptide
backbone or side chains at the degradation site, Deamidation of asparagine residues,
as an example, involves formation of a cyelic imide intenmediate ' The crystajlo-
graphic stucture for trypsin determined by neutron diffraction revealed a common
structural and hydrogen bonding motif for the three deamidated asparagine residues
in this protein, This motif is consistent with the requirement for formation of the
eyclic imide structure,'3 The combined effects of amino acid sequence and confor-
mation on degradation reaction rates also complicates the kinetic analysis, even when
only one degradation mechanism is being investigated, because the same reaction
can proceed at very different rates at different sites in the protein. As an example,
photooxidation of the two methionine residues in recombinant human relaxin pro-
ceeds at very different rates.’® Aftogether, these observations suggest that acceler-
ated stability studies and, in particular, use of the Axhenius equation to defermine
shelf life would be inappropriate for protein pharmaceuticals. It is therefore not
surprising that some authors have suggested that real time stability data be used to
meei regulatory zequirements  In fact, there are enough concerns raised about the
applicability of determining the shelf life of protein drugs by Amhenius behavior that
usually real time stability data is supplied to regulatory agencies as supportive data
for shelf life determinations. Despite these concems, researchers have attempied to
determine protein stability using accelerated testing and evaiuation of the resulting
kinetics using the Arrhenius approach. The design and analysis of accelerated
degradation testing for biologics has been presented by Kirkwood et al %% A
summary of accelerated stability tesiing for proteins is presented in Table 2. In
general, the Arshenius approach appears to be applicable to determining shelf life for
proteins when only the activity is monitored. Most of these studies have been caried
ont over a temperature range where the protein undergoes thermal denaturation.
Pratein unfolding tends to he a very cooperative process 25 shown by the narrow
range of denaturants or temperature over which the protein will unfold, If the loss of
activity is only the result of a global conformational change, rather than a covalent
chemical degradation, then the measurement of protein activity in effect is a result
- of one “reaction™, namely the unfolding of the protein to a denatured state. Although
the prodnct of this reaction may involve many different unfolded forms of the
protein, these different forms will be inactive and not distinguishable from each other
by activity assays. If the protein, during unfolding, existed in multiple conforma-
tional forms that retamed activity, then the Arrhenius plots will deviate from linear-
ity. Such a case was observed in activity studies of the enzyme c-glucosidase isolated
from the bacterial thezrmophile Bacillus thermoglucosidius® The Arthenins plots
for inactivation of this protein showed a sharp break at 73°C, indicating that the
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TABLE 2
Accelerated Rate Studies in Proteins and Use of Arrhenlus Kinetics
Proteln Property ronitored Summary of study Red.
o, -Antitrypsin Particulate formation  First erder kinelics: linear 310
: Arrhenius plots whare
exirapolated value agreas

wall with real timea data;
activation anergy =

19 kcalimol
Galactosyltransferase Enzyme activity First arder kinefics; linear 31
Arfnenius plots
Cathepsin L Enzyme activity First order kinetics: linear 312
Arrhenlus plots
Lipase, c-armylass, Enzyme activity Stakdiity of enzymes in the 313
pancregtin, diastase from solid state; linear Arrhenlus
different Diclogica! saurces plots, but aver restricted

temperature ranges

o -Antitrypsin Enzyme activity First order kinatics; linear 314
Arrhenius plots; activation
anargy = 26 kealfmal

Fizsue plastninogen Ciol lysis activity, Studied over &-E0°C; 308
activator amidelytic actvity, linear Arthenius plots for
ane- to two-chain actlvity, deviatlon ahove
conversion 40°C for chain cunversion
Recombinant human Bioactivity Studied over 25-80°C; 316
interferon-p " linear Arrhenius plots

aver antre fenge

enzyme €xists in a more heat-stable form below 73°C, and in a more labile form
above this temperature that nonetheless was still very active. This point was furiber
supported by investigating the loss of activity with SIS at a specific temperature,
The triphasic behavior of the Arrhenius plot shewed that three conformations (which
exhibited different susceptibifities 10 SDS denaturation) may exist. It has also been
shown that the Arrhenius equation can be applied to analysis of activity loss in
enzymes when the unfolding kinetics are more complex and involve more ihan one
pathway for unfoiding and inactivetion of the enzyme. Incorporation of a revessible
and jrreversible pathway into the kinetic model yielded rate constants for each
process, This analysis resulted in linear Arrhenlus plots for the rate constants for each
process.*® Loss of activity as a function of temperamee conld also be caused by the
increased rate at tix higher temperatures of a covalent chemical modification, such
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as deamidation or oxidation. Although many reactions might occur, monitoring
protein activity alone will usually result in linear Arrhenius bebavior since the rate
of activity loss will be determined by the fastest reaction. Alteratively, only one of
the modifications might cause an activity loss. Monitoring protein stability by a
variety of analytical assays, rather than by the final activity loss, can complicate
irterpretation of accelerated rate studies. As an example, when the stability of
interleukin-1f was studied by different analytical techniques at or below 30°C the
degradation pathway was deamidarion, whereas at or ahave 39°C it was aggregation
and precipitation.!®8 That this protein degraded by two different mechanisms pre-
cluded the prediction of shelf life from simple Arrhenius behavior. Althongh these
observations do not bode well for the use of accelerated testing to pradict protein
shelf life when chemical degradation reactions are investigated, it has been snggested
that proper selection of temperature range and assay may allow one to generate linear
Arthenius plots.”® Stability studies of recombinant tissue plasminogen activator
(tPA) resulted in apparent linear Asrhenius behavior for activity and one- to two-
chain conversion as measured by clot lysis and gel permeation chkromatography,
respectively. Unfortunately, a comparison of the rate constants determined by real
time analysis at the lower termperamure with rate constants determined by extrapolat-
ing the Amhenius plot (from the higher temperatures to the lower recommended
storage temperature) was not undertaken. Such an analysis would support the use of
accelerated studies to predict shelf life of proteins. The linear Arrhenius behavior
observed for the one- to two-chain conversion of riPA is likely due to two inportant
factars, First, scanning calotroetry experiments showed that the stability smdies of
rtPA were performed over a temperature range that was below the thermal transition
of rtPA.3% Second, the gel permeation chromatographic assay, as well as the clot
lysis assay, specifically monitors the conversion of one-chain to two-chain nPA as
a result of a proteolytic clip at one particular site in the amino acid seguence.
Undoubtedly, for using accelerated stadies as a predictive tool, an assay is sequired
that specifically menitors one degradation event over a temperature range where the
protein conformation is unchanged. If these conditions are met, then the complex
problem of mopitoring multiple reactions in a protein with different conformational
states reduces to the study of a single chemical reaction of an amino acid in
essentially the native canfarmation of the protein. The terperature behavior of the
rate of this reaction will likely result in linear Azthenius plots. In general, accelerated
rate stadies of protein degradation are useful tools for analysis of protein formula-
tions if the potential difficulties are well understood.

VI. CONCLUSIONS

The formulation of protein pharmaceuticals is a more challeging task than the
formulation of small-molecile drugs because proteins can undergo many diverse
degradation reactions. The three major protein degradation pathways, aggregation,
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deamidation, and oxidation, have been summarized in this review. These reactions
can proceed at different rates depending on solution conditions such as pH,
temperature, and ionic strength. Because many of these reactions oceur simulta-
neously in a protein it is difficult to find appropriate conditions whereby all the
reactions are ¢liminated, For example, lowering the pH of the formulation for
thGH reduces the deamidation rate, but it can also cavse pardoculate formation!®
Thus, it may not be possible to choose a formulation that results in the lowest rate
of each of the reactions. Instead, conditions are often chosen such that all reaction
rates are minimized as much as possible. The effects of protein degradation such
as deamidation or oxidation cannot be predicted 2 priori and have to be determined
for each protein. If it can be shown that the degradation products do not reduce the
safety and efficacy of the product, it may be possible to design a formulation that
altows for an acceptable amount of the degradation product while minimijzing afl
other degradation pathways. The development time for such a formulation is often
longer than for small-molecule pharmaceuticals because real time stability data is
often required as the result of the difficvlty in analyzing the temperature depen-
dence of the reaction rates. By choosing the appropriate assay(s} and temperature
range, traditional accelerated stability studies can be performed to measure the
kinetics of a particular degradation route in proteins. An understanding of the
individual degradation mechanisms may allow some predictions to be made re-
garding protein stability, especially if each degradation pathway can be studied
separately. '
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SUMMARY

Celltech were congracted by Athena Neuresciences, Inc. 1o perform 2 praformulation
study on the humanised monocional antibody ANIQ2232E,

The study monitored the stability of the antibody at slevated remperatures (+33°C and
+37°C) and at the intended storage temperature (+4°C) far 8 weeks i V5 formulstions,
compHsing acetate, histidine and phosphate buffering agents covering a pH range of
pH4.0 to pHT.5. The sffact of salt {sodium chioride) and detergent (TweenB0) additives
and freeze-thawing on the stahility of the aptibody were inciuded in the study. A range
of stability indicating assay methods were selected for testing of samples based on
Celhech's experience with this type of protein.

There were ao marked changes in the samples stored at +4°C or #23°C following
storage for € weeks, This sugrested that the antibody AN100224 was relatively stabie in
ali of the solubion formularions evaluated. The resuits of the tests on the samples stored
at +37°C gave an indication of increased fragmentation and disseciation at the lower pH
vaiues {pH4.IV5.0) and increased deamidation and ageregation at higher pH valites
(pHE.S to pH7,5} . The addition of salt or detergent appeared o increase the rate of
these degradation processes,

From the results of the stndy, formulations in the pH range ptis.5 1o pHS.0 were
recammended for further extensive stability trials. If isotonicity is a requirernent of the
forrnutation then 2 pid6.0 phosphate or histidine formulaion is preferable to acetate
pHS.5 as the results demonstrated 2 more marked affect of salt on degradation i acetate
{pH5.0) than in histidine (pk6.0} ar phosphate (pH7F.0).

UCTT
The atm of the study was to assess the stability of the humanised ANI100226 IgGq
antibody over 2 shot titne penod (8 weeks) using a range of 15 salected formulations
based on Celftech’s experience with the stability of this vype of monocional anitbody.

1t is Celitech’s experience that simple salution formulasions can yield a shelf-life in excess
of 18 months for mogaclonal antbodies and these have been employed successfully in
chivcad trials. This study was based on such 4 strategy and thus evaluated parameters
that can influence protein stability in sofution (e.g. pH, ionic strength and buffening
agerd). 3t was assumed that the intendsd storage temperamre for the humanised
AN100226 antibody will be +27C to +8°C and consequently the study was set up at +4°
C {to reprzsent the intended stotage at +2°C so +8°C). Acceierated stability studies wers
perfarmed by stering samples at sievated temperatures (+23°C and +37°C) for § weeks
1o give an indication of the looger tern stabilivy of the product in selution at the lower
intended stovage temparanure. A range of analytical methads selecied {or thelr stabiity
indizating properties were used to test the aswibody product. Particular attention was
placed on the gel permeation chromatography and isoelectric focusing methods as these
have proved the most sensitive stability indicating assays in studies on other similar
antibodies at Celltech.
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The stizdy was designed o generate dara that could be used to select an jnitial
formulation{s) for the final bulk product of the preclinicai and first clinicai lots and to
sdentify candidare formulations for further more extensive stability studias,

MATERIALS AND METHODS

3.1 P rati

311 Teat aptibody

Product derived from a cell qulture supesnatant of » precionat call line
(3BB§), cbtasned dusing the cell ing selection procedures of the
AN100226 project was usen fof the study. The antibody was purified by
Protsin A offinity chromatography {Celltech Notebook Reference:
10007504 p.10).

100ml of the purified antibody at a concentration of 2.7Tmg/mi was
congentrated ysing an Amicon stirved cell ulirafilirarion systemn fitted with
a TM20 membrane {30kDa ot off) 10 a concentration of 5.5mg/ml

(determined by Aggnam using £q 30, = L4). This material was vsed 10
prepars the test farmulations,

312 F ¥ o

Solutions were prepared using Analar grade reagents ot equivalent. The
foillowing solutions were empioyed as formulations in the study.

S0mMd sadium acetate, pEI4.0.

£0mM sodhpm acetave, pH3.0.

STmM sodium zcetate + 150mM sodium chloride, pHS 2.
SOmM sodiurn acetate + 150mM sodium chioride + ¢.02% {viv}
Tween 80, pH5.0.

5. 50mM sadium acstate, pES.5,

&, S0mM histidine, pHS.5,

7. 50mM histidine, pH6.0.
3

G

Ee vl P

S0mM histidiste + 1 50mM sodivm chloride, pHS.0.
. 30mM histidine, pH8.5.

10, 50mM sodium phosphate, pHE Q.

11, 50mM sadivm phasphate + 0.02% (v/v) Tween 20, pHE.D.
12. S0mM sodium phosphate, pHO.S.

13, 50mM sedium phosphate, pH7.0.

14, SGmM sodium phosphate + 150mM sodium chioride, pH7.0.
15, 30mM sodium phosphate, pH7.3.

Buffering agents were selected to cover the pil range pi4.C to pi7.5. In
Celitech's sxperience the optimum pH of 2 formutation for this type of
antibody is within the range pHS to pH7. The pH4.0 sample was included
as a condition hat, in Celltech's experience, generates proteoiytic and
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213

dissociation products and the pH7.5 as 3 condition that promotes
deamidation of this type of anttbody. These two conditions were included
1o dernonstrate the suitadllity of the stability indicating assays to detect
degradation produsts,

Sodium chiaride was included in selected formulations to assess the effest
of jonic strength. The amount of salt added was calculated to achieve
approximate fsotonicity, as the royte of administration was suggesred as a
possibte Yimiting factor in the choice of formulations, Tween B0 was
included in certain formefations 1o assess the effect of detergents in
controlling aggregation processes.

Acetare and histidine buffers were adjusted to the appropnate pH vsing
5M sodium hydroxide and concentrated hydrochloric acid, respectively.

The required pHi of the phosphate buffers was determined by titrating the
sodium dikydrogen phosphate sali against the torresponding disodium
hydrogen phosphate.

All buffers were filtered through 0.2um filters prior to use.
& angd vialli

ED10 cobarans (Supplier: Phamnacia, Product No. 17-0851.01) were
equilibrated with the approprizte butfer.

2.5ml of the antibody {3.1.1) was ivaded onto the column and eluted with '
3.5mi of buffer. Fractions (0.5ml) wers collected and their absorbance at

230nim Tecorded.

The antibody eluted pradominzaty in five ta six 4.5 pi factions
{approximately 2.5-3 Oml). The ffactions were cotubined and the
resulting antibody congentration wag approximately 4-5mg/ml (see Table
2).

Samples were passed rough 0.2um filters into sterile microcentrifuge
tubes priot ta aliquoting. Each test sample was split into ten aliquors
{approximately 250ul) in 0.5nf sterile flip top polypropyiene
microcentrifuge tubss. Eight of these aliquots were required for the study
at Celltech. Two were sent to Athena Nenroseiences, Inc. for activity
assays at the start of the study.



32

33

3.1.4 r tand

Ten aliquots {50u]) of the concentrated pre-buffer exchange antihody
(3.1.1) were stored in 0. 5mi sterile polypropylene fip-top tubes at +4°C
in phosphate buffered salive {(PBS) {(pH7.0) for use a3 a reference
standard duting the study.

li tan

Ths sampling times were selzcied using Celitech's experience of degradation rates
for this ¢ype of antibody. The srorage of samples at -20°C was included to
evaluate she effect of freeze-thawing on the product which can provide an
indication of The potential for the protein to aggregate.

Time {weeks)
Temperatare (*C) © 2 4 ]
20 X
4 X - X
+23 X X
+37 X 4 X
i th

The following analytical methods were used to moritoe the product duning the
course of the study, They are based on Celltech's axperience of stabilicy
indicating assays for monocional anttbodies:

3.3} Appespanes (GMP SOP Na: 60516C)

This iz a visual tast foe paticulates (precipitation) or discoloyration of the
sample.

332 pH{GLP SQP Nqg: ED0GS6)

The pH of each sample vas determined using 2 caliprated mio-
electrode.

333 ol tyatitm and turbidi o GOZR

Protein content of sach sampie was determined from the absorbance at
280nm using an extinction coefficient {£0.1%6) of 1.4, The volume of test
sample zvailabie for the assay was fess than that required according to the
SOP and ag 2 resule higher dilutions of samples had to be performed.

The absorbance at 340nm of the diiuted sample was recorded asa
measure of turbidity to assess particulate levels.



3.5.4

3.3.5

3.3.6

254

GP-BHPLC iGMP SOF No: §03345)

GP-HPLC was performed on a standardised dedicated Zarbax (FF-250
column, 230ug of antibody was analysed. Results were expressed as a
percent monomer and percent aggrégats in szch sample.

o: 6451

Isoeisctric focusing (IEF) was parformed using precast agarose geis over
a2 rapge of pH3 to pH 10, The method will detect degradaizon processes
(e.g. oxidation, deglycosylation and deamidation) that raeuit in a change in
the net charge of the protein, Gels were stained using Coomassie Blue.
1B of antibody was tested at each timepgint.

Densitometer scans were recorded and assessed for changes in the
product profile. A visual interpretation of the gel was also recorded as

required by the QC specification.
-PAGE P Ma: 4038

SDS-PAGE was performed for both reduced and non-reduced samples
{5-15%% pels, 250YF40mA iimiting per gel, until the dye front reaches
1.0cm from the bottom of the gel). 25pg of reduced sanvples and 10ng of
non reduced samples were assayad at each test point indicated and gels
were stained using Coomassie Blue. Reduced and non-reduced samples
were prepared separarely and run oh separate gels to preveni
contamination of son-teduced samples with 2-inercaptoethantd. The 25ug
lvads were assayed for reduced samples 10 increase the sensitiviey of the
assay for stability indi¢ating purposes (QU reiease assays use 104g load).

Purity astimates weit made from densitometer scans,

Gefs of reduced samples were also silver stained at the final timepoint in
the study to detect the presence of minor (<0.1%, w/w} degradation
products using this more sensitive statning procedure. Duplicate gels
were electrobiotted and probed with anti-1gG probes to determine the
region of the antibody (e.g. heavy or light chain) from which the detected
degradation bands were derived.

Sempies were sent to Athana for sctivity testing at T=0 and T=8 under the
shipping conditions defined by Athena (2°C-8°C).

The SD5-PAGE and activity tesis weee plannad for Time 2 acd 8 weeks only.
Samples from other timepoints were stored frozen at -70°C and would be tested
by these metheds should the data from the 8 weeks timepoint indicate that this
would provide additional infarmation. This proved not to be necessary.
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4.0

RESULTS AND DISCUSSION

4,1

4.2

4.3

4.4

rafce and Torbidity M remen

All samples in the study appeared as clear colouriess solrtions. There were no
indications of precipitation or increase in particulate levels,

A340nm measyrements were performed at T=2 weeks but due to the limited
valume of gample available a $0-100 fold ditution had to be performed 10 camry
out the agsay, The need to dilute the samples to this extent diminjshed the
usefainess of the measurements and therefore visual analysis wag used ar
subsequent timepoints as the method for agsessing particulate levels.

RH

The results of pH measurements of samples in the snudy are presented in Tabie &,
There was no indication of changes in pH in any of the samples, Therefore the
buffering agents of each formulation were stable under the conditions of the

study.
in Con

The rasults of protein concantration determinations for sattiples in the study are
prasented in Tabie 2. There wers small differences between the vajues recorded
at T=0 and the tomesponding +4°C samples a4 T=8, htrwaver samples wers
diluted 50-100 foid due to the amount of sampie available and this was
considered to be the cause of this variation in results.

Certain samples at T=8, stored at slevated temperatures, gave large (>2024)
differences compared to the corresponding values at T=0, In some cases these
indicated an increase in concentration and in others a decrease, There was no
particular trend 10 the results and therefore they wers considered to be 3 fuiction
of assay variation. The total peak areas recorded for samples by GP-HFLC
analysts were reviewed as an alternative measure of protein concentration. The
total peak areas for a particular set of formulation samples were much less
variable than the values determined from the absorbance at 280nm and did not
follow the game trend as the estimated protein concentrations, The varation
between togal peak ar2as of the +4°C samplas and the coresponding +23°C or
+37°C samples, at the T=8§ timepoint, was £ 13%. The results suggested no
significant change in protein concentration during the study.

GE-HPLG

The chrematograms of all the test samples at T = § cantained the same peaks as
the reference standard consisting of one major peak (8. 1-3.2 min, equivalent to
approximately 150kDa), corresponding, to the intact monomer, and ovo peaks
eluting at eariier retention times (6.9-7.0 min and 7.4-7.5 min) corresponding to
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4.5

aggregates. The aggregate levels recorded for ail formulations at T=0 were
shhnty iess {e.2. 2.54% in phosphate pHT} than the reference material (3.05%).
Buffer exchange into alternative bufiers of lower pH andfor lonic strength at
slightly lower protein concentration may have led to a decrease in aggregation.
The possible effect of protain concentration on sggregate leveis should be firther
studied if a concemyation of >Smgfmil is constdered for the protein concentration
in the final dosage form of the product,

A summary of the GP-HPLC resuits for the study is shown in Table 3. For the
acetate and histidine formuiations these 'wes 2 dedrease in aggregate Jevels
following storage at +37°C {and +23°C to & lesser extent) aver the courss of the
stuzdy that was less pronounced in the higher pH formularions (e.g. histidine
pHE.5). There was & small increase {< 3.3%) in the aggregate levels in the
phosphate formuglation samples staved 2t +17°C and there appeared tobe 2
relationship between increase in aggregate levels and increase in pH. This might
be expected as the p] of the antibody determined by IEF was recorded as pH7.3-

§.2 (Figurs 2).

Table 4 surnmarises the results of the GP-HPLC assay at T=0 and on samples
sored at +37°C for 3 weeks. The largest changes in monomer levels were
recorded far the acetate formulations at pH4.0 and pH5.0 containing NaCl, As
indicated from the results in Tabled, Tabie 4 and Figure | this was due to
fragmentation/dissociation of the antibody at elevated temperatures and not &n
increase in the concemration of aggregates. Figure 1 shows two distinet
edditional peaks eluting at appraximately 8.7 min and 9.6 min (equivaien 10
approximately 80kIda and 25kDa, respectively) in the acetgte pHd and acetate
pHS + Nall formulations,

The resulzs for the -20°C samples at T=2 (Table 3} indicated that freezesthaw of

the antibody can laad to an increase in aggregate levels in all formuiations. The
incTeates were relatively smali {<1%%} except in the histidine formulations pHS.5

(2%} 2nd pHE.0 (1 4%) 2nd particulasly in the acetate formvolziion pF4.0
(>50%),

Qverall the producs appeared relatively stable by GP-HPLC analysis with only
minor changes in product composition in most formulations (Table 3). According
to the GP-HPLC resulis the optimum formulations were acetate pH3.5 and
higtidiene pH5 5/pHE.0/pHE.5.

Isotlectric Focusing

The [EF gel profiles at T=0 for each of the formulaticns are shown in Figure 2.
The banding pattern for zil the samples comprised five distinct bands in the range
pH7.35 to pHS. 15 sod were comparable (o she reference material. Therefors the
buffer sxchange process had not affected the IEF profiles. For zll the
formulations stered at +4°C for 8 weeks no changes wera detected by IEF
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{Figures 3(a), 4(a) and 5¢a}}. The changes observed following stotage at elevated
temperatures were related 1o the formuiation and are descobed below.

More basic bands appeared in some of the iow pH formulations (acetate
pH4.0/pHS5 .0 and histidine pHS.5) in samples stored at +37°C during the first 4
weeks of the study and in the acetate pHS5.5 at B waeks, Thess bands were most
proncunced in the acetate pH4.0, acetate pHS.0 + NaCl and acetate pHS.0 +
MaC! + Tween formutations (Figure 3¢b}). Small amounts of the bands could
alzo be seen in the +23°C samples of these three formulations at 8 weeks, The
results inferTed an increase in these additional basic bands with decrease in pH
and in the presence of MaClTween. The changes wer2 concomitant with
fragmentation of the antibody obeerved by GP-HPLT (4.4) and DS PAGE (4.6
and 4.7}

Additional acidic bands were ohsarved in the phosphate pH7 5 sample stored at
+37°C for & weeks {Figree 5(b1). In the ather formulations no addirionat bands
ware recorded, howgver there was a discernible decrease in the intersity of the
most basic band of the ariginal T==0 baading profile and intresse in intensity of
the acidic bands with increase in pH of the formuiation in samples stored at
+37°C for 8 weeks (Figure S(b)). These changes are thase normally sssociated
with deamidation, Rates of dearidation would be expactad to increasa with piH
over the range evaluated in the study (pH4 to pH?. 5),

The telative concentration of each of the charge isoforms of the isoelectric
facusing profiles was measured by densitometry scans of gels from samples
ttoced at +37°C for 8 weels. The relative difference in the profiles for these
samples compared to the reference was then calculated to estimate the change in
the isofarm composition during the study {Table 7). The least change had
occurred in the acetate pHS §, histidine pHS5.5, histidine pH5.0 and histidine
pH6.0 + NaCl sampies, The estimated changes relmive to the reference material
corresponded to the changes seen in the TEF banding profiles on visual
inspection. The changss in the acetate foreulations were due to the generation of
more basic bands and in the histidine and phosphate formulations due to 8 genesal
acidic shift in the profifes.

The extent of the changes ir the antibody detecied by IEF for the acetate
farmulatiens {+ histidine pHS. 5} was similar to that recorded by GP-HPLC
{¥Yable 3) and SDS-PAGE (Tables 8 and 9). These changes were therefore most
probably due o proteclysis and/or fragmentation of the antibody, Minor changes
ware recorded by GP-HPLT and SDS-PAGE for the phasphate formulations and
tharafore the changes recorded in Table 7 were concluded to be a result of
deamidation.

From Celltech's experience of the stability of this 1vpe of monoclonal antibody a
percentage change of <10% by [EF for samples stored at +37°C for 8 weeks
infers suitable long-tarm stability (> 12 sposthsy 21 2°C-37C. in tas study the
acetate pHS (without salt] acetats pHS 4, histidine pfls 5, Histidine pHE (with
and without salt), histidine ¢pHG.5 and phasphate pHE formulasiona fall into this
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4.6

4.7

category, From the resuhs of the GP-HIPLC (section 4.4} and [EF analysis the
lead formulations af this stage were identified as acetate pHS5. 5, histidine pHS3.5,
histidine pHS and histidine pH&.5, :

SDS-PAGE of Non-Reduced Sampies

At Time=0 the SDS-PAGE profiles of non-reduced samples were comparable to
the reference material (Figure 6{a)}-{c)}. Therefore the SDS-PAGE profiles of
non-reduced saraples were not affecied by the bufer exchange process. The
banding profile consisted of one intensely stained band of approximately [50kDa
{intacy antibody) and 2 number of [ess intense bands of lower molecular weight
(80kDya, 120kDa, 140kDa and & doublet at zpproximately 110kDa - representing
possibly dissociated/fragmiented antibody). In addition a faintly stained band was
present at the top of the gel {represeniing possibly aggregated antibody) which
may correspond to the aggregation observed by GP-HPLC {4.4).

At T=8 the samples stoved at +4°C and +23°C gave profiles similar 10 the T=0
samples. There were no marked changes to the antibody in any of the
formulations stored a1 these remperstures (Figure 7(2) and 7(b)).

Analysis of the samples stored at +37°C for 8 weeks (Figure 7(c)) gave similar
profiles for the reference material and the majotity of the test formulations.
However marked changes were observed for the acetate pH4.§, acetate pfS.0 +
Tall, acetate pHS.0 + NaCl + Tween and to a lesser exXtent acetate pHS. [
formulation, Additional bands were observed in these samples a8 moleculnr
weights of approximately 100kDa, 60kDa and 20kDa. The change in profile
relative 1o the teference materiz! was determined by iaser densitometry for the
acetate formulations stored at +37°C for 8 weeks (Table 8), The resuits
confirmed minimal change in the acetate pHS.$ sample, in agreement with the
visual interpretation of the gels, 2 smell change in the acetate pHS.U (~5%) but
marked changes in the other acetata formuiations (>15%). Tha changes wers a
vesult of the appearance of the additional bands {particularly the 100kDa band)
but there was alsa a noticeable decrease in the 80kDz band (e.g. from 7.5% in the
reference sample to 2-4%), The resuits suggested dissociation or ffagmentation
of the antibodies in these formuletions.

The thanpes o *serwej i the antibody ﬂ:srthe *‘c:lr*ﬂuhtmrs defined above were

& '::.L.: L sawnie st i o sotarined B L and g H:”- v ool s ef
| DU B B TIPS SO H 1 ST

| _ . , Lo ... A R T A ..-ﬂf
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h:sndme pHﬁ 5 as thl: lead t'unnulanons

SDS-PAGE of Reduced Symples
4.7.1 [/ ie bi 111

At T=0 the Coomassit Blue siainett SDS-PAGE get profiles of the
reduced samples of each of the fermulations were comparable tc that of



the reference materiail (Figure 8). The profiles consisted primarily of the
H chain (50kDa) and L chain {27kDa) hands znd thsee to four other very
faintly staining bands with approximate moi. wis of 100kDa, 47kDa
{(doublet), 40kD3 and 32kDa respactively. There was an indication from
the appearance of the gels that the non H and L chain bands were maore
intense in the acetate formulations, particulerly at pils.0 and the punty
estimates fram laser densitometry (Tabie 3) supported this observation,
From Celltech's experience with these type of amtibodies jow pH
formulations can ¢ause the generation of degradation products during the
sample preparaiion prozess for SDS-PAGE. Therefore the increase in
intensity of these bands in the acetate formulations was thought to be due
to the sample preparation procedure for SD5-PAGE analysis and not to
changes to the product caused by the buffer exchange process,

At T=% the profiies for the sampies stored at +4°C and +23°C (data not
shown) resembled the profiles of the reference material and those seen at
T=0,but the antibody in formulations at pH4.0-6.0, by visual inspection,
contained increased amounts of the 47kDa dooblet and 32kDa bands,
The intensity of these bards appeared to increase with decrease in pH of
the formulation buffer, |t is known that these bands can be generated
during the sample preparation procedure for SDS PAGE gels with this
type of antibody in iow pH (< pH6) buffiers and therefore this could have
besn an artefact of the method. The gels also showed evidence of a hand
running fust below the L-chain (approx, 23kDa) which for other similar
antibodies has been shown to be the partner of the 32kDa band, cesuiting
from cleavage of the H-chain during the sample preparationt procedure.

There were also 8 number of fiintly stained bands rupning between the H-
chain and the dye froat in the acetate focmulations stored 28 +23°C at B
waeks.

Additional bands were more distinct in the acetate semples {(pH4.0, pHS.0
+ NaCLpls + MaCl + Tween) stored a1 +37°C for 3 weeky Figure 5). A
band at approximately 30 kDa appeared between the 32kDa band and the
L-chain, This was rnost intensely stained in the acetate pHa.0, the acetate
pHS.0 + NaCl and the zcstate pHS + NaCl + Tween sampies. A band
wad present 3t approximaitly 13kDa which was most intensely stained in
the acetata pH5.0 + NaCl but also present in the acetate pHS.0 and t0 8
lesser exient in the acetate pH4 D formulations, The acetate pH4.0 also
contained a range of low molecylar weight bands between the [2kDa
band and the dye front.

The histidine and phosphate formulations at +37°C for 8 weeks showed
minér changes when compared to the reference sample. A mnge of faintly
staining bands appeared betwesn the 32kDa band and the H-chain and
towards the dye front {parficularly in phosphate pH?.0-2.5 formulations).

Laser densitometry was performed on the T=( gels and the +37°C/ T=3
gels to assess changes in purity of the relevant sampies analysed by SDiS-



4.7.2

PAGE of reduced sample (Table 5). The reference material showed 2
1.2% decrease but this was within the betwesn assay variation of the
method {+ 2%) and therefore was not significant. The majority of
samples gava a celatively small decrease in purity (= 5%) folivwang
storage for § weeks at +37°C. The acetate pH5 0 gave 2 slightly greatec
decrease (7.5%) bur the acetate pH4.0, acetate pHS.0 + NaCl and acetate
pH3.0 + NaCl + Tween formulations showed marked changes in purity of
approximately 15%, The resuhis for the Layter formutation are refatively
high compared to other studies performed an this type of antibody =t
Celltech and indicate the antibody to be susceptible to proteclysis, either
chemically at the lower pH values or perhaps as a result of the presence of
a Comtaminating keid protease. The material was genesated from 2 single
coluon purification step and therefore it can be expecied that material
from the intended manufagturing purification process, which contains twa
additional column steps, would produce material of greater purity. Further
stability studies on antibody purified by this process will be required.

Silver siajn West bl nd andi I

Each of the test samples at 8 weeks was ansiysed by SDS-PAGE
{reduced samples) and the gets devaloped by sitver staining (Figures 10
and 11}. The mast intensely staining bands wers concomitant with those
observed on the Coamassie Blue stzined gels (Figures 8 and 9). However
the mere sensitive staining technique detected additions! bands.

The gel of the samples stored a1 +4°C samples for 8 weels (Figure 10)
indicated that the band running at approximately 100k was gt
prevaient in the acetate pHS.0, acetare pHS + NaCl, acetate pHS + Nall
+ Tween and phosphate pHS 0 + Tween samples and additional bands at
approirnately 30kDa, 33kDa and 34kDy were present in al} formulations
at pH4.0-pHS.5. The 34kDa hand was most intense in the werste pHS O
sample. A range of low molecular weight (< 20kDa) bands were detected
ity all samples. The most intensely stained of these bands was 2 band at
approximately 16kDda in the acetate pH4.0, acetate pHS.0 + Nall and
acetate pES 0 -+ NaCl + Tween samples snd the pand running adjace to

the dye front in the acetate pH4.0 sampie.

The gel of the sampies stored at +23°C for 8 weeks (not shown) gave
similar profiles to the equivaisnt Coomassie Blue stained geis. In
formulations cantaining sodium chlonde 2 number of additional bands
were ssen compared to the corresponding fornulations without salt.

The silver stained gels of the samples stored at +37°C for 8 weeks (T=8/
+37°C) gave profies vary similar 1 those of the carresponding
Coornassie Blue stained gels (Figure 9(a)-(c)). The bands at 30kDa and
18kDa were the most predominant additional bands to the H and L chain
and were present at the highest concentration in the acetate formulations

at pil4.0 10 pHS .0,



Four replicate gels of the T=8 / +37°C reduced samples were produced
and the samples wesiern blotied, Each membrane was separately probed
with ¢ither anti hurnar IgG (H and L chain), anti human Fab, zati uman
Fc or anti human L chain probes. The complement of diffarent probes
were used to define detected bands as being composed of H andfor L
chain fragments a0d to define the H chein refeted bands a5 being
composed of sections of the Fe and/or Fd regions. The develaped blots
are showy in Figure 12{z)-(d).

The results of the probed western blots suggested that the majonty of the
observed degradation products are derived from the H chain. The 30kDa
and 18kDa bands in the acetate formuiation were indicated to be the result
of proteolysis of the H chain generating fragments composed mainky of Fe
(12kDa) and Fd {324Da) segions. The band cbeerved ar 30kDa appeared
to be a conjugate of H and L chain whilst the 100kDz band seen on the
silver stained gel (Figure 11} appeared as two separate bands on the biots
at approximately 100kDa and 105kDa and these bands appeared to be H
chain only confugates. Dutzils of the results for each of the blois are
given in the follawing paragraphs.

The anti human IgG probe (Figure 12a) detected the H and L chain bands
and bands at d5kDa, 40kDia, 31kDa zad 17%Da {equivalent ro bands of
48kDn, 45kDa, 30kDa and 18kDa on the gels). There were soma
differences in the assigned molecular weight values between the blots and
the gels which was a function of the precision of the method. There were
hands of approximately 30kDa, 100kDe apd 105%Da dejected in samples
by the probes that were not detected by tha silver stained gel. The 80kDa
band was more intense in the phosphate formulations and the 100kDa in

the pH3.0 to pH6.0 samples. The 105kDe band was present in the
phosphate formuiations and the acetate pHid O/ pHS.0 + Na) + Tween,

The anti Fab probe (Figure 12b) gave profiles very similar to the anti
human 1gG except the 18kDa band was not detected whiist a band at
apnroximately 16kDa was vigile in all samples and more predominan in
the phosphate formuiations. The 30kDa band was particularly proménent
using these probes,

The anti Fc probe {Figure 12¢) gave a strong reaction with the B chain a3
expected but ajso e slight cross reaction with the L chain, The 30kDa
band was not detected with this probe whilst the 18kDa was visualised. A
range of bands were visible belaw the L chain but these appeared to be
distinct from those seen by the anti Fab prodbe. The 30kDa, 100kDa amd
105kDa bands were detécted with both the ami Fe and anti Fab probes.

The anti L chain probe (Figure | 2d) gave a reiatively strong resction to
the L chain tat did not detect any other bands except for an indication of
a band at approximately 80kDa in the phosphate and possibly the histidine
formulations. This.together with the resuits using the other prabes,
suggested that the 30kDs band was a conjugate of the H and L, chains,

G



4.3

The results of the SDS PAGE Coomassie blue and silver stained gels and western
blotting analysis of reduced sampies were in agreement with those from IEF, GP-
HPLC and SDS PAGE of non-reduced sampies in terms of the formulations that
confgrred most stability on the AN1002268 antibody. The differences in the silver
statned SDS PAGE gel profiles for the reduced sampiss of the bead formmlations
(acetate pHS. 5, histidine pHS.S, histidine pH6 and histidine pH6.5) identified
from the other assay results (section 4.6) were minor. However they did show
less changes for the antibody formulaied in histidine pHS and therefore according
to SIS PAGE analysis of reduced samples this wouid be the lead formulation,

iviky A

The activity assays were performed by Athena Neurosciencas, Inc. on samples
taken at T=0 and § weeks from the stability study. The resoits received fam
Athena are shown in Appendix 2,

The results compared activity values obtained at T=0 and those at T=8 for the
+4°C and +37°C samples, There was an indication of increase in activity in the
sarnples stored at +37°C for 8 weeks, particularly in the acetate pH¢.0 and
phosphate pHe.O formulations where an increase in activity of approximately four
and two fold cespectively were observed, There was no obvions correjation
between changes in activity and results for the other 2ssays pecformed as Celitech
as part of the study.

A%

©0



5.0

CONCLUSIONS

Aithough instability at elevated tamperatures was observed for the antibody ih the
praformoulation stady the overall impression was that the antibody was relarively stable in
most of the formulations evaiuated.

Across the evaiuated pH range of pH4.0 tg pH7.5, there wae an indication of increased
fragmentation and dissociation at low pH (pH4.0 to 5.0 and deamidation and
aggrogation at the kigher pH values {pH5.3 to 7.5). There was 2 suggestion that the
inclusion of 150mM sodium chloride or 0,02% (v/v) Tween 80 in the facewulation had the
effect of accelerating degradation processes. The stability of the antibody was simiiar,
wherg evaluated, at the same pH value for differem boifering agents. 1t is recommended
that the fallowing fornmiations be selected for move extensive evaluation: acetate pHS.5,
histidine pH5.3, histidine pH8.0 and phosphate pH6.0. Should isotonicity be a
requirement for the formulation then phosphate pHS O and higtidine pHE.S formulations
are recommended, as the results demonstrated that addition of salt to the acetare pH35.0
formlation iad 3 detnmental effect on stability.

The study has identified appropriate formulations for the first bulk purified lots of the
antihady AN100226 and has given some pointers for funher formulation siudies.

L&)



Tabie 1 pH Measurements §f Formutlations

[ FORMULATION | T=t T=2 T=§ T=8 | T=8 |
WEEKS | WEEKS | WEEKS | WEEKS
a7oL ITeC 2300 140

Acetate 4.0 4.1 4.1 4.2 4.1

gH 4.0

Acetate 5.0 5.0 31 5.0 LR
5.0

Acetate + NaCl 5.0 54 30 5.0 5.0
H 5.0

Acerate + NaCl + 4.5 50 5.0 5.0 5.0

Tween

pH 5.0

Acerate 3.5 55 5.5 5.5 5.5

pH £.5

Histidine 5.5 5.6 5.8 5.6 5.6

pH 5.5

Histidine £.0 d.1 6.1 6.1 6.1

pH 6.0

Histidine + Na(l 6.0 6.4 6.1 8.0 6.0
H 6.0

Histidine 6.5 6.5 6.5 6.4 4.5

pR &.5

Phosphate 6.1 6.1 6.1 6.2 6.1

pHE 4.0

Phosphate + g.1 6.0 6.0 .0 6.1

Tween pH 6.9

Phosphate .5 6.5 .5 6.3 4.6

pH 6.5

Phosphate 6.9 6.9 6.9 6.9 6.9

pH 1.0

Phosphate + NaCl 6.9 6.9 6.9 6.9 6.9

pH 7.0

Phosphate 7.5 7.5 7.4 7.4 T4

pH 7.5

A
45

fol



Table 2 Protein Concentrations of Formuliationg

FORMULATION | T=0 T=12 T=3 T=3 T=8
WEEKS | WEEKS | WEEKS | WEEKS
3eC T8¢ 230 400

meg/mi nzi) magfial mginl mgiml

Acetate 4.8 5.0 4.3 59 4.9

pH 4.4

Acetate 3.6 is 3.7 5.0 32

pH 5.0

Acerate + NaCl s 3.7 4.3 q4.8 3.5

pH 5.0

Acetate+ Nall + | 4.1 4.5 5.3 3.4 4.5

Tween

pH 5.0

Acetate 3.6 3.6 3.7 39 3.2

pH 5.5

Histidine 4.3 4.1 3.4 4.7 4.5

pH 5.5 .

Histidine 3.7 3.9 4.7 4.0 3.7

pR 4.0

Histidine + NaC! | 3.9 1LE 39 3.8 4.1

pH §.0

Histidine 36 3.5 33 4.0 .7

pH 6.3

FPhosphate 3.7 3.8 3.8 33 3.9

pH 4.0

Phasphate + 4.6 4,9 4.8 6,0 4.3

Tween pH 6.0

Phasphate 4.3 4.3 5.4 4,9 4.1

pH §.5

Phosphate 5.0 4.7 53 R, 4.6

pHE 7.0

Phosphate + NaCl | 4.8 l 5.3 5.4 5.0 4.9

pH 1.0

Fhosphate 4.9 4.4 5.1 4.9 4.4

pH 7.5 i

Protein concentration caleulated using €9g0mm (0.1%) = £.4

.Md(

[od



Table 3 Snmmary of GP-HRLC resuics.
GP HPLC Result
Formutation T=twls T=2wks Tadwls Tedwks
A +INC SAFC 1#23°C {4370 7 A I3 BT
e A e
acetate pi 4 % montmer g 56 wo.09 3519 0203 28,93 R &l R 35.63
%o apgrega(s 144 .00 Ba.ES (.07 b 1Lk 0.RE (el
- o e T e
acotate pH3 % monomes | 9739 ] 0795 97,78 | 9803 {9173 98,02 87 34 9752
% apgregate 2.4 2.04 222 | 1% L7 1.9 2.16 .36
_"'""""'""1I"_ 1
acetats pH5 B3 MOnNCMET B1.50 HA a97.14 9738 {330 97.50 7 44 7450
+ NaCll % apRroEaic 2.50 p.1 262 1.9} L5 2.3 1.51
acetate pHS %memomoe | 9731 | v130 9200 {9161 {9650 3153 87,49 7224
+ MNalCi & Twean %o spprepate 252 2.12 2.490) 239 1.7 242 1.14 135
acctate pHS S %% monomes o783 93,77 o752 9783 9767 R ) aE5E
Y% aggsigate 2.18 233 23 | o205 1243 2.04 245 1.44
b S PR . e
fustiding pH3.3 % mOfomer G765 91 3563 @77 97 20 57 %] w78l 9819
% agpregate 131 2.26 437§ 2m |2 115 249 147
hizuding % monowes arR 9762 g 9T |erTk %7 01 97.11 9795
b aggregate 228 138 382 | 223 | 218 209 219 205
—
histidine pH6 "% feohoTIer 9712 IR ] 95.9% Pr2E {9173 g7 44 by oY b2
+ MaCll %% AR 2.7% 25 3 272 263 156 253 238
histidine phi.3 % MmomRnSE 97,87 #1810 %7.70 9142 57 %4 9§ 0% 9708 R
% aggregats 213 214 .3 2.7 2.1a 191 1.0 204




Table 3 {cant'd) Summary of GP-HPLC resulis

GP HPLE Result |
I
SR e . |
Fornudation T=0whs T=wks T=dwiks Tedwks |
I
A i S |
+4°C V3P SHC 2P0 LRI 44 +25°C A7 |
S . SRR U IR, o —— |
phosphale pHé % RenORTET B7.04 o660 97,43 U372 9743 918 a1 1% 7 50 |
% aggvepals 228 140 248 2.28 212 2.H 2.12 241 |
e Tt e s fromm e |
phosphate pi6 % ronomer 9749 9724 ¥13 }ota | 9113 97,70 NA ¥7.36 |
+ Toees %4 aggregait 2.31 1.7 i 2.1% 15 | 247 230 .64 |
e e ; — T B o |
phasphate piHe. 5 % monoier 97.61 97.35 97.25 | 9754 19755 a7 T NA 9330 |
% 20propnne 239 263 275 245 253 2.1 2H |
e e e al Kiiateniets —_——t - |
phosphate pHT % Moo 57 46 95 08 o D8 9717 9207 o760 WA 4 9747
¥ aeecote i34 1a: () L3 250 240 143
e T e ———— -]
phosphate pH? % manamer 9733 b5.64 W3 § Y07 (9643 97.34 .20 96 04
* NaCl % aggregate 183 132 381 293 | 335 266 280 186
I -1 Ty T T e e
phosphaie pHT 3 S MOHNmCT 97 40 5,83 L FR1E] oy MA 74 96,33 06.72
% apgrepaic 260 303 197 278 253 163 128
1, — —— .
stftrence {PES +4°C | % monomer 94 93 NA [ FA 96,57 MA 6714 A Na
ofly} % agteemate 3as 303 4
Hote. -

NA Mot Assayed.



Tabte 4 Comparison of GP-HPLC data for fermulations at T =0 with those which hnd been stored at +37°C for 8 weeks

Formulation T =0 weeks T =8 weeks +37°C
Aggrezate fevel Monamer Iglc | 1gG Agprepate Igc Monomer IgC; Fragment
(% total) level (% total} | {% total) (% total) {% total)
[ Acetae prid 1.44 98.56 0.05 75.63 24,32
Acetate pHs 211 a97.89 1.36 o752 P12
Acetate pHS + NaCl 250 97,50 1.51 74.50 2359
Acetate pHS + WaCl + Tween 2.69 97.31 1.35 7228 2637
Acetale pH3.5 Z.15 97 83 1.44 98 56 Nk
Histidine pHS.5 231 07 .69 1.47 98,19 034
Histdine pH6 128 2172 205 U795 N
[Histidine pHE + Na(i 218 . 9722 . 238 o7 62 ND
Higtidine pHE,5 213 07 83 2905 9755 N
Phosphale pHéa 226 97 74 2.41 a7.59 NI
Phosphate pH6 + Tween 2.51 97 49 2.64 97.36 WD
Phosphate pHG 5 239 97 61 2.0 9730 MD
Phosphate pli? 2.54 o7 46 291 ore 418
Phosphate pH? + NaCl 285 97.15 3.06 86.94 ND
Phosphate pH7.5 260 9740 128 96.72 ND

NI} = Mone Detecred



Tabte 5 Coamparisop of GP-HPLC daty for fermulations a¢ T = 0 with those which had been stored at +23°C for § weeks
{ Formwlation T =& weeks T =38 weels +23*C
B Aggregate level Monomey I3G  } 120 Appregate ) IpG Monomer | TgG Fragment
{% total} level (% total) {% Lotal) (% tatal) {% total)
Acctats pHA 144 98 .56 0.8% 98,91 021
I Acetate pH5 21 9189 215 a7.84 WD
Acetate pHS + Na(l 2.50 27.50 2.39 87.46 015
Acetate pHS + NaCl + 2.69 2731 2.74 o755 027
Tween
Acetaly pHS 3 215 47 85 05 ¢15%3
Histidine pH35.5 231 2769 2.t9 o7 81 NG
Histidine pHé 228 9172 219 L
Histidine pkle + NaCl 2.78 07.22 253 a7 47 HD
Histiding pHG.5 213 97 83 2.02 G798
Phosphate pRb 2.26 897.74 222 97,78 ND
Phosphate pHE + Tween 2.51 97.49 MA NA A
Phosphate pHS. 5 2.39 27 61 MNA WA HA
Phosphete pHT 1.54 97 .46 NA NA 4
Phosphate pH? + NaCl 285 97.15 280 97.20 ND
Phosphate pH7.5 2.60 a7.40 3.67 96.33 D

NHD = None Detected
HNA = Mot Assayed




Table & Compariyon of GP-IIPLC data for formuiations af T = § wit.h ihose which bnd been stered at +4°C for 8 weeks
CRormudation T = 0 weeks T = 8 weeks +4'C "
'T@gm;me evel | Monomer 12G | 16 Apgregate | igG Monomer | IgG Fragment
(% total) level (% tatal} | (% lotal) {% tolal} (% total)
| Acetate pH4 144 98 56 1.19 9881 *)
Aceinte prld 2 97,89 1.98 98 02 ND
Acelate gH5 + NaCl 2.5G 97,50 1.50 $7.50 N
Acetate pHS5 + NaCl + 2.6% 97.31 242 07.58 ND
Twetn
Acetate plis s 2145 9185 2.04 5796 ND
Histidine pHS 5 231 97 .49 219 a7 R jpis]
Histidine plis 238 9712 200 o7.99 ND
Hhsridine pHe + NaCl 278 97.22 2,56 07.44 ND
Histidine pHbo 5 213 9783 1.9t Q.00
Phasphate nHa 236 o774 2H %7 B9 ND
Phosphate pHG + Tween 2.51 07,49 2.30 97.70 ND
Pliosphate pH6.5 2.39 IV 6} 224 07,74 ND
Phosphate pHY 2,54 07 46 2ap 97.60 ND
Mhosphate pH7 + NaCl 2,85 9715 2.66 97.34 ND
Phosphate pH7.5 2.60 97 40 152 97.4% ND
Reference Sample (PBS) 3.05 96.95 2.50 97.10 ND

(*) Fragment peak pbserved but below detection limit of method.

WD = Hone Daeced.




Table7
Weels naing Densiometry
[ FORMULATION ' PERCENT DIFFERENCE TO
REFERENCE
Adcetate pH 4.0 0.4
Aceiate pH 5.0 - T - 8.1
Acetate + NaCl pH 5.0 13.8
" Acetate + NaCl + Tween 80 f 2210
pH 5.4
Acetate pH %.,5 T 4.4
Histidine p¥l 5.5 6.0
Histidine pH 4.0 _ll 31
Histidine + NaCl pH 6.0 4,3
LHistidine pH 6.5 8.1
Phosphate pH 6.0 X
Phosphate + Tween 80 pH 6,0 1.5
Phosphate pB 6.5 18,7
'ﬁmsphate pE 7.0 _il 5.2
Phosphate + NaCl pH 7.0 B 26.%
Phosphnte pH 7.5 §2.0

is of Sammples Stared at +37°C for &



Table Densitometry Results fpr Reduged Snmples on DS PAGE Analysis - Cam

T=0 b +37° ey aL T=3 wes

Farmulation

Acetate nH4.0

Acetate pHS .0

Acetate pHS & + NaC)
Acetate pH5 0 + WNaCl + Twaen
Acetate pFH35 3

Histidine pH5.5

Histidine pHS .0

Histidine pH6.0 + NaC?
Histidine pHS. 5
Phosphate pHE.0
Phasphate pHE.0 + Tween
Phosphate pH6.5
Phosphate pH7.0
Phosphate pH7.0 + Na(l
Phosphate pH?.5

Reference

T=0

977
08.1
w2
0g 2
9.7
97.8
98.3
UR.7
980
§9.0
98.7
¥8.6
99 4
99.1

99,1

[{oln

T=35
+37°0 Samples

332
90,6
834.4
Bl.g
875
524
949
958
96. |
v6.5
95.7
951
938
28,5

037

94.8

Decrense in
% Purity

14.5

1.5

grsls

arigon of



Reference T=2-20°C T<8/+37°C
Aci{pHA) Ac(pHA)
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Figure 2 les at T=0
pH3-10 agarosa IEF gels. Coomassie Blue stained.
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Fipurs 3 IEF Analysis of Samples Stored at 4°C gud 37°C for § Weels
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pH 3-10 agarose TEF gels Coomassie Blue stained.
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Figurc 4 natvyis of orgd at 4°C and 3I7°C for 8 W
pH 3-10 aggrose TEF gels Coomassie Blue stamed.
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Key:

1=

33=
4.5
67 =
§9=

Moelecular weight markers (kDa)
Phosphate pHE.0 + Tween

Phosphate pHE.5
Phosphate pHT.0
Phosphate pHT.0 + NaCi

10,11 = Phasphate pHT.S

12=

Refersnce



Figure7  SDS-PAGE Agalvsis of Non-Reduced Samuies ae T=8 weeks

5 - 15% gradient gels, Coomassie Blue stained. 10 ugflace.
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Key:

1 =Molecular weight markers (kDa} 10 = Histidine pH6.5

2 = Acetate pHA 0 1} = Phosphate pHE.0

3 = Acetatz pH5.0 [2 = Phosphate pH6.0 + Tween
4 = Acerate pHS.0 + Na(l I3 - Phosphate pHg.5

% = Acetate pFS.0 + NaCl + Tween 14 = Phosphate pH7.0

4 = Acetate pHS.5 15 = Phogphate pH7.0 + NaCl
7 = Histidine pHSs.5 16 = Phosphate pH?7 5

§ = Higtidine pHS 0 17 = Reference

¢ = Higtidine pHS ¢ + M2l
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1 = Molecular weight markeérs (kD)
2 = Acetate pHA.0

|0 = Histidine pHE.$
11 = Phosphate pHG.0

3 = Acetate pHS 0

4 = Acetate pHS.0 + Nald

5 = Acetate pH5. & + Nall + Tween
6 = Acetate pHA 5

7 = Histidire pHis 5

£ = Hijstidine pH6.0

9 = Histidine pH6 ¢ + NaC)

12 = Phogphate pH6.0 + Tween
13 -+ Phosphate pHé.5

|4 = Phosphate pH7.0

I5 = Phosphate pH7.0 + NaCl
16 = Phosphate pH?7.5

17 = Reference
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Key:

1 = Motecular weight markers (kDa)
2 = Acetate pH4.0
; 3= Acetate pH5.0
4 = Acetate pHS 0+ NaC)
5 = Assate gHA 0 + MaCl + Tween
" . & = Acetare pH5 5
7 = Histidine pH3. 5
8 = Higtidine pH5.0
9 = Histidine pHg.0 + NaCl
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|0 = Histidine pHS6.5

I 1 = Phosphate pHs.0

iZ = Phosphate pH6.0 + Tween
13 - Phosphate pti& 3

14 = Phosphmie pH? &

15 = Phogphaie pH7.0 + NaCl
L& = Phomphate pHT .S

|7 = Reference



Figure § Analvsis of Reduced Samules a=f)

5-15% gradient gels. Coomassie Blue stained. 25u8/1ane

10

11

i2

i= Molecuiar weight markers (kDa)
23= Acetate pHA.D

45=  Acstate pHS.D

6,7=  Acetats pHS G + NaCl

289= Acetate pEI3 .0 + Nall + Tween
10,11 = Acetate pH3.5

12= Reference
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2 3 4 5 & 71 3 9 0 1 12

1=

23 =
4.5=
67=
89=

Molecolar weight markers (kDa)
Higtidine pHS.5

Yimtidine pH6.0

Histidine pH6.0 + Nal)
Histidine pHE.S

10,11 = Phosphate pH5.0

12 =

Reference



3(z)

10,11 =

Malegular weight markers (kDa)
Phosphate pH6 D + Tween
Phogphare pls 5

Phosphate pH7 &

Phosphate pH?.0 + NaCl
Phosphate pH?,5

Reference



Figure & SDS-PAGE Analysic of Reduced Samples afier B wetks starage at 378C
5-15% gradient gel Coomassie Blwe stained. 150/ Lane

! 2 3 4 5 & 7 g 9 10 n 12
L mETSTAmS T s T T - 1
L @I FR ’ !
BRI f
R ’ '

1= Molecular weight markers (kDa)
& 23w Acetate pH 4.0
" 4,5= Acstate pH 5.0
; §,7=  Acstae + NaClpH 5.0
8,9= Acatate ¥+ NaC) + Twean B0 pH 5.0
. 10,11= Acetme pH 5.5
2= Reference Standard
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1= Malecular eeight markers (kDa)
2,3= Histidine pH 5.0

4,5= Histidine pH 6.0

6,7= Histidine + NaCl pH 6.0

3,9= FHistidine pH 6.5
13,11=Yhosphate pH 6.0

{2= Reference Standard

B 5 1w 1

12

T
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1 2 3 4 3 § 7 8 9 16 1L 12
94 -

-

1=  Molecular weight markers (kDa)
21 = Phosphate + Tween 50 pH 5.0
4,5 = Phosphate pH 6.5

6,7= Phasphate + pH 7.0

£,9= Phosphate + NaCl pH 7.0
10,11=Phosphate pH 7.5

iZ= Referepce Standard



Figure j0 DS-PAGE A is of’ uced Samples After 8§ W
3-15 gredient gat. Siiver stained. 10ug/Lane

It 12 13 14 15 16

1 = Molecular weight markers (kD) 10 = Histidine pH 6.5

2 = Acetate pH 4.0 1} =Phosphate pH 6.0

3 = Acetate pH 5.0 {2 = Phogphate + Tween 80 pH 6.0
4 = Acetate + Nall pH 5.0 13 = Phasphate pH & 5

5 = Acetate + NaCl + Tween 80 pH 5.0 14 = Phosphate pH 7.0

& = Acetate pH 5.5 15 = Phasphate + NaCl pH 7.0

¥ = Histidine pH 5 5 i6 = Phosphate pH 7.5

8 ~ Histidine pH 6.0 17 = Reference Standard

9 = Histidine + NaCl pH 6.0



Figure 11 SDS-PAGE Anglysis of Reduced Snmples After 8 Weeks Storage pt 8C

5-15% pradient gel. Sitver stained. 10pg/Lane

1 = Molecules weight markers {ikDa)
2 = Acetate pH 4.0

3= Acetate pH 5.0

4 = Acetate + NaCl pH 5.0

5= Acelate + NaCl + Tween 80 pH 5.0 |

& = Acetate pH 5.9

7 = Histidine pH 5.5

8 = Histidine pH 6.0

% = Histidine + NaCl pH 6.0

g8 9 10 10 12 11 4

15 16 17

10 = Histiding pH 6.5

11 = Fhosphate pH 6.6

12 = Phosphase + Tween 80 pH 6.0
13 = Phosphate pH 6.5

14 = Phasphate pH 7.0

15 = Phosphate + NaCl pH 7.0

16 = Phosphate pHi 7.5

[7 = Raference Standard



Figure 12 Anti IgG bed Western Blots of Redaced SDS-PAG k
+31°C Samples

Key to blots:

[ = Refarence

2 = High molecular weight markers (kDa)
3 = Low moleculgr weight markers {kDa}
4 = Acetate pHA O

5= Acetate pHS.0

& = Acetate pH3 .0 + NaCl

7 = Acetate pH5.0 + WaCi + Tween

8 = Acetate pH5 .4

9 = Histidine pH3.5

10 =Histidine pH6.0

11 = Histidine pHS.O + NaC}

12 = Histidine pH&.5

13 = Phosphate pk6.0

14 = Phosphate pH6.0 + Tween

1% = Phosphare nHA S

16 = Phosphate pH7.0

17 = Phosphate pH7.0 + Na(!

18 = Phosphate pH1.5
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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIRECCION DE NUEVAS CREAGIONES
2020
Bogala, .0,
Abogada
Diliz Rodriguez
Apaderadga
ASUNTOD Radicacion 05 91313
Tramite 002
Eventa oot
Actuyacion 430 . . . -
Oficio IRV
Folios 203
Patente de Invengion ] Patente de Modelo de Utilidad ]
Wia Macional Ej
Via PCT {fase nacionaly [+ ] Cap. | [ x] Cap. [I ]
W, 3ol Internacional PCT/US2004/003873
Fecha de Presentacidon internal. 09/02/2004

Como resuitado del exarnen de fondo, realizado con fundamento en el articuio 45 de
la Decision 486 de la Camision de fa Comunidad Andina, se [e comunica:

1. Documentos estudiados

1.1 Descnptitn: Folios 37 - 76 09/5eptiembre/2005
1.2 Ria. Solicitame: Folos 194 - 337 08/dunio/2010
1.3, Rewindicacionas.  Foliog 77 — 88 DB/Septiembre/2005

Folios 183 - 184

T4, Prioridad; US 60/455818

29/Abrilf2009

10/Febrarof2003



2. Objeto de la invencidn

« Titulo de la solicitud: “Formulacidn de inmunoglobulina y metode de
oreparaciton de ia misma’,

Segun las reivindicacionss 1-17 se refiere a una formulacion que comprende
natalizumab, un amortiguadar de fosfato, un polisorbato vy cforuro de sodio.

El problema planteado en esta solicitud es la necesidad de composiciones
estanles de inmunoglobulina,

Fara solucionar este prablema téonico 1a soliciiug en estudio proporciona ia
compPosicion de la presente solicitid

« Ciasificacian internacional de Patentes A 61 K 38/00

3. Determinacion del Estado de la Técnica

Considerando gue [a fecha de presentacion de la primera soiicitud de patente de I3
cual se reivindica prioridad es 10.02.03, se buscaran documentos del estado deia
iecnica relacionados. con fecha de publicacion anterior a esta.

Feorade
_Publicacion

N° Documento | Titulo

. "Anticuerpos humanos gue se |
o7 WO COBB772 ¢ enlazan 2 l-12 humana ¥ sus 25.05.00

o métodos para producirlos” I L
‘Prueba randomizada contralada

Gastroentaroiogy por placebo de un anticuerpo |
D8 2001, 121:268- °  monoclonal humanizado 2 la 2001
274 + integrina aifa-4 en enfermedad de |

___Grc:hn activa”

D7t shwaridwide espacenst comipublicationDetailstiblio?08= EPODACAl=§adiacent=true tlocaia
=ez 08 T=CAdate=200000288CO=WORNR=0085772A 14K =A1 €Nselia composicionas de

articuerpos gue centienen 0.1-250 mg/ml de un anticuerpo humana, 1-30 nM de
fosfate de sodio, 150 nM de clorurp de sodio a pH 6 v 0.005-0. 1% de poliserbato y se
dice gue los auxiliares usados son para aumentar [a estabilidad def producto (vern.

104-105}

D8 iitp ey, oastesiourna] orgfanicle/PlIS00 1658601 206568mbstracta paging 268, ensena

COMmposiciones gue comprenden natalizumab en un bufer de histiding en infusién
INtravercsa.

4, Analisis de patentabilidad (articule 14 D486)
4 1. Nivel inventive {articulo 18 D486}

_ esenciales i l' : i S
_Formulaciones Formulagiones acugsas




Formulacion acuosa . acuosas estables |

estable Ll e
.. Netaligumab - |~ Natalizumab -
Amortiguader da fosfate | Amartiguadaor da Armortiguador
S ) fosfato | N
Polisarbato | . Poiisorbato | —

_: C|Q_['UFD de SOdIO |m R

Se aprecia que la diferencia gcon DY radica en que dicho documenta no se
menciona de manera espeacitica el natalizumab.

Teniendo en cuenta el objeto de la solicitud, ef cual es proveer
composiciones estables de natalizumab, s una derivacion del estado de
la iecnica, ya gue una perscna versada en la materia tomaria las
composiciones de DY y mediante sus conocimientos usuales en
formulacion farmaceutica y usaria ! natalizumab de D8 con 13 expectativa
de que también fuesen composicicnes estables, debido a que D7 va
wsaha compasiciones de anticlerpas ¢on 108 mismas auxiliares que tienen
una sstabilidad aumentada.

Finalmente, no sa demuesiva un afecio mejorads o sorprendenta de fas
compoesiciones reivindicadas en comparacién con |las conocidas en el
estado de la tecnica.

En respuesta a los argumentos del solicitante, en donde se adjunta un
estudio de estabilidad de natalizumab, conciuyendo que [a composicidn
reivindicada es inventiva, se e actara gue, tal como lo dice el salicitante 1a
combinacian de cloruro de sodio-polisorbate aceleraba |a degradacton del
activo y recomienda el fosfato, sl esto lo comparamos con D7 gue revels
composiciones estables de un anticuerpe humano gue contienen
polisorbato-clorure de sodio-fosfato, se demuestra gues =l problema a
solucionar con la presente scliciiud ya fue selucionado por D7, ya que
diche documento ya estabilizaha anticuerpos humanas con bufer de
tosfatos, por lo tanto seria ohvio incorperar las ensefianzas de D8 a b7 y
obtener las composiciongs reivindicadas con la expectativa de que fueran
estables gracias a la utiizacidon de plfer de fosfatos.

5 Conciusion:

Log requisiios de catentabilidad de ia presente soiicitud se encuentran afectados asi.

NO

D7 WO 0056772 —— ——

Vare- - A e — i——

W e sy

Reivindicacianes

Afectadas Requisito que Afecta

Doecumento

1-17 - Nivel Inventivo

s



" Gastroenterology 117 Nivel Inventivo

DB 2001 124 2686- [

En cumplimienio del aricuio 45 de la Decision 486 de la Comisidn de la Comunidad
Anding, se le indica que debe dar respuesta dentro del término de sesenta dias
cortages a partic de [a fecha de notificacian de la presente comunicacion. En caso
de ng dar respuesta al presente requerimiento, o $i a pesar de la respuesta
subsistieran fos impedimentos para la concesion, se denegara la patente.

Netifiguese el presente oficio conforme a lo dispuesto en el numeral 5.2, literai e}, de
capiulo 5 del titulg primers de ta Circular Unica N° 10 de 2001,

Jose Luis Salazar Lopez
Director de Nuevas Creaciones {¢)

1 EXAMINADOR TECNICO
- Codigo Wo. 202024

Revizd: Consueo Leguizamén 1@'6 '



|. INTRODUCTION

The major goal in designing a suitable drug formulation is to provide a
compatible environment that cusures the maximum stability of the drg. This
stability needs to be supported for a time period measured in years, in order to
provide an adequate shelf life for the drug. For traditional, low molecular weight
drugs, rational design of the formulation is well understood. It is based on an
elucidation of the principal degradation routes and their kinetics, as well as an
understanding of the mechanism of degradation. A significant body of literature
exists in this field. For more complex protein and peptide drugs, no such literatire
is readily available on the pharmaceutical aspects of stability. The purpose of this
review is to survey the biochemical literature in order to present an overview of the
degradation mechanisms and major causes of instability in peptide and protein
drugs. Some excellent reviews related to protein formulation have been published
recently addressing the general stability of protein pharmmacenticals,’ effect of
formulation stabilizers.? protein degradation pathways,? and analytical methods to
study protein degradation.* The stability of protein pharmaceuticals has aiso been
reviewed recently as part of an in-depth series on pharmaceutical biotechnology.38

- [l. PROTEIN AGGREGATION AND FORMULATION STABILITY

With the advent of biotechnology, greater amounts of profein have been made
available to study various degradation reactions including aggregation. Early studies
of proteins provided insight inta the mechanisms of protein aggregation, but these
studies failed to spark the interest of researchers in biotechnology.” After the first
seccessful exlfnression of recombinant proteins, the formation of inscluble aggregates
was observed in the host bacteria.? These insoluble aggregates, refesred to as inclu-
sion badies, reduced the yield of soluble active protein and required disseciation to
recover hioactivity of the expressed protein. For successful commercialization of
recombinant proteins, methads wete developed to recover native protein from intra-
cellular protein aggregates (for reviews, see References 2 and 10). Many recent
studies have been performed to determine the underlying mechanisms of both in vive
and in vitro protein aggregation (for reviews, see References 11 and 12).

In contrast, there have heen few detailed reviews of protein aggregation in
formulations. The existing literature on protein formulations has usnally focused
on the chemical mechanisms for degradation and this literature is often directed
toward research on therapeutic proieins. Usually, the therapeutic protein formuba-
tions described in the literature were designed to minimize aggregation since
aggregation can have several detrimental effects including loss of activity, altered
haif-life, apd increased immunogenicity. However, these studies are rarely de-
signed 10 investigate the mechanisms of protein aggregation in the formulation. To
minimize or eliminate aggregation, excipients such as sugers or surfactants are
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often empirically added to the formulation. A different mechanisin of inhibiting
aggregation may exist for each excipient. In addition, the physical state of the
formulation {liquid or solid) affects protein stability. For solid formnlation, the
components of the formulation (such as buffer, excipients, etc.), the method of
achieving the dry state (such as lyophilization), and the conditions of the dry state
affect protein stability. To assure protein stability for both liquid and solid formu-
lationts, the processes that canse protein aggregation must be understood.

A. Mechanisms of Protein Aggregation

To determine the factors influencing protein aggregation, the major causes of
protein aggregation should be investigated. The distinction between association
and aggregation must first be defined. Protein association is often considered a
reversible process involving the interaction of two or more native protein mol-
ecules and association may often result in reversihle precipitation of the protein
(see Section I1.A.2). Protein aggregation usnally involves the interaction of two or
more denatured projein molecules and this process is often not reversible withont
dramatic changes in the solvent environment (gee Section [.A 1), Therefare,
protein denaturation must occur prior to the formation of aggregates according to
this definition. Protein denaturation in solution is primarily caused by the solvent
environment (pH, salt, cosolvents, etc.}, temperature, or surface interactions. For
lyophilized proteins, denaturation is dependent upon the final state of the protein
as well as the changes in the protein solution during freeze-drying (see Section
IL.D). The solvent environment may affect the physical state of the protein. The
protein assumes the most thermodynamically favorable state in a given solvent
environment. For example, in the presence of denaturants, the protein can assume
a COMpact nonnative state with exposed hydrophobic residues that are normally
buried in the protein core or it can form a random coil structure characteristic of
a fully unfolded protein, When a protein is heated, it may also form different
depatured states. At elevated temperatures, proteins often become more flexible
and their collision frequency increases, resulting in a propensity to form aggre-
gates. In addition, many surfaces used in pharmaceutical applications are hydro-
phobic and protein adsorpiion to these surfaces can occur. Protein adserption at
hydrophobic surfaces may result in the accumulation of denamred protein at the
surface, which results in an increased Iocal concentration of denpatured protein and
subsequent aggregation. An air interface is a hydrophobic surface and, therefore,
agitation of protein solutions with an air interface can also cause aggregation. The
physical state of a protein and its stability depend on several environmental factors,
Detrimental changes in the protein environment can result in protein denaturation,
In general, the denatured state, which can be defined as any nonnative conforma-
tion, often has exposed hydrophobic surfaces that may interact with other proteins
both in solution and on surfaces. '
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7. benaruraﬂon

Many proteins are only marginally stable in solution; therefore, they are easily
denatured and this results in aggregation. Nature has evolved methods to eliminate
denatured proteins from the body and thereby reduce aggregation and prevent
autpimmunity {see Section ILB). These methods usually involve profeoiytic deg-
radation or glomerular filration. In addition, intvacellular processes remove dena-
tured proteins and solubilize protein aggregates. One class of intracellular proteins,
referred to as chaperonins, have the ability to bind denatured or aggregated proteins
and facilitate their renaturation to the native state (for reviews, see References 13
and 14). When the chaperonins become overwhelmed by the high expression level
of a recombinant protein, intracellular aggregates (inclusion bodies) may form,!*?
Inclusion body formation of many recombinant therapeutic proteins (e.g., hurmnan
insulin,? buman growth hormone (hGH),'®?® and human interferon-gamma?®) re-
guired extensive protein folding studies to recover the mative protein. These
studies, in turn, have provided a basic understanding of the processes of denatur-
ation and aggregation.

Two basic pathways have been observed for proteins during denaturations and
folding. The simiplest pathway involves a two-state model. In this model, thE: native
state, N, exists in equilibriom with the denatured staie, I:

N=D ey

The native state is not & rigid structure in solution and it can fluctate to form
several stable, active states that are difficult to detect by many methods.* The
denatured state is an ensemble average of several nonnative protein conformations,
The characteristics and stability of the denatured state are dependent upon the
environment (e.g., the solveni conditions). The preserice of denaturants, cosolvents
(see Section ILC), or extremes of pH can destabilize the native protein. As the
protein denatures, the internal hydrophobic core residues are often exposed to the
solvent.? Interactions between hydrophobic residues in the interior of the protein
determine the physical stability of the protein. - Stability of proteins has been
successfully altered by making single residue substitutions in the hydrophobic
core.”>3 Thus, through protein engineering, it is possible to determine the critical
hydrophabic residues and increase protein stability. Once the hydrophobic core
residues are exposed to the solvent, they can interact with other hydrophobic
surfaces such as container surfaces, air interfaces, ar even with other denatred
proteins. Exposure of these hydrophobic residues may proceed through a sequen-
tial series of definable thermodynamic states refersed to as intermediates. The
formation of stable intermediate conformations that self-associate during folding
has been observed for a number of proteins,>2? The second general pathway for
denaturation and folding would then include these stable intermediate species:
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A=T
As shown in Equation 2, the native protein unfolds to form a native-like interme-
diate, T, and this intermediate further nnfolds to form other intermediates. Often,
the protein will unfold to form an off-pathway or misfolded intermediate, L. These
misfolded intermediates are often thermodynamically stable and their rate of
folding to the native siate can be significantly slower than the other intermediates.
These misfolded intermediates usually contain nonnative disulfide bonds that must
be reduced to allow folding to the native state.® Misfolded internediates and
hydrophobic intermediates on the folding pathway may form aggrepgates, A. Al-
though the misfolded intermediates and aggregates may eventually refoid to the
native state, the renaturation of these species is usnally performed through the
addition of denaturing agents such as sodium dodecyl sulfate (SDS), guanidine
hydrochloride, or urea. If the misfolded intermediates or aggregaies form norna-
tive disulfide bonds, the dissociation and folding to the native state require reduc-
ing agents as well as a2 denaturant,

Although many physicochemical interactions can lead to protein aggregation,
several researchers have postulated that noncovalent interactions, specifically
hydrophebic interactions, are the major cause of aggregation from the denatured
state. 33437 Many studies of protein folding indicate that stable hydrophobic inter-
mediates self-associate, 23! For example, the hydrophobic melten globule interme-
diates of carbonic anhydrase and bovine growth hormone self-associate during
refolding 28203832 If 4 thepmodynamically stable intermediate staie does not exist as
suggested in the two-state model, hydrophobic interactions may stiil drive the
aggregation of the protein since the gradual exposure of a hydrophobic surface will
also increase the propensity of the protein to aggregate. For refolding of recomibi-
nant h(GH, association of the protein was observed at high protein concentrations,
but an intermediate species responsible for the aggregation was not identified.??
Hydrophobic interactions are also the strongest nonpolar forces and may be the
driving force for refolding.?6 The endothermic kinetics®*4%41 and loss of entropy*®#
ohserved during protein aggregation are further evidence of these nonpolar forces,
Exposure of hydrophobic regions can occur during denaturation by chaotropic
agents®343714043 or by increased temperature, 44+ Both denaturants and tempera-
ture have been used to study the sisbility of proteins. If the two-state model as
shown in Equation 1 is assumed, the concentration of denaturant required to
achieve an equal concentration of native and denatured protein will provide an
indication of the thermodynamic stability of the protein. This approach can also be
. used to calcalate the free energy of unfolding of the protein, which defines the
thermodynamic stability of the protein.™ First, the fraction of denatured protein, £,
is calculated for a given condition {denaturant concentration, temperature, etc.) by
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using a method that measures the extent of denaturation. Spectroscopic methods

-such as absorbance, circnlar dichroism, or fluorescence are commoniy used for

these studies. The fraction of depatred protein is then defined by the equilibrium
beiween the depatured, D, and native, N, states:

INI+{D) 1+K - &

S

where K,p is the equilibrium constant. The equilibrium constant for denaturation
is also related to the free energy of denaturation, AG%y, as a function of the
denaturant concentration, [C]:

~AGY ~(AG"P° + A[C])
KND = exp{ RTHD }: E‘-Xp[ RT (4)

where AG®H,0 is the free energy of denaturation without denaturant and A corre-
sponds to a linear relationship between denaturant concentration and change in free
energy. By nonlinear least sguares methods, experimental data can be used in
Equations 3 and 4 with the denatured fraction as the dependent variable and the
denaturant concentration as the independent variable. In addition, an equal concen-
tration of both native and denatured protein is often achieved through heating to
the appropriate temperature, usually referred to as the melt temperature, T,,. Both
the heating and denaturation profiles of a protein are measured at equilibrium, and
the results are used to calculate the thermodynamic stability of the protein as
defined by Equations 3 and 4. These analyses are based on the assumptions that the
protein does niot form & stable intermediate state and does not aggregate.

Another factor that can cause protein denaturation is surface interaction.
Adsorption of proteins to interfaces has been extensively reviewed - Adsorption
studies have shown that proteins will adhere strongly to hydrophobic surfaces, but
protein adsorption to hydrophilic surfaces is very weak.®® After adsorbing to a
hydrophobic surface, a gradual denaturation of the protein may occur with the
denatured protein remaining bound to the surface.” - Once the buried hydrepho-
bic residues in the protein are exposed and adsorbed to the surface, dissociation of
the protein from the surface can result in aggregation of the hydrophobic deratured
protein. This process can be described by a series of reactions:

N+S=N5S=DS=D+S5=A (5)

where N is the native state, 8 is the sﬁrfaoe, D is the denatured protein, and A is

aggregate of denatured protein. Detailed models of protein adsorption for several
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proteins have been described previously.®® Protein adsorption to surfaces can also
decrease the thermosiability of the protein.® For example, denaturation and inac-
tivation of (-galactosidase occurred upon interaction with wall surfaces at low
temperatures and the inactivation was independent of the airliquid interfacial
area.¥ Aggregation of denatured insulin on hydrophobic surfaces has besn well
studied. Monomeric insulin adsorbs to a hydrophobic surface or interface and is
denatured 75 Unlike many native proteins, native monomeric insulin has exposed
hydrophobic surfaces that may initiate the surface adsorption. Subsequent denatur-
ation and accumulation at the surface resuits in the formation of nonnative protein
apgregates.’s-® Surface adsorption that results in denaturation of the protein can be
reduced or eliminated by either utilizing = more hydrophilic containey or adding
componenis to the formulation. Typically, glass vials are used for protein formu-
lations, but silica, a slightly charged hydrophobic surface, can readily adsorb
proteins. The pse of more hydrophilic surfaces such as polyethylene oxide reduces
protein adsorption and, thereby, prevents surface denaturation®® Unfortunately,
these materials are not widely used in protein pharmaceuticals. For therapentic
proteins, components are usually added to the protein fommulation to prevent
adsorption to the glass surface. These additives may inhibit surface adsorption by
coating the surface and/or hinding to the protein. Servm albumin is often added to
formulations because it competes for surface sites to prevent adsorption of the
therapeutic protein. However, the addition of serum albumin may not be as
effective as the addition of surfactants.5 Surfactants may bind (o either the protein
or the hydrophobic surfaces and inhibit protein adsorption. Copolymers of ethylene
oxide and propyl oxide block copolymers called Poloxamers {e.g., Pluronics and
Genapol series}), and other polyethers such as the pelysorbate series (e.g., Tween®)
have been used to prevent profein adsorption, In particular, Genapel PF-10,%
Pluronic F-68,% Tween,” and Triton X-100°7 have been used to prevent surface
adsorption and aggregation of insulin, Nonpolar solvents such a8 aleohols™ and
urea’® also provided a significant rednction in surface adsorption and denaturation
of insulin, When adding surfactants and other stabilizers to the protein formulation,
the effects of the additive on the pharmacological properties of the drug must be
considered and additional toxicology studies may be required for materials that are
not generally regarded as safe (GRAS). The additives may also canse leaching of
the container components and stability siudies must also address this possibility.®

Proteins can also be denaturad by other interfacial phenomena. Gas interfaces
and shear forces from pumping or filtration can both cause significant denaturation
of the protein. Like many solid surfaces, gas interfaces are nonpolar and can cause
protein denaturation. The rate of denaturation at a gas-liquid interface is dependent
upon the residence time of the protein at the interface.$2 When shaking of proiein
solutions occurs in the presence of a gas-liguid interface, the rate of protein
denaturation is increased resulting in the formation of both soluble and insoluble
protein aggregates.5 Protein denaturation cavsed by agitation is the result of botiz
the interfacial and shear forces on the protein. Shear denaturation of proteins can
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oecur as the result of agitation, %6 pumping 56 or filtration. As in the case of
. protein adsorption, surfactants have been added to forrmulations to rednce interfa-
cial® and shear-induced® denaturation. The stability of many therapeutic proteins
is often smdied by subjecting the final configuration (e.g., stoppered vial) to
shaking for several hours. If the protein in the final configuration retains jis native
state and does not aggregate, the formulation is considered stable against surface
or shear~-induced denaturation, These vigorous tasting procedures are performed to
assure that the patient is not administered aggregated mategial as the result of
storage or handling. Often, these formulations will reguire a stabilizing agent (e.g.,
surfactant) 1o prevent protein depaturation,

2. Charge Noytrallzation and Solubilfty

Denaturation usually occurs prior to protein aggregation in solution, buot the
formation of native protein oligomers can also lead to aggregates of denatured
protein. These phenomena often involve the association of the native protein as the
result of changes in the solvent environment. The resulting protein oligomers may
uadergo subsequent dengtiration over time as the result of the solvent conditions
and protein-protein interactions. When a protein is placed in a high concentration
of salt, the surface charges on the protein can become masked such that charge-
charge repulsion does not ocenr, This surface charge nentralization can result in the
assaciation of neutral protein molecules, A similar phenomenon of charge neutral-
ization can occur when the pH of the solution approaches the isoelectric point of
the proiein. As the isoclectzic point is reachad, the number of neuiral protein
molecules increases and association often occurs. Both salt and pH changes may
fead to subtle changes in protein conformation in the associated state, resulting in
the formation of irreversible aggregates, If the association process and salt or pH
changes do not irreversibly aliar the conformation of the protein, dissociation ¢can
occur by adjusting the pH or reducing the salt concentration. In the development
of a stable formmlation, the pH of the formulation is selected by taking into account
factors such as the isoelectric point of the protein, solubility, and chemical degra-
dation (e.g., deamidation). To reduce chemical degradation, the pH of many
protein formulations i§ approximately 5 to 7. The iscelectric point of many her-
mones and bload proteins is aiso in the range of pH J t¢ 7.9 Thus, the formulation
pH must then be adjusted to avoid hoth chemical degradation and isoelectric
precipitation. To ensure adequate solubility, the protein formulation is usually
maintained at least 0.5 pH units above or below the protein’s isoelectric point.

The solubility limit for native proteins in solution is dependent upon the
solvent enviropment as well as the physical characteristics of the system {e.g.,
temperature). Many therapentic proteins can be mainiained in a soluble state at
concentrations (pg/mL to mg/mL) that are adequate for efficacy. Each protein must
be studied for its solubility in a given solveat environmens even fhough the
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insoluble protein may not cause any adverse side effects such as increased inuou-
nogenicity (see Section I1.B.2). Factors such as pH, excipients (see Section IL.C),
and buffer components influence the protein solubility and the chemical and
physical stability. These factors also have an impact on protein lyophilization {(see
Section I D). The protein in solufion can occupy a specific volume of the solution
as the resnlt of its tertiary strucrure. The sum of the specific volumes of each
protein molecule in solution will dictate the number of molecules that can be
packed into a specific volume of water containing buffer components and excipi-
ents. Therefore, as the protein concentration is increased, the packing density of the
protein molecules increases, resulting in increased collisions and eventuslly the
formation of a second phase (solid protein). This process uswally cccurs by a
nucleation and growth mechanism where the critical nuclei are often soluble
associated protein that rapidly grow to form insoluble profein precipitates or
crystals.® Several methods can be used to assess the solubility of a protein in a
given solution. These methods often include adding solid protein to a spJution and
concenirating a solwtion by viwafittration. In most cases, the solubility limit of
native proteins is not pbserved for therapeutic applications.

B. Pharmaceutical Consequences af Protein Aggregation

When developing stable formulations for a therapeutic protein, one must
consider the effect of the formulation on the pharmacology of the drug, In particu-
lar, if the formulation does not prevent denaturation and aggregation of the protein,
the pharmacology, immunogenicity, and toXicology of the denatured or aggregated
protein must be studied to determine its safety and efficacy, The Food and Drug
Administration requires rigorous testing procedures to determine the stability of a
pharmaceutical preparation over time. As the protetn degrades chemically or
physically, the activity, half-life, and immuneogenicity of the protein can be altered.
Therefore, several studies must be performed to determine the extent of degrada-
tion that is acceptable for administration, The formation of soluble aggregates in
a protein formulation can have a significant effect on the pharmacokinetics and
immunogenicity of the protein Int addition, insoluble aggregates decrease the
product quality and are generally considered unscceptable. The end user, physician
or patient, is usually instructed not to administer a solution containing precipitates.
An understanding of both the pharmacokinetics and immunogenicity of aggregated
prowins is required for the development of a safe and efficacions product.

1. Activity and Biological Half-Life

Some proteins such as human insulig reversibly self-associate to form oligo-
mers of the native protein, Recombinant hilman insulin was the first recombinant

318

..-L/Il/\

21



therapeutic protein approved for human use. Many of the early formulation stabil-
ity studies were performed on recombinant human insulin, For insulin, it was
critical to understand both association of native protein and aggregation of dena-
tured protein, both for production from Escherichia coli®® and for development of
a successful product formulation. Insulin exists in several associated states that can
reversibly dissociate to the fully active monomer. The zinc hexamer of insulin is
a complex of insulin and zinc that results in the formation of insnlin crystals.’” This
form of insulin has long-acting properties (e.g., extended biological half-life) when
administered subcutaneously because it slowly dissociates into dimers and, even-
tually, monomers that diffuse through the capiliary membrane and into the blood ™
Many recent studies have been performed to alter the self-association properties of
insulin to produce stable dimeric or monomeric forms that are absorbed more
rapidty and have a reduced biclogical half-life for treatment of hyperglycemia
onset after meals.”'-7* These studies include engineering novel insulin mutants that
do not associate™ " and using surfactants to alter the distribution of assoclated and
monemeric insulin.” An understanding of insulin association has been required for
successful treatment of diabetes. The study of insulin aggregation in solution has
also been important for the development of insulin delivery devices,*%*.7 Light
scattering studies of insulin aggregation revealed the formation of large aggregates
(100 to 200 nm).36™7 Insulin aggregates larger than the native hexamer are
deleterions since the amount of active insulin is unkniown. These aggregates may
also invoke an unwanted and, perhaps, dangerous immune response.’™

2. immunogenicity

Before the development of recombinant human insulin, insulin was obiained
from animals (e.g., cattle and pigs). These animal-derived forms were immuno-
genic even after extensive purification.”” However, the cause of this immunogenic-
ity has never been clearly determined and it is likely that both the differences in
the primary sequence of the human and animal-derived insulin and the integrity,
degradation, apd aggregation of the extracted animal forms invoked an immune
response. Investigations of the relationship between aggregation and immune
response have been performed with bovine serum albumin. These smdies demon-
strated that the administration of aggregated protein resulted in an increased
immune regponse and the production of antibodies with a reduced affinity for the
native protein.” Another recombinant therapeutic protein, hGH, has been studied
for its immunogenicity as a function of aggregation. Initial therapies for ypopi-
tnitary dwarfism utilized hGH extracted from the pitvitaries of cadavers. The
extracted protein often contained aggregated or degraded forms and these prepa-
rations produced measurable amounis of antibodies to hGH after a single admin-
istration. To assess the effect of WGH aggregation on immune response, a study was
conducted with hGH in both the aggregated and monomeric forms. This study
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mdicated that aggregates of hGH were the primary cause of immunogenicity in
patients.” Another study of hGH aggregation involved the administration of either
the monomer or dimer of hGH. Both the dimer and monomer yielded equally low
incidence of immunogenicity and the growth response was reported as equiva-
lent.’ fn vive monomeric growth hormone binds and causes the dimerization of
two growth hormone receptors.8! Therefore, the dimer of BGH must dissociate to
have a biolagical effect. In addition, the presence of antibodies to hGH may not
alter the effectiveness of the protein.® These resuits suggest that immunogenicity,
although undesirable, does not always diminish the efficacy of a protein therapeu-
tic. The major concern in developing an immunogenic response to the therapeutic
protein is the effect of this response on the patient’s own protein (e.g., autoim-
muniity). Further research on the aggregation of other therapeutic proteins contin-
ues 1o provide a better understanding of the role of aggregation in the immune
response. '

C. Effects of Exciplents on Protein Aggregation

To prevent the formation of aggregates that can cause undesirable immuroge-
nicity or altered half-life, the protein formulation usually contains buffer compo-
nents and excipients. Because the solvent environment dictates the ability of the
protein to maintain its native state and avoid denaturation from physical forces
such as heat or agitation, different excipients are empirically tesied for their abiliry
to stabilize the protein. These excipients can range from salts to surfactants.
Excipients and buffer components added to solutions to increase the stability or
solubility of the protein are often referred 1o as cosolvents because they affect the
solvation of the protein.

1. Cosolvent EHacts

The thermodynarnics of solvent interactions with proteins has been studied for
a variety of different proteins and cosolvents, 325 These studies have shown that
cosolvents may affect the physical stability of proteins by two different mecha-
nisms. One mechanisim is the preferential hydration of the protein, which is defined
as the exclusion of the cosolvent from the protein surface. The cosclveat is
excluded from the protein suiface as the result of either inert steric exclusion
effects (e.g., poiyethiylene glycols), an increase in the surface tension of water (e.g.,
sugars, some salts, and amino acids), or chemical incompatibility with the protein
surface (&.g., charge repulsion, 2-methyl-2,4-pentanediol, MPD}.% In each case,
the protein does not interact with the cosolvent and becomes fully hydrated,
surrounded by a cosolveni-free layer of water, The application of cosolvents that
cause preferential hydration of the protein stabilizes compact protein conforma-
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tions because cosolvent addition results in an increase in the free energy of the
- gystem (increased surface tension). To reduce the free energy of the system, the
solvent-accessible surface area of the protein is minimized. These effects are
described by a thermodynamic analysis of the systemn. The chemical potential of
the protein (§u.,/3m,) changes as the result of cosolvent addition and this change
is defined by the product of the chaage in the chamical potential of the cosclvent
{S1i/0m,) and the preferential interaction of the cosolvemt with the protein

! p ! 5 | ! FLS lI
Ivl 1.:“-? F I.!lw.!l‘ Iulilnp ( )

where | is the chemical potential, m is the molality, T is the system temperatuse,
P is the system pressure, and the subscripts denote protein (p), cosolvent (s), and
water (w). The preferential interaction term (8m,/8m,) has been measured and is
used to describe interactions between several cosolvents and proteins.®# If the
preferential interaction term is negative, the cosolvent causes preferential hydra-
tion of the protein or, in other words, the binding interaction is negative. A positive
preferential interaction is the other major mechanism of cosolvent action where the
cosolvent binds to the protein surface.® Cosolvent binding is either nonspecific or
specific to sites on the protein surface.® Denafuration studies have shown that
many denaturants do not bind specific sites, but instead cause-global changes in the
protein conformation.®®®!

Either cosolvent binding or preferential hydration have been observed for
several cosolvents and proteins and a sammary of each cosoivent effect is shown
in Figure 1, The classification of cosolvents into these two distinct categories,
binding and hydration, is often difficult because several additional factors influ-
ence their behavior,% Concentration effects can alter the solution behavior of many
cosolvents, For example, polyethylene glycol (PEG) at high concentrations (>10%
wiv) exerts a nonspecific negative preferential interaction with proteins causing
precipitation, ¥ On the other hand, PEG at low concentrations (<1% w/v) has been
observed to bind to hydrophobic surfaces on denatured proteins.®* The major
difficulty in analyzing the stabilizing effect of these soivents is the imability to
separate denaturation events from physical changes in the solvent enviromuent.
The interplay between thermodynamic changes in the solvent environment and
alterations in the protein conformation determines the stability of a protein in a
given solvent, The two-state equilibrinum denaturation model described in Equation
1 iz combined with Equation 6 to describe the thermodynamic contribution of the
solvent environment to denaturation of the protein:

s
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FIGURE 1. Casolvent interaction dizgram for native proteins 8485882 The cosoivents 1o
the left of the middle arrow have besn shown to bind nonspsecifically to several prateins
(positive preferential cosolvent interactions). The cosolvents to the right of the middle arow
have been observed to act by preferantial hydration of protaing resulting in & negative
preferential interaction. The mechanism of interaction for PEG is dependent upon the PEG
concentration and molscular weight as discussad in the text. :
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The denaturation equilibrium constant, Ky, as defined in Equations 3 aad 4, is
related to the preferential imteraction of the cosolvents with each state: the
denatured, D, or native, N, conformation. The nanideality of the cosglvent in the
agueous solution is expressed as the activity coefficient of the cosolvent, a,,
which is rejated to the change in chemical patential of the solution upon addiiion
of cosolvent (811,/8m.). If the cosolvent interacts with the native state by prefer-
ential exclusion from the protein surface, it will reduce the solubility of the
protein, assuming that the protein maintains its native conformation in the
presence of the cosolvent. In contrast, Bguation 7 describes mathematically the
delicate balance between binding and exclusion that must be applied to reduce
or eliminate denaturation. Thus, cosolvents that provide the greatest stability
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against denaturation and aggregation should bind weakly to proteins without
. perturbing their tertiary structure and should provide a lower free energy state for
the native protein than its depatured forms. Several examples of cosolvents that
balance these interactions have been described for protein folding®?* and stabil-
ity studies.)®? These results indicate that each protein will behave differently in
the presence of cosolvents, but the general scheme shown in Figure 1 18 appli-
cable for many proteins.

2, The Role of Surfactants

Although surfactants are generally considered cosolvents, they display several
unique features that are not observed for other cosolvents. For example, many ionic
surfactants, such as SDS, cause denaturation of proteins at relatively low concen-
trations (<0,1% w/v). Nonionic surfactants do not usually canse denaturation even
at moderate concentrations (1% w/v). The most common nonionic surfactants
originate from either the polysorbate or polyether families. The polyscrbate com-
pounds (e.g., Tweens) consist of a sorbitol-polyethylene oxide head group and a
hydrocarbon tail, The typical polyethers are PEG and polyethylene oxide-polypro-
pylene oxide block copolymers (e.g., Plurenics®). With the exception of PEG,
these polymers have the distinct surfactant charactenistics of both hydrophilic and
hydrophobic domains.

The pharmacentical industry wtilizes a wide variety of surfactants. Nonionic and
jonic surfactznis have been approved for use in parenteral pharmaceutical formula-
tions. Surfactants were originally added to many formulations to increase protein
solubility or stability (see Saction ILA.1). Surfactanis can assemble at hydrophobic
interfaces such as air-liquid or solid-liquid interfaces. In addition, surfactants reduce
the surface tension of the solution and thereby decrease the fre¢ energy of the system.
As the free energy of the system is reduced, the protein-protein and protein-surface
interactions are reduced. Proteins are not preferentially hydrated by low concenira-
tions of surfactants (<1% w/v). As discnssed in Section ILC.1, this effect iz depen-
dent upon the surfactant concentration as observed for PEG interactions. The major
rationale for using surfactants in protein formulations is their ability to bind to
hydrophobic interfaces that are potential denaturation sites, Recent studies show that
surfactants act at hydrophobic comtainer surfaces, 5 air-liquid interfaces, -6 and
hydrophobic surfaces on the protein %% By binding to the protein’s exposed
hydrophobic surface, surfactants reduce the hydrophobic interactions between sol-
vated protein molecules, thus reducing aggregation.®* The dual action of surfac-
tants provides a mechanism for preventing or reducing surface-induced denatiration,
as well as protein-protein interactions.

The chvice of surfactant is dependent upon the physical characteristics of the
protein, the system (e.g., container, head space, etc.), and the presence of other
cosolvents. Several studies have investigated the ability of surfactants to prevent




denaturation and subsequent nonspecific aggregation of insulin. %! These studies
show that the type and concentration of surfactant necessary to inhibit aggregation
can vary with st conditions and the system studied In addition, the presence of
other cosolvents may alter the physical characteristics of the surfactants. For
example, additdion of cosolvents that canse preferential hydration of the protein
(e-g., sugars) may also canse hydration of the surfactant, which results in a phase
separation (aqueous/surfactant or agqueousfsalid}. The conceniration of surfactant
used in the formulation may also alter its interactions with the protein. Most
nonionic surfactants, especially polysorbates, have a relatively low critical micelle
concentration (<0.1% w/v) and, therefore, exist in micellar form in many formu-
lations, These micelles exist in equilibrfium with the monomeric surfactant mol-
ecules. The protein can interact with either the micellar situcture or the monomeric
surfactant molecitles, The system hecomes extremely complex witen the formula-
tions contain multiple components or surfactants at concentrations above their
critical micelle conceniration. Future studies should provide additional evidence
that swifactants bind to native®™# as well as denatured proteins®** and thig re-
search, combined with an understanding of the solution properties of surfactants,
should provide some fundamental rules for the nse of surfactants n protein
formulations.

3. Recent Discoveries

Formulation research has lead to the discovery of new excipients that can
provide increased solubility and stability for pharmaceuticals. These excipients
must meet the requirernents of aqueons selubility, nonioxicity, and nonreactivity.
In addition, the excipient should stabilize the native protein conformation and
prevent nonspecific adsorption and aggregation. Rapid clearance from the body
and lack of biological effects are also required for snitable excipients. Advances
in the development of new excipients would include improvements in ease of use,
increased stability at room temperatire, and unrestricted administration (delivery
route or dosage). Although many of the Cosolvents discussed in the previous
section and listed in Figure 1 are used as excipients in approved pharmaceutical
applications, these excipients usually do pot meet all of these criteria wien used
alone. Therefore, a combination of excipients is ofien used 1o take advantage of the
characteristics of each excipient. The characteristics of these complex mixtures are
often difficult to measure and deseribe in a theoretical contexs. Thus, many protein
formulations contain excipient combinations that are chosen on the basis of the
formulation scientist’s expeniencs.

Recenily, cyclodexiring have been extensively stndied in protein formulations
because they have many desirable physicochemical properties. Development of
toxicology data and industrial processes have increased the potential use of
cyclodextring, Cyclodextring are unique molecnles that have been smdied for their
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ability to microencapsuaiate small molecules. Cyclodextring have & “domat-tike”
- structure of six (alpha), seven (beta}, or eight (gamma) glucopyranose units {for
reviews, see References 95-97). These componnds have been used in diagnostic
kits for several years and have only recently been smdied for nse as pharmaceutical
excipients.” Cyclodextring have been postulated to decrease aggregation and
nonspecific agsorption by specifically interacting with the hydrophobic sites on
proteins.® If the cyclodexiring bind to hydrophobic residues expased on the protein
surface, they should inhibit association reactions that sre driven by hydrophobic
mteractions. These excipients have a pardeylar affinity for avomatic amine acids
and may encapsujate them in the inner core of the cyclodexirin % It seems unlikely
that eyclodextrin binding of aromatic residues would increase protein sojubility
and stability because few native proteins have solvent exposed aromatic groups.
Several proteins have been studied in formulations containing 2-hydroxypropyl-p-
cyclodextrin (HPCD). In each case, HPCD increased protein selubility and siabil-
ity. When HPCD was used in elevated teynperature stability sradies, protein ag-
gregation was inhibited and the proteing (interlenkin-2, rimor necrosis factor,
macrophage coiony stimulating factor, insulig, and growth hormone) were main-
tained in their native conformation.’> For Iyophilization, HPCD also provided
improved reconstitution characteristics and prevented aggregation of tumer necro-
sis factor”® and interleukin-2.% The nontoxicity and stabifity properties of cyclo-
dextring justify further studies of these excipients 1o understand the mechanisms of
their interaction with proteins, One drawback of their use, howsver, is the rela-
tively high concentrations (10 to 209%) needed to effect stabilization.

Trehalose also has marnty desirable physicochemical properties. It is similar in
composition to the other disaccharides (g.g., maltose) commonly uged in protein
formulations, but it has a unique structare: o-D-glicopyranosyl-o-I>-ghuco-
pyranoside. This structure results in 2 physical onentation of hydroxyl groups that
is distinct from other diszcchandes of glucoge (e, or 1,4 linkages). This difference
tn strocrore may canse trehalose to have distingt physical properties. The funda-
mental basis for stabilization of proteins by trehalose has been recently debated. %19
The two hypotheses for trehalose stabilizarion of preteing are the “water-subst-
tate” and “glassy stats” maodels, Both of these models describe the effect of
trehaloss on the stabilization of dried protein. The warer-substitute hypothesis
postlates that trehalose stabilizes dried proteins by hydrating the protein at sites
previously occupied by water.'®! On the other kand, the glassy state hypothesis
suggests that trehalose stabilization 1s the result of an increased glass transition
temperature (T, = 77°C, see Section IL.D), Ta date, the mechanism for enhanced
stability of dried proteins in trebalose formulations is not well anderstood and there
have not been any published studies on the use of trehalose in aqueous formmula-
tions. However, trehalose has been shown to provide enhanced stability of proteins
when compared to several other excipients. In particular, trehalose prevents aggre-
gation of proteins in the dried or glassy stare at elevated temperatures (>25°C),100.101
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For cxamplc restriction endonucleases, ci}nnnunly used for genetic engmeenng,
have been dried in trehalose and have maintined activity afier storage at elevated
temperatures (353°C) for several months, In contrast, formulations with other
saccharides (e.g., sucrose, mannite], and lactose} did not preserve the proteins
under these conditions. ™ The application of trehalose to formulations has prima-
rily been for stabilization during drying, ' More recent studies have shown that
trehalose does not provide adequate protection against depamration caused by
freezing, but trehalose can prevent dehydration-induced denaturation.!®? These
studies indicate that trehalose is a good fyoprotectant that preserves protein during
drying, but not a good ¢cryoprotectant (e.g., PEG).1910% Most commercial applica-
tions of trehalose have focused on ambient temperature drying and, thus, have
avoided the freezing process.’™ Since trehaiose appears to function as a water-
substitute, causing hydration of proteins, it should slso find wility in agueons
formulations where additional hydration of the protein may prevent denefuration
{see Section I1,C.1). Further investigations of this excipient in both aqueous and
lyophilized formmlations should yield insight into its ability to ephance proiein
stability. These studies, along with toxicology data, could result in the use of this
excipient i pharmaceuticals,

D. Lyophilization Induced Aggregatian

The formulation scienfist often hes to choose between the development of
either a solid or ligquid formulation. The most commen method for producing a dry
final protein product is lyophilization. Often, the preferred protein formulation is
a lyophilized solid becapse many of the chemical degradation reactions are re-
tarded {see chemnica) degradation sections) amd the potential for denaturation
during handling and storage is eliminated. Lyophilization is 2 complex process and
usually involves three matn steps: freezing, primary drying, and secondary drying.
The thermaodynamics and process vanables of the lyophilization process determing
the rate of final prodnct formation (dry solid) and the characteristics of the final
product. %1% Unfortmnately, lyophilization can often result in the denataration of
the protein. Recent studies niilized Fourier-transform infrared (FTIR) spectros-
copy o assess the changes in conformations of proieins ia the dry state,*®'% These
experiinenis suggest that the dehydmtion of a profein can cause s measurable
conformatioual change.'" In addition to having an impact on the final state of the
protein, lyophilization can affect the protein stability, For example, when hiiH was
lyophilized with a rapid freezing cycle, insoluble precipitates were observed upon
reconstitution and the extent of precipitation was dependent upon the pH of the
formulation.'*® Tims, the major factors affecting the state of the lyophilized protein
are the residual moistire content, fonmulation components (e.g.. exmplenis}, and
the lyophilization process.
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1. Hasfdua! Molsture Effects

Initial studies of cryohiology revealed that the residval mojsture and head
space gases in a vial have an tmpact on the structure and stability of the dried
protein. These studies demonstrated that there was an optimam residuadl moisture
refuired to maintain the stability of the formulation of several proteins.'® More
recent gtudies have applied first principles o determine the theorelical amount of
water required to maintein a protein in the folly bydrated state — a complete
monolayer of water molecules. These studies focused on the fundamentals devel-
oped in gas adsorption for determining the monolayer at the solid surface in
heterogeneous systems {e.g., gas-solid). Removal of the hydration monolayer in
the absence of excipients resuited in aggregation of the protein, but maintaiging an
excess arpount of water resulted in a loss of biological activity.!!® Additional
smdies have investigated the moisture-dependent aggregation of several lyophilized
proteins (see, e.g., References 111 and 112). The effects of residnal moisture were
studied for human growth hormone formulations. The most stable conditions were
glycine/mannito) formulasions with a low water content to mihimize aggregation.
In contrast, excipient-free formulations were more stable at higher water cantents
where a hydration monolayer exists around the protein.!'? These results furthes
support the hypothesis that the protein mast remain bydrated either by having
increased residual moisture levels or adding water-substiting excipients. There-
fore, every formulation and protein will have an optimum maoisture content ©
minimize aggregation, After determining the optimus residual moisture, the main-
tenance of this level becomes critical to the stability of the dried formulation. The
mst critical variable is the stopper configuration and composition, The ability of
differeat stoppers to contribute meismure to the final product is dependent upon the
composition of the stopper. A number of elastoreric stopper COMpCNENS {e.g.,
9310/50 Gray) have been designed to have low moismre absorprion.''? Finally, by
determining the appropriate residual moistare and vial configuration, one major
campenent of the lyophilized {inal product is delmed,

2. Excipient Stabilization During Lyophilization

Another important variable in the development of 2 stable lyophilized formu-
lation is the amount and type of excipients used in the formolation (for reviews, see
References 114-116). The role of excipients in lyophilization has been artributed
1o two different potential mechanisms. One potential mechanism of excipient
stabilization of lyophilized protein is the change in the glass transition temperature
{T,) of the protein mixture upon addition of excipients. 105 The ability of an
excipient to increase the T, of a lyophitized protein formulation has been hypoth-
egsized to prevent denamrauan and aggregation of proteins in the solid state by
maintaining the sofid ir an amorphous state at high temperatures.!®!® Another
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mechanism postulated for the stabilizing effect of excipients is commonly referred
to 45 water-substituon. 9414117 The excipients that can act ag water-substites
often allow for 2 reduction in the residual moisture and provide incredased stability
of the protein. In addition, many of these excipisnts (2.g., mannitel) are yequired
to produce a dry cake of high quality end excipients are often added to produce.a
untiform powder that is easily reconstituted. To assess the effect of addivives on
stabilization during drying, & model protein, poly-L-lysine, was smdied by FTIR
after lyophilization fram different formnlations. 't These experiments, along with
similar studies of lactate dehydrogenase and phospirofructokinase kyophitization,
revedled a comelation between denabwation and formuladon composition. ™%
The formulations containing both a Iyoprotectant {e.g., sugars) and a cryoprotectant
(e.2., PEG) yielded the least denaturation of the proteins. Any reduction in unfold-
ing during drying resulted in improved reconstitution of the proteins. The addition
of a hydrating cosolvent {e.g., mannitol) or the surfactant (PEG) alone did not
prevent denaturation during drying.'™@ Thus, to minimize denaturation during
tyophilization, the formulation must contain both cryoprotectants and lyoprotectants.
The detailed mechanism of interaction for these excipients is not known. Since the
PEG concentration used in this study was 1% w/w, it may either act as a nonspe-
cific exclusion agent or bind to hydrophobic surface residues. If a nonspecific
exclusion mechanism is assmned for PEG, then the sugars must act as water-
substitutes to stabilize the protein structure. However, to distinguish hetween these
mechanisms, lower concentrations of PEG should be used ta assess the possibility
of surfactant-protein interactions. Other studiss have focused on the effects of
different excipients on therapeutic prateins. In many formulations, salts are added
to control the osmolarity of the solution. Lyophilization in the presence of sodium
chloride has caunsed several proteips to precipitate.’!® The effect of sodium
chloride an the freezing process (freezing point depression) may cause the ob-
served aggregation!’s or an mcreased binding of 1he salt to the protein may occur
during lyophilization #1'7 To circumvent these difficulties, mannitel .or other
sugars are often used as isofonicifiers. Further examples of other excipients have
been presented in an extensive stady of several excipients. This study revealed a
corTelation between stability and preferential interaction mechanisms of cosolvents
that was analogous 1o the relationships observed in agueous solutions (see Section
ILC.1 and Figure 1399050528 However, similar analyses of other protein
systems should be performed to validate this correlation and assess the potential
relationship between changes in the T, of a protein formujation and its stability.

3. Changes in Local Environmanis During Freezing
In addition .to excipient effects, local changes in the solvent envizonment

during freezing may also affect the stability of proteins. One major change is the
crystallization of excipients or buffer components with subsequent changes in pH.
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Crystallization of excipients can result in a partitioning of the protein and excipieat
-intg separate crystalline states apd thereby reduce any interaction between them, 4
During freezing, buffer components may also crystallize, which results in a dra-
matic decrease in pH."%14 In partienlar, disodium phosphare crystallizes during
freezing and this regnits in a large decsease in pH whereas potassinm phosphate
crystallization does not cause a sigrificant change in pH. For solutions that contain
the buffer a5 2 minor component, the buffer may not crystallize and alter the pH.1
If the solutton pH changes during freezing, the protein may become degaprved and
agglegate upon reconstitution. A correlation between freeze-thaw siability and pil
was determined for human growth hormone where a slight change in pH (0.4 pH
units) significantly reduced aggregarion.'™ Because the Iyophilization process occurs
in the solid state at equilibrium conditions (i.e., stepwise changes aver logg times),
the protein can achjeve a denatured stace that is theymodynamically stable, However,
the rapid reconstitution of the dried proiein does not allow the protein to proceed
through the same series of equilibrinm states to return to the native conformation.
Therefore, upon reconstitition, the denatured protein will often self-associate before
it can refold to the native state, In addition to buffer components, local changes in
excipient concentrations can also occur, Studies of lyophilized haman growth hor-
mane formulations have shown that the relative amounts of excipient and protein
vary with location within the dry cake."'? The lyophilization process and choice of
formulation components can dramatically affect the stability of the protein, Condi-
tions for lyophilization must be baged upon the buffer composition and concentration
to prevent crystallization and pH changes that can depature the protein. The lyo-
philization coaditions must also account for potential crystallization of excipients
and the subsequent changes in the excipient-protein interactions.

Protein aggregation in solution or during lyophilization has & significant
impact on product quality, efficacy, and immunogenicity. Changes in protein
conformation cam result in protein aggregation. Alteration of protein conformation
and subsequent aggregation can also cause chemical degradation of the protein.
Chemical degradation can involve cavalent madifications of emino arid residues,
Of these covalent modifications, deamidation and oxidation are the most common
types of chemical modifications that gccur in proieins. In the following sections,
the nonenzymatic deamidation of glutamine (Gln) and asparagine (Asn) residues
and the oxidation of methiontine (Met}, cyseine (Cys), histidine (His), and tryp-
tophan (Trp) residues in proteips are described. The impact of this degradation on
the development of protein pharmaceuticals is also discussed.

. UL PROTEIN DEAMIDATION AND FORMULATION STABILITY

Nonenzymatic deamidaiion of Asn and Gle canr occur in proteins. The
dearnidation of Asn and Gin 1s a hydrolysis reaction requiring water, and can often
occur at rapid rates under physiological canditiops, This reaction bas always been
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considered somewhat unique when compared to other chemical modifications that
occur in proteins because the resulting products are the paturally occurring amino
acid residues, aspartic {Asp) and glutamic acid {Giu), 21 It was assumed that the
deamidation reactiops observed in proteins were a consequence of the extraction
and detection procedures used in the isolation of proteizs. The first carefnl stodies
of protein deamidation, vsing cyiochrome C, showed that protein deamidation conld
oceur i vivo, ' In addition to undergaing a simple deamidation o give the carbowy-
Iate, Asn can deamidate and undergo an isomerization that yields an iscaspartic acid
residue, '3 Although this is a ponnatural amine acid replacement, an effective
repair mechanism may have evolved that utilizes carboxyl methyliransferase.'” Thig
enzyme methylates isoaspartyl residues specifically, and it has been proposed that
this methylation can reverse the lsomerization to yield the normal alpha-Asp resi-
due 1% That this enzyme exists and may function as a repair mechanism, along with
the observarion that proteins can dearnidate in vivo, suggests that protein deamidation
may bave an importart biclogical role. This degradation mechanism may have
profaund effects on protein clearance rates and effeciive delivery of the prowein
pharmaceutical. This section discusses some of the mechanisms involved in
dearnidation, the consequences of this interesting reaction, and some of the strategies
used to minimize this degradation in the formulated protein.

A. Mechanlsms of Protein Deamidation
1. General Rules

Somne of the first careful smdies of deamnidation on peptides were performad
by Robmson and co-workers and presented in a series of arnicies thar are summa-
rized in & 1974 review, % Doamidation rates were measured for 4 number of mode!l
tetra- and pentapeptides of different amino acid sequences. At 37°C, a broad range
of deamidation half-times (i,,) was observed, ranging from € to 3407 days,
Generally, the Gln peptides are less prone to deamidation than the Asn peptides as
reflected in the greater &, values for the Gin peptides, although there is some
overlap in the measwred t,, values of Asn- and Gln-containing peptides.

The determined variation in rates as a function of sequence enabled Rebinson
et 21.1%%7 to make a number of important observations regarding the role of amine
acid sequence on desmidation. Polar residues preceding Asn and Gln residues
{attached to the amine terminos of Asn or Gin) resulied in enhanced rates of
deamidation, wheseas bulky hydrophobic residues resnlted in decreased faves.
Interestingly, neighbaring serine (Ser) and threonine (Thr) residues also increased
the rate of deamidation. As already wentioned, deamidation may serve as 4
bicological regulator of clearance mechanisms. Glycosylation of proteins at putative
Asn sites requires the seguence Asn-X-Thr or Ser (where X is any amino acid), and
this may be a possible control element to prevent deamidation at particular sites in
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the protein. /! Tt has not been determined whether further control of the regulatory

pracess is mediated by loss of carbohydrate from the N-linked Asn sites.

Roebinson et a1, aptempted to relate amino acid sequence to rates of dearnidation
in an effort to predict which sites are susceptible to deamidation. Although the
general rules proposed can be interpreted by the mechanisms elucidated for hy-
drolysis in amides of peptides, the ability to predict deamidation “hot spots” in a
protein is somewhat limited because protein conformation affects deamidation
kinetics. The mechanisms involved have been reviewed by Wright'™! and are
summatrized below.

2. General Acid-Base Calglysis

Peamidation of Asn and Gla residues is an acid- and base-catalyzed hydrolysis
reactionr. The acid-catalyzed step involves protonation of the amide leaving group.
The base-catalyzed step involves nucleophilic artack of the amide carbonyl carbon
by hydroxide or conjugate base (the general base not only may generate hydroxide
from a water molecuale but also may activate another nucleophile by absiraction of
a proton). The order of the acid- and base-catalyzed steps is determined by reaction
conditions such as the pH of the solution, The tranzition state of this reaction is
believed to be an oxyanion tetrahedral intermediate that ¢an be stabilized by proton
donors, leading to an enbhanced rate of deamidation (Figure 2). Because deamidation
is bath acid- and base-catalyzed, there is a particular pH where the reaction rate is
minimized. This conclusion is supported by studies of deamidation in Gln-contain-
ing pentapeptides'® and cytochrome 1% where the pH of maximum stability for
the Asn and Gin residues was approximately pH 6.

‘The observations discussed previously have been interpreted using this general
acid/base-catalyzed mechanism.'*® Amino acid residues adjacent to the Gln or Asn
residue can function as general acid groups (Thr or Ser) by providing a proton in
the acid-catalyzed step. Other aming acids may act as aucleophiles (Asp, Glu, and
His at neutral pH), by attacking the amide carbonyl carbon. Proton donors such as
Thr, Ser, and protonated lysine (Lys) and arginine (Arg), stabilize the oxyanion
ransition state, which agceferates the deamidation reaction.

Sequence plays 2 major tole in governing deamidation rates in peptides,
However, the conformation and flexibility of polypeptide chains in a folded protein
may bring potential catalytic residues from distant regions in the sequence into
close proximity of the deamidating amide side chain,’® Altematively, constraints
on the main-chain conformation by hydrogen bonding may inhibit the deamidation
of partictlar Asn residues in proteins.®! It hag also been suggested that potential
catalytic side groups may be prevented from participating in the deamidation
reaction because of hydrogen bonding or interactions with cofactors or ligands.t2!

As discussed previously, Asn residues tend to be more prone 1o dearnidation
than Gln. However, Gla reacts faster than Asn when Gln is at the N-terminus of
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the polypeptide chain. In this case, the amide carbonyl carbon undergoes nucleg-
philic attack by the N-terminal amino group, which results in the cyclical pyro-
glutamic acid'® (Figure 3). Such a reaction takes place in human relaxin A chain,
where the N-terminal amino acid is a Gln residue.'® Asn is unable to undergo such
a cyclization-deamidation progess because the shorter side chain would cause an
unfavorably sirained ring structure. Recently, however, Lura and Schirch!* found
that Asn removed one residue from the N-terminus can form a ¢yclic dearnidatian
product where again the N-terminal amine functions as the nucleophile. The
deaaiidation of C-terminal Asn may also form a cyclic structure due to nicleg.
philic attack of the carbonyl carbon of the amide by the C-terminal carbox-
yiate.’*137 However, unlike the dearnidation reaction at the N-terminus, this
cyclic anhydride structure is unstabie and rapidly breaks down to aspartate,
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FIGURE 2. Genoeral acid and base catalysis of deamidation. The tsfrahedral axy-
arion intermediate is infeired to be the transition state. Stabilization of this structurs
by pratein donors will increase the rate of the deamidation reaction.
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FIGURE 3. Deamidation of N-terminal Gin to form pyrrolidone carboxylic acid. The
fing structure s formed after nucleophilic attack of the amide carboxyl by the N-terminal
amine.
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Overall, in terms of the general acidfbase-catalyzed mechanism, these interpre-
tations provide a firm understanding of how adjacent amino acid residues modwiate
the deamnidation reaction, What is not clear, however, is whether these interactions
actusily increase the rate of deamidation above its uncatalyzed value. Wright and
Robinson?® showed that the rates of deamidation of Asn and Gln in pepiides were
grearly enhanced over those determined for acetamide. They concluded that if Asn
and GIn were incorporated into proteins, the result would be increased rates of
deamidation, probably due to the stabilized oxyanion transition state and proximity
to potential nacleophilic nitrogens in adjacent residues. In particular, main-chain
amide —NH- groups function as hydrogen bond donors, and stabilize the tetrahe-
dral oxyanion transition state (Figure 2). Wright and Robinson'*® proposed that the
greater length of the Gln side chain compared to Asn makes the distance from the
main-chain -NH~ group to the negatively charged oxygen of the transition state
to0 long to form good hydrogen bonds. Therefore, the formation of the oxyanion
rangition state from Asa is favored over Gln, which results in a faster deamidation
rate for Asa. Xt has also been suggested that Gln residues are capable of immobi-
lizing water molecules through hydrogen bonding to the side-chain amide and to

peptide 2mide backbone proton donors or acceptors.’ Asn residues are not as -

easily involved in such hydrogen bonding due to the shorter chain length of the side
chain. 1 has been hypothesized that this ability to trap and immobilize- water
pievenis interzction with butk mobile water, which is required for the hydrolytic
deamidation process.?

3. Deamidation and [somerization via a Cyclic imide intermediale

In their original work, Robinson et al. demonsitated that lazge bulky ydrophobic
groups on the N-terminal side of the amide residue resuited in low rates of
deamidation.’?® These original studies did not investigate peptides that had ghycine
(Gly) residues next to the Asn. Mare recent measurements of peptides containing
Asn-Gly sequences have extendad the lower renge for deamidation half-life to 1.4
days at 37°C."“0 Addjtional studies of Asn-Gly, Aso-Ser, and Asn-Ala sequences in
peptide and proteins have shown that the Asn residue deamidates by formation of a
cyclic imide intermediate. The cyclic imide is formed when the catbony! carbon of
the Asn side-chain amide undergaes nucleophilic attack by the main-chain peptide
nitrogen from the adjacent C-terminal residue (Figure 4). The cyclic imids forms
most readily when the C-terminal residue is Gly, and less so if it is Ser or Ala,
presumably because the small size of Gly does not interfere with the formation of the
cyclic structure, The deamidation of Gln residues is not expected to proceed by this
mechanism because the extra carbon in the Gln side chain makes formation of a
cyclic imide intermediate very unfavorable. The formation of cyclic imides frora
Asn-containing peptides has been demonstrated. *14! The breakdown of the imide
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FIGURE 4. Formation of a cyclic imide 25 & resull of nudieophilic attack by
main-chain amlide nitragen on the carbexyl carbon of either the slde-chain
amide or carboxylic acid groups.

ig itself base-catalyzed, which involves hydrolysis of either one of the nirogen-
carbonyl bonds of the imide, Depending on which bond is hydrolyzed, the imide
yields either the normat ¢-linked or isomerized f-Yinked Asp pepride'?ti4? (Figure 5).
The hydrolysis reactions are completely reversible and therefore the final deamidated
products are interconvertible through the cyclic imide intermediate.!*® Therefore,
given the complete reversibiliry of the hydrolysis of the ¢yclic imide bonds, Asp-Gly
sequences may also formn imide intermediates that subsequently hydrolyze o iso-
Agp-Gly, It has. been shovm that isopeptide formation is thermodynamically favored
over the ¢-linked Asp peptide at equilibrium, usually in a 3:1 ratio'2-!2 and therefore
lzomerization of Asp-Gly sequences proceeds through the same mechanism as
deamidation of Asp-Gly sequences.!4® Clark extended this mechanism to proteins!#?
and showed that many of the Asx-Gly, Asx-Ser, or Asx-Ala sequences (Asx = Asp
or Asn) that favor imide formation in peptides are unable to do 5o in proteins because
in native proteins these residues exist in conformations where the peptide bond amide
cannot approach the carbonyl carbon of the side-chain amide o form the imide.
Conformation undoubtedly plays a major role in this mechanism, but it appears that
flexibility of the polypeptide chain may be alse very importamt, as shown by
deamidation studies of nbonticlease® 45 where an Asn that ordinarily dees not
deamidate in the native structure deamidates in the denatured protein. Further support
for the importance of the peptide chain flexibility is the deamidation of Asn/# in the
sequence Asp-Thr-Asn-Ser-His in recombinant h(GH. 46 This deamidation appears (o
proceed through formation of the cyclic imide rather than nearest-neighbor catalysis.
The crystal structure of BGH shows poorly ordered polypeptide conformation in the
region of Tesidves 147 1o 153.'%
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FIGURE 5. Formation of elther aspartate or isoaspartaie as a result of
hydralysis of either of the carbonyl ritrogen bonds in the cyclic imide.

In a recent study using the hexapepiide Val-Tyr-Pro-Asn-Gly-Ala, a fragment of |

adrenocorticotropic hormone (ACTH), deamidation was strongly base-catalyzed
ghove pH 5,8 In fact, the pH of maximum stability was significantly lower (pH 3
to 4) than that observed for other amide-containing peptides and proteins including
cytochrome C.'# Deprotonation of the peptide amide nitrogen results in a more
potent nucleophile, and therefore this reaction is expected to be highly base-catalyzed
rather than acid/base-catalyzed, ag in the general mechanismn discussed previously.
Below pH 4, the rate of deamidation of this peptide was much lower and probably
proceeds through the general acid-catalyzed reaction, without isopeptide formation.
Kinetic studies of an ACTH hexapeptide with Asp substituted for Asn'* showed that
the alpha-Asp hexapeptide is in equilibrinmn with the iso-Asp hexapeptide from pH
6 to 10, consistent with the imide intermediate mechanism. At highly acidic pH (<3},
the predominant degradation products were the Val-Tyr-Pro-Asp and Gly-Ala pep-
tides from hydrolysis of the Asp-Gly peptide bond. Significantly, the cyclic imide
peptide was stable for up to 1400 h and constituted approximately 7% of the
degradation products. As the pH increased, the formation of the cyclic imide-
containing peptide became more predominant relative to the hydrolysis of the Asp-
(ly bond. Although the cyclic imide-containing peptide was less stable at higher pH
values, as mnch as 40% of the peptide contained the cyclic imide after 8000 h at

332

e e e e e mm Em Em mr w M o mm ar vr ™ o am e W W M m m mm-— — & & am o T o~ o o me—————

Y



pH 4. The rest of the peptide was distributed between the peptide bond hydrolysis
products and the iso-Asp- and Asp-containing hexapeptides, These observations
are completely consistent with recent protein studies showing that, under Certain
conditions, the cyclic imide intermediate forms as a degradation product. The first
demonstration that a cyclic imide could be forrmed during storage was in prepara-
tions of freeze-dried recombinant methionyl growth hormone (r-met hGH} that
were stored at 45°C for 4 months, ™ Tn r-met hGH, Asn/?® and Asp'”® residues have
been shown to be the major sites for deamidation and isomerization, respec-
tively.'* Ton exchange chromatography and mass spectral analysis of tryptic
peptides showed that Asp**® formed a stable cyclic imide. The isolation of the
imide was possible using ion exchange techniques bacaunse the negative charge of
Asp! was lost upon formation of the cyclic imide, A clear demonstration that
Asni®? deamidated through the same route was not possible using ion exchange
chromatography because formation of a cyclic imide from Asn does not result in
a charge change. This, apparently, is not an isolated case because similar behavior
was found in liquid formulations of recombinant porcine somatotropin (PST) ar pH
5.0.15! After siorage at 37°C for 72 h, approximately 30% of PST had an Asp-Gly
sequence on the proiein converted to the stable cyclic imide. The optimal pH for
cyclic imide formation for PST was pH 5. Incubation of PST at pH 9 did not result
in cyclic imide or iso-Asp formation, However, once the cyclic imide was formed,
further incubation at pH 9 resulted in the disappearance of the cyclic imide.
Although the formation of iso-Asp was not demonstrated in this particular experi-
ment, incubation at pH 9 of a PST tryptic peptide that contained the cyclic inide
yielded peptides with either Asp or iso-Asp. The tryptic peptides were generated
by trypsin digestion of PST at pH 6, rather than at pH > 8, in order to prevent
hydrolysis of the ¢cyclic imide that formed during the storage of PST. The forma-
tion of a stable cyclic imide apparently is not restricted to Asp-Gly sequences in
proteins, as shown by the recent work with recombinant hirudin, a potent inhibitor
of human-o-thrombin. *? Isolation of two cyclic imide proteins, comprising ~1%
of the total protein, was accomplished by using reversed phase chromatography.
Mass spectral analysis of V8 protease digests showed that these cyclic imides
formed from Asn-Gly sequences in hirudin.’>* The eyclic imlde was present in the
initial product, presumably before formulation, atthough the purified protein was
not exposed to exeremes of pH or temperature, Although the cyclic imide variants
were not generated upon long-term storage, this work shows that the cyclic imide
intermediates of Asn-Gly deamnidation sequences are stable enough to be detected
and isolated. This may have further consequences for formulation of proteins,

B. Consequences of Deamidation in Protelns

Although deamidation and aspartyl isomerization occurs in proteins, the
protein formulator must deterine the impact this has on the safety and efficacy
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of the protein diug, We sefer the reader 1o Wright's review on the deamidation
of specific proteins.'* Robinson and Rudd'? alse have snmmarized research
unti} 1974 on the cccurrence and some effects (especially biological specific
activity) of deamidation of proteins. This section will draw from this bedy of
knowledge in discussing specific issues of interest to reseerchers involved in
formulation of protein drugs.

1. Activity

As with most degradation routes in proteins, it is impossible to generalize the
¢gffect of deamidation or cyclic imide formation on protein activity. There are many
examnples where deamidation has no effect on the activity of the protein, such as
in the case of interienkin-ic,'*5% ipsulin,'*® aspartate aminctransferase,™-%
WGH ¥ bovine seminal ribonuciease, '8 and hirudin, 52 On the other hand, proieins
such as cytochrome C,'* interleukin-15,'59167 Jysozyme,'®® tricsephosphate
isomerase, ' calmodulin,!”? adrenocorticotropin,'” soluble CD4,'% QKT-3
monoclonal antibody,'” and hGH releasing factor'’® exhibit decreased activiry
after deamidation. Thus, the effect on protein activity needs to be ascertained on
a case-by-case basis. To furiher comnplicate martters, different activities of a protein
may be affected differently by deamidation. For example, deamidation of murine
epidermal growth factor (EGF) at a single site does not affect its binding to the
BGF receptor or its mitogenic activity,!”” whereas deamidation eliminates EGF's
immunosuppressive biological activity,'? Thas, it is important to determine if all
activities related to the therapeutic use of the protein are unaffected by the
deamidation reaction.

2, Metabolic Hall-Life

Deamidation may serve as the “molecular clock” that determines the metabohe
in-vivo tarnover time of proteins.}” Recently, the metabolic half-lives in Hela cells
of 35 stuctrally characterized proteing were correlated with a number of physical
and cherical propesties. '3 Of all the properties examined, only Asn and Gln content
showed a significant inverse correlation with the in-vivo half-life. Wright'®! has
discassed how deantidation at Gln and Asn might affect the clearance times of
proteins by making the deamidated protein more susceptible to protease digestion,
one of rhe first clearance mechanisms in the body. The main argument is that the
enhanced deamidation rates in proteins relative to those in the free amino acids are
greatly suppressed beceuse of higher order stracture (the enhancing effects of neigh-
boring residues is discussed in Section HI.A). 1 Increased flexibility or disruption of
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the polypeplide chain that includes the putative deamidation site may resuli in greatly
increased rates of deamidation. Deamidation in proteins can be a cooperative process
whereby the initial deamidation incfeases the rate of deamidation at additional sites.
This copperative process may involve a minor structiral change that moves Asn,
closer to residues rhat catalyze the deamidation {as in bovine BNase),'?! promote
flexibility, or alter conformation in such a wanner 88 o favor deamidation at a
different Asm site that may be 2 substantial distance from the first site (as in
~ cytochrome C)12! If this process ¢nds np being highly cooperative, then further

dearnidation may lead to a more flexible polypeptide and ultizmately to unfolding of
the protein. The end result of this may be to shunt slightly misfolded forms of the
protein into compietely unfolded polypeptide chains that are more susceptible io
proteotytic degradation. The inhibition of refolding of denatured proteins by
deamidation makes unfolding irreversible and allows the degradation machinery to
effectively clear the damaged-proteins, If deamidation is involved in such clearance
mechanisms, which may not be the case for all proteins, then controlling deamidation
may be critical becanse clearance after administration may be much faster than for
nondeanidated forms of the drug, Thus, even for proteins where activity is unsltered
by deamidation, faster clearance of deamidated protein may resuit In loss in efficacy
becange of a more rapid removal of the protein from the body.

3. Protein Conformation

Dearnidation of Asn and GIn results in the thermal denaturation of ribonu-
clease, lysozyme, and c-amylase becoming freeversible. In the case of ribonu-
clease, deamidation affects the folding kinetics, 158181182 This is not surprising when
one considers that a major charge change occurs at the site of modificagon.
Increaging the net negative charge on the prowin may alter fhe delicate balance of
different forces that are responsibie for maintaining fhe native conformation of a
protein.'® In addition to alering surface charge, protein conformation can be
radically aliered, especially if the reaction proceeds through the cyelic imide
intermediate, Viscosity measurements of deamidated variants of carbonic anhy-
dragse suggested that deamidation is responsible for changes in structure and
hydration.'# It is also possible that, even though gross changes in cortformation are
not detected, severe loca] perturbations i coanformation can accur due to ise-Asp
formation. The global confonmation of secombinat bovine calbindin, as deger-
mined by 2D-NMR spectroscopy, is unpertarbed after dearmidation at Asn™ and all
elements of secondary stctuge are intact. s However, although the ¢-Asp form
has identical conformation compared to nondeamidated protein, the iso-Asp form
is significantly perturbead in the vicinity of the deanudauon site, predominantly in
the polypeptide segment Lys’*-Aspe,
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4. Self-Associstion and Aggregation

Denaturation of proteins and exposure of hydrophobic interiors is a major
canse of aggregation as discussed previously. If irrevessible unfolding of proteins
accurs due to deamidation, it makes them more susceptible to ireversible aggre-
gation, It is also possible that if deamidation does not result in unfelding of the
protein, the tendency o aggregate and become insotuble may in fact be reduced
because of the greater repuision between molecules due to the increased net
negative charge on the protein. Chemical medifications such as succinylation have
been used to increase net negative charge and disropt the asseciation of multisubunit
proteins, ' Multisubunit proteins are highly susceptible to disruption of the qua-
ternaTy structule as shown in the case of triosephosphate isomerase (TPT).'94%
Deamidation of Asn®® and Asn” in both subunits results in subunit dissociation,
presumably because of the close proximity of the deamidation sites at the subunit
interface and the strong repulsion berween the newly created negative charges. The
resulting monomers are rapidly degraded by trypsin whereas the dimeric TFI is
Tesistant to proteolysis.

5. immunogenicity

Very little is known ahout the effects of deamidation on the immunogenicity of
proteins, Deamidation to the et-Asp may bave little effect on the immunogenicity of
proteins, as in the case of hGH,® ynless deamidation results in a conformational
change and/or aggregate formation. It is possible that a charge alteration at a surface
residue could result in 4 sequence that is Tecognized a8 a foreign epitope, which
would render the protein immunogenic. The more drastic substitution of an isoaspartate
may have an even greater impact on the immunogenicity of the protein, The inclision
of an extra methylene group in the carbon main-chain backhone of the protein may
result in a local conformational change. The generation of newly exposed antigenic
determinants as a result of deamidation conld elicit immune responses Y% It has heen
found that deamidated serum albumin is imununogenic, and it was suggested that the
altered protein could induce apimmune reactions.'®™ On the ofther hand, although
insulin deamidates by way of the cyclic irnide pathway to form iso-Asp, the imsmu-
nogenicity in rabbits is similar to that of the unmodified protein.!* Altogether, these
data suggest that the effects of deamidation on protein immunogenicity, as in the case
of activity, needs to be addressed on a case-by-case basis, As more protein drags are
introduced into clinical trials, a greater understanding of the relationship between
deamidation and immunogenicity will evolve. The use of iransgenic animal models
that express the human protein will allow ressarchers to test the immunogenicity of
deamidated human recombinant proteins, !
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C. Parameters that Affect and Strategies to Inhibit Protein
Deamidation

Ithag been argued that many proteins deamidate in-vive, giving both deamidated
and cyclic imide products.' Deamidated forms are also often generated by extrac-
tion and purification procedares used to isolate the protein from the organism. The
impact on function, pharmacokinetics, and immunogenicity may be crtical in
deteraiining whether a protein can be effectively delivered to the targe: tissues,
Therefore, it is pradent to minigaize the deamidation reaction as roach a8 possible
in the protein formulation. Some of the strategies that can be considered are now
discussed.

1. Effect of pH

The mechanism of deamidation often dictates the best choice of pH. If
deamidatjon proceeds by a genera] acid/base-catalyzed mechanism, then it may be
possible to formujate at an optimum pH where both rates are minimized (for
peptides ~pH 6). Deamidation that proceeds through the cyclic imjde intermediate
is base-catalyzed, and therefore lowering the pH should greatly reduce the rate of
dearnidation. This may be very difficult because other routes of degradation may
predominate at lower pH. Por example, lowering the pH in r-met hGH reduced the
vate of dearmidation but induced particulate formation.'*? The presence of Asp-Gly
sequences also make conirolling deamidation by lowering pH 1more difficuit. The
rate of degradation of Asp-containing hexapeptide increases near pH 3 to 5.4 If
thig also occurs for Asn-Gly sequences in proteins, then the key is 10 balance the
formation of ise-Asp from Asn and Asp residues as a function of pH. In the neutral
to basic pH range, where the formation of isa-Asp hexapeptide by the cyclic imide
hexapeptide predominantly occurs, there was a fundamental differencs in the
degradation of the Asn-hexapeptide when compared to the Asp-hexapeptide.'4
The Asn-hexapeptide degraded by base and buffer catalysis, whereas the degrada-
tion rate of the Asp-hexapepiide was independent of pH and buffer ion. Oliya and
Borchardt have suggested that this difference is due to the pature of the ieaving
group, ¥ The carboxylate anion increases the electron density surrounding the
carbonyl carbon center via resonance, making the carbonyl carbon less electro-
philic and less susceptible to nucleophilic attack by the peptide amide nitrogen that
is required for formation of the cyclic imide. As the pH of the solution increases,
the equilibriom concentration of the deprotonated nucleophilic peptide amide
increases, whereas the concentration of the more electrophilic protonated carboxyl

growp decreases. These effects appear 1o offset each other, resulting In 2 rate for

the Asp-hexapeptide that is pH independen,
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2. Effect of Temperature

The rate of deamidation in GIn-'% and Asn-19 containing pentapeptides in-
creased at higher temperatures. The variation of rate constant with temperature for
the Gin pentapeptides was dependent on the sequence of the pentapeptide. Scotchler
and Robinson concluded that any useful generalizations for quantitative prediction
of temperature dependence would require additional experimenis.® More recent
experiments with the hexapeptide Val-Thr-Pro-Asn-Gly-Ala showed that, at pH
30 and 7.5 and at 23 to 70°C, the 1ates of deamidation: obeyed the Arrhenius
equation (E, = 22 kcal/fmol at both pHs).?® Determination of activation energies
for protein deamidation is difficult because most of the proteins undergo & change
in conformation at higher temperatures. Such was the case for formulation studies
of interleukin-1} where deamnidation was the major route of degradation below
30°C and aggregation above 39°C,16

3. Effect of Excipients

As early as 1942, researchers observed that the deamidation was markedly
dependent on buffer anion.’™ Gilbart et al 1% invesgtigated the deamidation of Gln
10 Glu and pyrrolidone carboxylic acid in the presence of different sodium buffer
salts at pH 8 and 37°C. The rates of deamidation were much faster in phosphate,
arsenate, and bicarbonate, and slightly faster in phosphate and borate. There was
no observed rate enhancement by sulfate, nitrate, acetate, chloride, or pyruvate
anions. Determination of deamidation rates of the pentapeptides Gly-Thr-Asn-
Glu-Gly and Gly-Arg-Asn-Arg-Gly as a function of buffer anion also showed that
phosphate, borate, and other antons accelerated the rate of deamidation. In particn-
lar, phosphate anion appeared to accelerate the deamidation rate the most in
comparison with the other anions studied, Buffer catalysis of the Asn-hexapeptide
was also observed in the pH range of 7 to 11.% Recently, the deamidation reaction
of N-terminal-blocked Boc-Asn-Gly-Gly was smdied as a function of different
salts, buffer anions, and organic solvents.’ The addition of aprotic salts NaCl,
MgS50,, and Na,50, had little effect on the observed rate constants, whereas
(NH,),SO, and K,HPO,/KH,PO, greatly enhanced the rate constants. The latter
effect was assumed to be due to catalytic effect of these buffers, but an explanation
for this effect based on mechanism was not provided. The catalytic effect at 5°C
of the buffers Triz, H,PO,, NH;, COy7, and imidazole was tested with variable
buffer anion concentration at constant 1 M jonic strength made up with NaCl. The
rank ordering of enhancement of the deamidation rate was H,PO -, >> COy =
imidazole > NH, > Tns. The deamidation rate decreased with the addition of
organic solvents. The reduction in rate constant was directly proportional to
conceniration of the organic solvent, as well as the type of solvent. Many of the

338



solvents explored were those customarily used in protein isolation and erystalliza-
tion, and are unlikely to be used in formulation work. However, solvents such as
ethanol reduced the rate of deamidation and so it may be possible to find other
organic solvents that reduce the deamidation rate and still be phammaceutically
compatible. Similar experiments with polyethylene glycols (PEG 4000 and 8000}
showed only a slight retardation of deamidation rate in these peptides as a function
of PEG concentration, Also noted was that glycerol retarded the deamidation rate in
gaznma globulin and serum albumin preparations that had been thermatly denatured
and then stored at pH 7 ar 37°C for up to 50 days,*® Recently, it was shown that the
main effect on deamidation 1aie in the hexapeptide Val-Thr-Pro-Asn-Gly-Ala by
addition of cosolvents eecurs betause of the decrease in the dieleciric constant of the
solution ' This hexapeptide deamidates by forming the cyclic imide intermediate
that is presumably formed by nucleophilic sttack by the main-chain peptide nitrogen
after deprotonation of the paptide hond. It was suggested that the decrease in the rate
of deamidatian is due to the destabilization of the depratonated peptide bond nitrogen
anion int solvents with low dielectric constants. Jn comtrast to these results, the rate
of isomerization of the Asp residne in Val-The-Pro-Asp-Giy-Ala actually increased
stightly with decrease in dielectric constant, In this case, it was postalated fhat in the
low dielectric solvent the pepuiation of protonated aspartyl side chains increases.
This results in a superior leaving group, and may balance the effect of the destabi-
lization of the attacking nucleophile nitrogen anion.

All these experiments were performed with peptides or thermally deratured
protein. Alteration of protein conformation by organic soivents may negate any of
the effects observed regarding reduction of deamidation rate in native proteins.
Nozretheless, these studies may prove valuable in avoiding certain salts and buffer
ions, pariicalarly phosphate, if deamidation is idenfified as the major route of
degradation in the formulated protein.

4. Effect of lonic Strength

The effect of ionic stzength on the rate of deamidation was stedied using the
glumminy] pentapeptides Gly-Leu-GlrAla-Gly and Gly-Arg-Gin-Als-Gly, 1 and
the asparaginyl pentapeptide Gly-Arg-Asn-Arg-Gly.'” These studies showed that
deamnidation procesds at a faster rate with higher ionic strength and supports
previous work with Gin. s These peptides exhibited similar ionic strength depen-
dence on the rates; every one unit increase in ionic strength accelerated the reaction
rate by a factor of about iwo. Recent studies with ¢he pentapeptides Val-Ser-Asn-
X-Val and Val-X-Asn-Ser-Val {where X is one of ten different amino acids)
investigated the influence of sequence, pH, buffer catalysis, and ionic strength on
deamidation rate. For these peptides there was no observed buffer catalysis or
dependence on ionic sirength ai newtral and basic pH. “¥? An increase in deamidation
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rate with an increase in ionic strength occurred in cytoechrome C.*% Most parenteral
formulations of proteins are isotonic and if NaCl is used as the tonicifier, then the
ipnic strength is sufficiently low so that the increased deamidation rates observed
at high ionic strength will not be a major problem.

5. Lyophilization

Since deamidation is a hydrolysis reaction that requires water, an obvious
strategy to decrease deamidation is to eliminate water. One of the most useful
techniques for water removal from protein formulations is freeze-drying. The
removal of all residual water in a freeze-dried product, however, often proves to
be deleterious to the protein conformation and stability.''® Recently it has been
saggested that various carbohydrates function as lyoprotectants, which essentially
replace the hydrogen bonding that is lost upon removal of water. 204202 The residual
water in typical freeze-dried formulations acrually allows degradation via
deamidation to occur in the solid state, This was demonstrated for the ACTH
model Asn-hexapeptide. When this hexapeptide was freeze-dried from a 10 mM
phosphate buffer at pH 7.4 and stored for 105 days at 37°C and 90% relative
humidity, approximately 33% of the hexapeptide deamidated to Asp and isc-Asp
hexapeptides,¥? It was suggested that there was sufficient moisture to initiate
deamidation, Interestingly, when Iyophilized from watey there was no appreciable
deamidation of the hexapeptide when stored under the same conditions as the
sample that was freeze-dried from a phosphate buffer. Because residual moistare
was net measured in these experiments, it is difficult to ascertain whether a
difference in residual water content coupled with favorable pH far deamidation
was responsible. One difficulty in this interpretation is that decreased solubility of
certain buffer salts upon freezing cauges large changes in pH.*? In particular, the
pH of sodium phosphate selutions decreased to as low as pH 4 upon freezing,
which should be within the pH range of maximum stability for the Asn-
hexapeptide. ¥ Other studies of glucagon in the dried state showed that dearnidation
could proceed but depended upon the pH and moisture content.*® Formation of the
cyclic imide was also reported for Gly-Asp-Gly and Gly-Asn-Gly tripeptides in
freeze-dried formulations at higher ternperatures,?®

Taken altogether, these smdies suggest that removing water by freeze~drying
may not be sufficient to ¢liminate the deamidation reaction ir peptides. However,
the rate of deamidation in the freeze-dried product can be controlied by proper
choice of excipients!'2!16 and will usually be slower than the rates in a liquid
formulation. The “trade off™ in choosing a freeze-dried formulation over a liquid
formulation is the exwra development time for the former. In addition, other
depradation romtes such as aggregation may occur due to the lyophilization pro-
cess. These problems need to be weighed against the benefits of reducing the
deamidation on 2 case-by-tase basis.

340

46



6. Geﬂqt.'c Engineering to Remove the Deamidating Amide Residue

There will undoubtedly be cases where alteration of pH, addition of salts or
cosolvents, comirol of ionic strepgth and temperature, and freeze-drying will not
lead to a sufficiently stabilized product. As mentioned earlier, when a number of
degradaction routes ocour, it may be impossible o reduce all rates with appropriate
formulation conditions. Such a situation can be corrected by use of recombinant
DNA technology to selectively eliminate Asn residues. This is usually a last-resort
strategy and ¢an be undertaken when all other formulation aftempts have failed.
Such a strategy requires that an appropriate residue be used to replace the Asn
without disrepting protein conformation and activity. An obvious choice of residue
is Ser becanse of its similar size and potential hydrogen donor functional group.
Recombinant derived heman interleukin-1 (hIL-10) with 2 pl of 5.95 deamidated
at Asn¥ resulting in a product with a Jower pI.'3 Replacement of Asn®® with Sers
yielded a protein that was homogeneous on isoelectric focusing (IEF) with a pi
equivalent to that of undeamidated hIL- 1. Praton NMR and circular dichroism
experiments established that this mutant protein was identical in conformation fo
undeamidated hIL-1cx. The activity of hIL-le; and its Ser® mutant were identical
as aesessed by measurement of receptor binding affinities. The Asp®® mutant had
ideniical activity to hiL-lo: suggesting that the deamidation 1o o-Asp does. not
inactivate the protein. However, this mutant dees not provide any information
regarding activity of iso-Asp at this dearnidation site. The Ser mutant was com-
pletely stabilized against base-catalyzed and temperature-induced deamidation.
Similarty, replacement in growth hormone releasing factor of Asn® with Ser®
resulted in a ~7-fold jocrease in protein stability. ™ In this particular case,
dearnidation resulted in decreased biological activity.

Another possible replacement residue for engineering mutant proteins that are
stabilized against deamidation is a Gln residue, As previously discussed, Gln is less
labile to deamidation thao Asn and replaces that residue with ong that has the same
functional group, The main problem in this strategy is that the protein ¢onforma-
tion would have to accommodate an extra methylene group in the side chain, Since.
maost Asn and Gln residues are on the surface of proieins,? this may not be a major
problem. However, the ability of GIn residues to bind water molecules™2% may
have additional consegnences for the packing of protein chains in the native
stinCiage.

V. PROTEIN OXIDATION AND FORMULATION STABILITY
In addision to deanﬂdatioﬁ, proteins can undergo oxidation, which is one of the
major degradation pathways, both in solution and lyophilized formulations.

Auntooxidation s generally thought of as the “uncatalyzed” thermal oxidetion of
substrate, and is studied infrequently because the reaction rate is slow,?® and often
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variable. Uncatalyzed or thermal protein oxidation is setnally a misnomer because
the degradation rate is often govemed by trace amounts of peroxide, metal ions, light,
base, and free radical initiators. 29 On the other hand, protein oxidation (or catalyzed
antooxidation) has been studied extensively. Bven though a great deal is knowa about
reactive oxygen species, the unknown and variable presence of the initiators makes
the prediction of chemical oxidation an imprecise science. For example, free radical
oxidation involves the separate effects of initiation, propagation, and eerrnination, as
shown in the following reaction scheme with metal jop M of valance n:

Inifigtion
RH -—» R
ROOH+M™ —= RO- + M™P4+HO"
ROOH+M®™" 5  RQO- + M™+H
Propagation
R-+Q, — ROO

ROC- +RH -~ RODH + R-

Termination

RQO- + ROO: =  Nonradical products

This reaction scheme is only ope of many representative oxidative pathways avail-
able. Even a cursary inspection of this scheree shows that this mechanism may afford
complex kinetics in which any of the steps may be rate limiting, and where fhe rate-
lingdting step may change during the course of the reaction. Further, there are several
reactive oxygen species such as singlet oxygen 'O, superoxide radical O, alkyl or
hydrogen peroxide ROOH or H;0,, hydroxy! radicals (HO- or HOQ-), snd halide
oxygen complexes (ClO-).2!! Singlet oxygen, which is probably the most important
avidative species in biological processes, may be formed by heat, light, or surface
catalysis, and reverts to O, with photoemission. The generally accepted order of

© resctivity of oxidants commonty found in protein formulations is:

HO-, HOO- > O; >ROOH, H,0,> 'Q,, CIO7 >0,

The following thzee sections focus on important issues pertaining to protein
formulztion and oxidadon, such as oxidatdon mechanisms and reactive amino
acids, effect of protein oxidation on the immune response, and formulation design
considerations {liquid vs. solid).
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A, Met:l-n_antsms of Oxidation

There is limited published data on the oxidation of peptides and proteins in
pharmacentical forrmiations because only a few proteins have been developed
thus far — and not all of these are suscepiible to oxidative degradation. Much of
our undesgtanding of protein oxidation comes from the chemical and biochemical
literature, where the major mechanisms of protein oxidation have been described
in detail, There are seversl reactive amino acids that may undergo oxidation:

methionine, cysteine, ¢ystine, histidine, tryptophan, and tyrosine, each with its own:

chemistry. Because the focus of this review is proiein formulation stability, only
the pertinent anuno acids are discussed below, Those interested in aiternate protein
oxidation mechanisms, including oxidation indsced by high energy radiaton,
" photooxidation reactions, metal ion catalysis, and enzymatic oxidation by oxi-
dases, inay read general reviews in these areas. 2”214 Shovm below are the major
oxidative mechanisms as they apply io protein formulation development.

1. Meathionine

Methionine can oxidize to glve methionine sulfoxide and, under extremely
oxidative conditions, methionine sulfone. Methionine is very susceptible to
autonyidation, chemical oxidation, and photooxidation. It reacts wiflt a variety of
oxidants incinding hydrogen peroxide, periodate, iodine, dnntthylﬁulfﬁmda light,
chloramine-T, and N-chlorosaccinimide. 2!

Cidation af Methignine

R3CH, -2, RS(O)CH, -2 RS(QOICH,
methipnine . methionine memonine
sulfoxide glfone
Methionine residues in pative proteins show widely varying reactivity, largely
becayse some are buried within the hydrophobic regions of the molecule and so are
fairly inest, whereas some are exposed to the solvent and are thus more reactive,
For example, the methionine residues in myoglobin®'® and trypsin®? are com-
pletely unreactive under mild oxidation conditions. In many proteins, ipclading
ribonuclease A, 28 chyrnotrypsin, 29 pepsin,2 ransferrin,* hGH, ™ and lysosyme,
the methionine residues are partially exposed to solvent and react at very different
oxidation rates, It is difficult to determine the effect of the primary amino acid
sequence near 10 methionine on oxidation because the comparison of one study
with another is complicated by the varied reaction conditions, Even for hydrogen
peroxide, mast of the studies Tepurted to date have been camried out at different pHs
and buffers, using different substrate and catalyst concentrations. Thege factors ace
important because the H,Q, catalyzed degradation of methionine is pH dependent,
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and may follow complex kinetics.?* Methionine can also be photooxidized by a

substitution: 227

Free radical pathwoy
D
R-§-CHy+D*

D- o+ G’z + HzD
R-5~CHy+ HO™

R~ $(OH) - CHy + HO, -
Singlet oxygen pathway

D
D> +D2

RS- CHy+ 101
R-S(Q0}-CHy+ R~ 8- CH,
Nucleophitic sabstitidion

R-3-CHg + HOOH

R-§% - -  -0-0H

'free radical pathway,” via a singlet oxygen intermediate,” or by nucleophilic

D#
R~S-CH3 + D

P+ HOy -+ HO

B — B{0H) - CHy
B - Sft') *--EHE i H2G2

D.*
L
D+ 0,
R - §(0Q)—CH,
R-S{D}ﬂﬁﬁa + R‘—S[D]"Cﬂa

E-5 = + Hzo

'CH;,r

This mechanism of nucleophilic displacement is preferred over one int which there
is an acid-vase equilibrium with the solvent generating the species HOOH,*. This
is hased on the lack of salt effects, 2 negative entropy of activation,* and leaving
group substiteent effects.??



2 C]ismfne

Cysieine is also easily oxidized, For example, cysteine can react with oxygen
10 yield cystine disuifide. The rate of cysteine oxidation is nsually accelerated at
higher pH where the thiol is deprotonated,®® although excepiions to this ruie are
known and are usually attzibuted to protein unfolding at lower pH with a concomi-
tant increase in the rate of thiol oxidation. 212%2

Oxidation of Cysteine by Oxygen
RS"+0, — RS-+0,-
RSH+0,~ —  RS-+HOO
RS8-+RS. —  RS-8R

The pH dependerce on protein oxidaton may be used to distinguish between
cysteine and methionine oxidation. The hydiogen peroxide-catalyzed oxidation of
cysteine decreases as the pH is lowered, wherezs the rate of methionine oxidafion
increases slightly from pH 5 to 1,186 Cysteine oxidation is also strongly catalyzed
by transition metal ions, especially copper. The rate of cysteine oxidation is usually
inversely dependent on the distance between thiol groups and neighhoring slec-
ronegative groups.?”? For example, the periodate oxidation of vicinal thiols in
proximal cysteine groups to form disulfides has been observed for aldolase®® and
other proteins.?! Once the cystine disulfide is formed, it is much less susceptible
to reaction with mild oxidants (such as H,0,} than either methionine or cysteine,
and so is often found as the stable end product in an oxidative reaction. Exceptions
to this have been reported. Certain organic acids react with H,0, to form the more
reactive acylperoxides and peracids, which are known to oxidize cystine.™ At
either low cysteine concentration, in the absence of 2 pearby thiol for disulfide
formation, or in dye-sensitized photooxidation reactions, cysteine may also oxidize
directly to give sulfenic, sulfinic, or sulfonic (cystic) acids, as observed in the
oxidation of glyceraldehyde-3-phosphate dehydrogenase 2%

Oxidation of Cysteine to Give Cy.sfic Agids

RgmH_-aRSOH—-—}RSOH——aRSOH

:ﬁm suifinic ailfonic
acid azid

Iz some proteins cysteine can be oxidized to give products from both pathways,
For example, oxidation of c-amylase affords 30% sulfenic acid and 70% new

disulfides, 2

345

]



3. Histidine

Oxidation of histidine is also one of the major degradation pathways for many
enzymes. The oxidation of histidine in the presence of metals is determined by the
amino acids near the yeactive histidine, as well as protein conformation, making the
prediction of metal-catalyzed oxidation uncertain. For example, His?® jn glutamine
synthetase is far more susceptible to oxidation than other histidine residues -— a
surprising finding in that His?*® 1z buried within the sequence Met-His?*-Cys-His-
Met where ail of the residues may undergo oxidation.2® Histidine is also susceptible
to photooxidation, where the proposed prithary mechanism 15 a reaction of singlet
axygen® with unprotortated histidine.?%?*! The reaction rates on singlet oxygen
with various amino acids has been determined, where histidine reacts 3-fold faster
than tryptophan, and 6-fold faster than methionine.2*° It has been demonstrated, using
o-crystallin, that histidines react at different rates with singlet oxygen.?*? The differ-
ent rates of oxidation ocour becanse sorme of the histidines are buried and therefore
inaccessible, or are protonated and digrefore unreactive. An excellent review on
photochemical processes involving histidine has been published.

4. Trypilophan

Although it is generaily recognized that tryptophan is easily photooxidized,
there are few mechanistic studies detailing tryptophan ag the predominant oxida-
tion pathway. Photooxidation of tryptophan and uyptophan-containing polypep-
tides affords the kynurenine, H-formylkynurenine, glycine, alanine, serine, and
aspartic acid analogs, but with poor recovery and mass balance of degradadion
products.?* At neutral pH, tryptophan and histidine typically photooxidize faster
than most other amino acids, incloding tyrosine.24? At lower pHs, oyptophan and
methionine are the predominant photoreactive amino acids.** Interestingly, there
are only a few examples of thermal protein aurcoxidation where tryptophan is the
predominant reactive site, The thermal side reactions of tryptophan have been
reviewed, where oxidation is not as favored as iodination, ozonization, or reaction
with aromatic sulfenyl halides, formic acid, or N-bromoseecinimide.

B. Pharmaceutical Consequences of Protein Oxidation
1. Biological Activity

A comprshensive swinmary of proteins that have been oxidized iy shown in

— m — m A o Em = mm A e W m oW e e

- = # =

Table 1. (For those interested in metal ion catalyzed protein oxidation, an excellent

compilation has been published by Statman,214) Included in Table 1 is the oxidatjon
catalysi{s), the primary amino acid that undergoes oxidation, and whether the
protein retained its biclogical activity after oxidation. Many of these stadies were
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TABLE 1

Comprehensive Summary of Protein Oxidation

Protsin or Peptide Catalyst

Albumin ~= bovine

Aldolase

Amidotransferase
Apolipoproteins Al and All
Arginine kinase
Asparaginase

Bompesin

Brain $100b protein
Calcltonin

Calmadulin

Chemotactic peptide (-MLF}
Cholecystokinin

Chorionic sormatomammeiropin
Chymotrypsin

Cotticotropin

Corticatropin releasing factor
Creatine kinase

w-Crystallin

Cytochrome C

Epidermal growth factor
Erythropoletin

Fibrin

Flageilin

(Gastrin

Glucagon

Glucose oxidase

Glutamine synthetase
Gly-3-phosphate dehydrogenase
Growtih hormone -— bovine
Growth hormone — human

Hemaglobin
interleukin-1f

Inter lewukin-2
Lactalbumin
Lagtoperoxidase
Lipoxygenase
Lysozyme
a-2-Macroglobulin
Myoglobin

Myosin
Naurgpeptide ¥
Ovoinhibitor
Papain
Parathyroid harmone
Papsln

A,F

m

-
=

TOPMPO0COPODPCRFRrPr P20 CPr=D0OD
s .

[}
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o
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o
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Bioactivity
amin oacld after oXidation

n.d.
no

na
n.d.
na
partial
fig
n.d.
no

ng

ne
n.d.
yoas
partial
ho
yes
no
n.d.
n.d.
ves
partial
nd. -
f.d.
no
yas
no

no

no
yas
no, yas

n.d.
no

n.d
n.d.

no

no

no
n.d.
n.d.
pariial
pastial
no

no
partial

Ref.

318
233
317

318

248

319

320

321
322, 323
324

215

325§

290
326-328
329, 330
331

246
242,332
433

334

335

231

252

336

262

347
338-340
236
341, 342
112, 116, 256,
309, 343
344

166

89

345

248

204
147
348
258, 349
350

351

852
353-355
253, 356
22



TABLE 1 {continued)
- Comprehensive Summary of Protein Oxidation

Reactive Bloactivity

Protein or Peptide Catalyst amino acld after oxidation  Ref.
Phosphoglucomutase F M ho 219
Plasminogen activator inhibitor C M ne 357, 358
o-1-Proteinase inhibitor C M no 281, 359, 360
PRPP-Bynthetase D 3 partial 361 '
Aslaxin F M yes 303
Ribonuclease D M partial 232, 362
Ribenuclease S F H no 284
Ribosomal L12 A M no 363
Substance P G M partial 251
Subtilisin AF M partial 364-367
Superoxide dismutase A nd. no 368
Transiamin Ab MY partial 221
Trypsin A n.cl. partial 235
Trypsin inhibitor A M yos 362
Trypeinftrypsinogen AD M partial 217
Venom, B. asper and F n.d. na, partial 370

C, durissus

Note: Oxidation catalysts are glven in the second column as follows: A = hydrogen perox-
ide, B = pericdate, C = Chloramine-T, D = iodpacelic acid, E = MAQ, F = light (and sensitized
photooxidation), G = autcoxidation, P = peroxidass, J = miscellaneous oxidizers (see
individual reference), n.d. = not determined. The primary amino acid axidized is given In the
third column using the notations: M = methioning, H = histidine, S = sulphydryl, W =
tryptophan and Y = tyrosine. Biclogical activity after oxidation is given in the fourth column
as follows: if 10 to 90% of biological is retained, then “partial” is given in column 3, othenvise
the protein Is classified as active or inactive after oxidation.

cartied out to determine the active site of the protein. Selective oxidation of certain
amino acids, usually methionine, was used to alter biological activity as a probe for
struciural inference. In many cases, biological activity was only partially lost
following oxidation, with 10-90% of the original activity remaining. When bio-
logical acrivity after oxidation was less than 10% of the parent protein (often within
the limits of the assays used), the oxidized protein was considered inactive.
Inspection of Table 1 shows that, in most cases, biological activity was either lost
or diminished following oxidation. Loss of biologicat activity occurred even when
the oxidation was rather mild. For example, conversion of a single methionine to
methionine sulfoxide by H,O, can resuli in a significant loss of bioactivity (see
examples in Table 1 for references).

2, Conformation

There are several methods to measure changes in protein conformation,
in¢luding physical, chemical, and immunological methods. One of the more
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sepsitive indicators of protein conformation is the protein’s ability to react with
a component of the immune system, such 28 antibody binding. A molecule that
reacts with a component of the immune system is said to be anfigepic. Although
this method is very dependent on the specific antibody used, review of the
literature shows that exidation usually does nat alter protein antigenicity, unless
the protein underwent conformational changes. For example, oxidation of argi-
nine kinase did not affect antigenicity, but reaction of creatine kinase under
similar conditions decreased the antigenicity by approximately 70%.2%¢ (Argin-
ine kinase retains much of its secondary structure upon oxidation, whereas
creatine kinase does not). In other proteins that have a significant amount of
tertiary structiure (such as hurnan serum albumin), oxidation or reduction affected
antigenicity significantly.®? Similarly, the antigenic properties of hepatitis B
antigen were found to depend on the conformational integrity of the protein, as
identified by oxidation and reduction smudies. 2 Oxidation of Porsopis juliflora
pollen antigen did not affect antigenicity, whereas protease digestion had a large
effect.?*® Both unoxidized and oxidized insulin B chains stimulated insulin-
specific T cell hybridomas (but xenogenic insulins often did not), arguing the
importance of conformation on antigenicity 2% Autooxidation of Substance P was

found to show only a modest decrease in antigenicity as tested against two different-

antisera in an ELISA format. 25! Chloramine-T oxidation of flagellin, where Met!/{
and Met*’ were completely oxidized, resulizd in no change in antigenicity as
measured by immunoprecipitation.?? Oxidation of B-parathyroid hormone did
not affect its antigenicity as measured by complement fixation, even though all
biological activity was lost. 2 Similarly, photooxidation of aspariginase did not
result in a significant change in antigenicity. 2 (Reduction of aspariginase also
did not affect its antigenicity.®%) Oxidation of Met’¢ in hGH did not affect
antigenicity, as measured using a dual monoclonal antibody system.?¢ Periodate
oxidation of a 400 kD mucin with the CAR-5 epitope did not alter the antigenic-
ity as identified by using the moneclonal antibody BD-3.57 The complete anti-
genic mapping of myoglobin was performed using a number of chemical and
biochemical technigues to identify anfigenic determinants.* Oxidation of the
tw0 methionines to methionine sulfoxide afforded a product that was antigeni-
cally and conformationally indistinguishable from native myoglobin. In another
study, the preduct of performic acid oxidation of stephylococeal nuclease was
found to be fully cross-reactive in antibody binding assays with unoxidized
nuciease.2 Oxidation of a 20 kD allergen from Dirofifaria immitis did not affect
antigenicity as measured by a passive anaphylaxis assay.?® In general, oxidation
of methionine to give methionine sulfoxide does not affect protein antigenicity,
probably because the gross conformational structure of the oxidized protein is
¢lose to the native structure. This is the case for many of the proteins menticned
atove including myoglobin, growth hormone, and flagellin. On the other hand,
oxidation or reduction of disulfide often does cause a large change in antigenic-
ity, presurnably becanse modification of the disulfide canses significant conformna-
tional changes. Glucagon shows decreased antigenicity after oxidation;?® this is

. 349

(S



due to major conformational changes upon oxidation as verified by a change in the
- alpha helical content by circular dichroism.? Most proteins loge biclogical activ-
ity when oxidized, yet antigenicity is not affected unless the protein undergoes
gross conformational changes. This suggests that antigenicity is not a sensitive
indicator of protein “quality”, at least when compared with biological activity. In
SuIMMAary, protein antigenicity is usually not affected by methionine oxidation.
Oxidation of single amino acids often causes a change in biclogical activity, but
there are only a few proteins where such 2 subtle change affects antigenicity. The
literature on protein oxidation emphasizes that minimizing protein oxidation is
crucial for maintaining biological activity of most proteins, but most oxidation
resctions do not canse gross conformational changes, even when assayed using
sensitive immunological methods,

3. Immunogenicity

A major concern of protein degradation is that degraded proteins, even self-
proteins, may lead to an unwanted immunogenic response. Immunogenicity is
the ability of a substance to stimnlate or induce a detectable immune response.
This response may be deleterious because antibody formation may not-oaly
nentralize the desired effect of the drug, but also may result in unwanted side
effects such as anaphylactic shock after repeated administration. The immune
system has evolved to recognize foreign protein, with disastrous immunological
consequences if foreign proteins are not recognized.” Both xenogenous {for-
eign) and antologous (self) proteins have been tested for immunogenicity. For-
eign proteins, both native and modified (e.g., oxidized), should elicit an immune
response. Self-proteins, however, should not give an immune response due to
self-tolerance, Modified self-proteins may or may not elicit an iminune responss,
depending on the protein and degree of modification. This last case is of particu-
lar interest to pharmaceutical scientists because it directly addresses the problem
of protein stability and immunogenicity in humans. For a modified autologous
protein to be recognized as foreign, it must have altered immune recognition sites,
possibly due to a change in the primary sequence, or a change in protein confor-
mation. (Note: from Section I'V.B.2, oxidation does not usually affect protein
conformation.) It is well established that protein conformation plays a significant
role in immune response. For example, the nentralizing antibody response follow-
ing immunization by gp120 is dependent on the “correct” gp120 conformation;
some of the antibodies recognize conformational determinants and others recog-
nize only primary sequence determinants.? Another good example is the lack of
immune response when peptide determinants are used to elicit an immune re-
sponse, such as in Site A of infiuenza hemaggintinin,*® Iimmunization with flagel-
lin and oxidized flagellin did not significantly alter antibody titers in rats.??
Immunization of BIO.BR (H2%) mice with insulin B ¢hain did not afford a signifi-
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cant response, whereas immunization with oxidized B chain gave a large immune
Tesponse. I was suggested that oxidized B chain has an epitope that forms an
antigenic complex available for T cell recognition, whereas the unoxidized protein
does not. Thers is a recent report that galactose oxidation of subunit vaccines
increases immunogenicity;?’ however this type of oxidation exerts its effeots
through Ty, cell priming (a very specific mechanism) and does not directly address
protein oxidation. Immunogenicity data have also been obtained after chronic
administration of protein therapentics in humans. A great deal of immunogenicity
data on animal and human insulin have appeared in the last twenty years, but the
literature data suggest that the immunogenicity differexnices observed are likely due
to the differences between use of human and xenogenously-derived insulin, 2520
There is no evidence that oxidation affects the immunogenicity of insulin. It is well
established that some paticnts form antibodies to hGH after repeated dosing of
RGH. It has been reposted that hGH with an additional methionine at the N-
terminal end (Met-hGH) showed more antibody formation than Met-less hGEL7-
23 although these comparisons may not be valid because they suffer from different
agsay sensitivities. Usually the presence of anti-hGH antibodies does not affect
growth 27425 I these studies, there was no evidence of protein oxidation of the
extra methionine, where increased immunogenicity may be due to the formation of
hGH aggregates.'>*

A search of the literature for antibody formation to autologous proteins afte:r
repeated administration shows that many proteins (for example, erytliropoietin) are
not mentioned at all, even though they have been administered extensively.

The effect of protein oxidation on Immunogenicity is likely to be protein
dependent; some proteins are better at eliciting an antibody response than others.
Our immune system has evolved so that it does not recognize minor varianis of
antologous proteins as foreign. I it did recognize esch variant, then one's own
irmune systern would expend much energy mounting an autoimmune response
against self-proteins that are partially degraded by oxidation or hydrodysis in the
normal course of protein “aging" in-vivo. The promiscuity of immunological
recognition (in this case manifested as a lack of an immunogenic response to a
modified autologous protein) has been noted before?” — and it forms the basis of
the hypothesis that minor modifications in protein structurs (either primary or
conformation) are allowed without an inmnunogenic response,

4, Biological Half-Life

One of the major hurdles in protein formulation is to minimize the amount of
degraded drug product, in this case, oxidized protein. As noted above, many
oxidized proteins are not biologically actve, resulting in decreased formulation
potericy. Many oxidized proteins, even when biologically active, often show
increased susceptibility to intracellular proteases?*27"?® and therefore may show
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altered pharmacokinetics, which is another undesirable pharmaceutical property.
‘The proposed mechanism for the accelerated proteolysis of oxidized proteins is
eventual denaturation and exposure of bulky or hydrophobic residues and sites that
are susceptible to proteolytic cleavage. Incubation of ozidized proteins with cell-
free extracts derived from erythracytes, reticulocytes, skeletal muscles, cardiac
muscles, hepatocytes, and bacteria strains have demonstrated accelerated degrada-
tion. Oxidized proteins have also been implicated in normal protein aging in
vivo, 2920 a5 well as in certain disease states such as emphysema,®! '

C. Formulation Parameters That Affect Oxidation

The prevention of protein oxidation in pharmaceutical formulations generally
employs the following strategies: reduction in temperature, protection from light,
change in formulation pH, removal of oxygen from the head space, removal of
excipients that have contaminants that catalyze oxidation (such as pelysorbates),
and addition of antioxidants.?® This section addresses the major methods for
controlling oxidation: the effect of reduced temperatures, specifically freezing and
Iyophilizing, and the effect of excipients.

1. Freezing

In general, protein stability can be increased by cooling or freezing, although
there have been notable exceptions, 282282 Jsually freezing or lyophilization inhibits
oxidation as it does for hydrolytic mechanisms, although the rate reductions for
oxidation reactions are often not large. This is because the activation energy for
many oxidation reactions is small, thus showing an insensitivity to temperature 219
However, the opposite is sometimes true, where freezing increases the propensity
for oxidation. There are several reasons why this unusnal behavior may occur, As
freezing proceeds, the caoncentration of the protein in the remaining solution
increases due to exclusion of protein from the forming ice matriz, This increase in
protein cencentration canses a concomitant increase in the concentration of cys-
teine and cysiine residues, with an increase in intra- or intermolecular disulfide
exchange or oxidation.?® Sulfydryl goups can also be readily oxidized at lower
temperatures since the oxygen concentration in aqueous solutior varies inversely
with temperature. For example, oxygen solubility in aqueous solution at 4°C is 9.1
mL 0./, whereas at 25°C, oxygen solubility is 5.7 ml Q1.2 The oxygen
concentration in a “partially frozen” system at —3°C was significantly higher than
in solution at 0°C.?* This effect may be partially offset by an increase in iomic
strength upon freezing; a local increase in salt concentration results in a concomi-
tant decrease in oxygen solubility. This phenomenon has been used to stabilize
oxygen-labile C. pasteurianium hydrogenase.® The decision 1o freeze a pharma-
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ceutical protein product must alse consider the effect of solvent upon freezing, as
well as the protein-solvent interaction(s}).?

2 I._yaphmzaﬂnn

The effect of water on protein stabilization in the lyophilized state is often
complex. Trace amounts of water in lyophilized proteins may be destabilizing, as
discussed previously, largely because the water increases the rate of hydrolysis or
aggregation.!"! This may also occur for oxidation reactions, e.g., with glutathiene. 28
Ribonuclease demonstrates complex protein stability in the lyophilized state; this
protein showed a maximum stability (as measvred by reaction of methjonine) at
10% water content — it was /ess stable at lower and higher water content. 157
Alternatively, carbon monoxyhemoglobin showed maximum degradation at 18%
water content -— it was more stable at lower and higher water content.®® Lyo-
philized §-galactosidase showed an increase in the water content gave higher water
mobility and faster rates of degradation.?®! Oxidation may be retarded by frace
amounts of water because water is a good scavenger for disrupting the propagation
of {ree radicals.?? A clear-cut example of this is the degradation of ergocaliferol,
where a small amouni of residual water decreased the rate of oxidation.” The rate
of oxidation may be governed by the rate of initiation, propagation, or termination,
or a combination of activation energies. For example, the rate of gletathione
oxidation in the solid state is independent of oxygen conceniration, possibly
because initiation is rate limiting.2° Further, the rate of oxidation in lyophilized
formulations does not always correlate well with the residual head space oxygen,
as shown for human growth hormone.'*? This has been attributed 1o the unknown
and variable amounts of oxygen in the solid phase, but might likely be due to the
oxidation rate being limited by the amount of initiator present. Photooxidation has
also been observed in solid state proteins, albeit somewhat slower than in solu-
tion. 4

3. Excipients

Protein oxidation in solution and lyophilized formuiations may aiso be depen-
dent on the excipients used. For example, the addition of Polysorbate 80 1o
Iyophilized interleukin-2 formulations stabilized the product somewhat but in-
creased the amount of protein oxidation.® This oxidation was due to the high
peroxide content in Polysorbate 80 remaining after purification and bleaching,.
Peraxide is known to increase with storage for prolonged pericds, especially at
higher temperatures.??®7 Even formulation excipients that should not catalyze
oxidation (such as glycine) have been reported to show a deleterious effect on
lyophilized formulation stability.!' o
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Clarke, Modet & C°

COLOMBIA

En vista de que ¢l sefior examinador es de la apinidn de que cualguicrs de los
documentos D1 a D6 puede ser considerado come el arte més cercano a la presente
sohcirad, 2 continuactdn nuevamente nos permitimos explicar cuales son las
difercncias entre dichas anredoridades v la soliciud en estudio, con ol fin de
cortoborar que dichas diferencias no habrian sido evidentes para una persona
medianamente versada en la materia téentca,

1.1 Altura inventiva de la solicitud en estudio sobre la anteriotidad
EP0841067 (D1).

Fsta anreriotidad repotta una preparacion liofilizada de un anticuerpo monoclonal
que contienc un #eido carboxilico o una sal del mismo, Ademds, 11 muestra que
laa tﬁmpmlmcmta dc‘utn tener pre:,e,nte acigos ggrngihcgg como 4cldo citrico

smas. De hechio, D
sugiere que el acido sea ac;dn gltngu v su 52l sddica, como asi se pude comprobar
¢n la pagina 4, entre das lineas 8 a 11.

Ahora bien, la presente invencion se encuentra dirigida 4 una formulacton acuosa
esrable que comprende natalizumab en una cantidad de desde 0.1 mg/ml hasta 200

rag/ml, un amortiguador de fosfato, polisorbate 80 en una canudad de desde
0.001% hagta 2,0% {peso/volumen) v gloruro de sodio.

Si ana persona versada en Ja materda técnica considerata las ensefianzas de D1, no
podria llegar de manera evidente a la presente solicitud, ya que ID1 no ensefia ni
sugiere gue ge puedan ohrener formulaciones de natalizumab como [as
mencionadas en 1 solicinud en estudio, especialmente en lo que concierne 2 la
inmunoglobulina.

12 Alrtura inventiva de Ia solicitud en esiudio sobre la anterieridad
W98221130 (DE].

Fiste documento muestra sustancias farmacéuticas lofilizadas de anticuerpos
monoclonass o policknales, D2 sugiere que las composiciones contengan zzicar ©
una _szicar-aminoacido que puede tener la funcidn de tenscactivo o de agente
estabilizante. El ejemplo 10 ubicado en la pagina 33 de D2 muestra claramente que
lag composiciones deben {ener argitina-azncar y sustancias como el Tween 20
COMO WCRSoACTVOS,

Eg clara contrapusicidn, la presente invencion muestra upa formulacion acuosa

estable comprende patalizumab en una cantidad de desde 0.1 mg/mal hasta 200
mg/ml, un amortiguador de fosfato, isorbato 80 en una cantidad de desde

H01% _hasta _2.0% (peso/volumen) y cloruro de sodio. Una persona
medianamente versada en la materia téenica no habria enconttade ninguna
sugerencia en D2 para dejar de utilizar azdcar ¢ mezclas de estos con aminodcidos
para realizar composiciones estables de natalizumab.
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1.3  Alrure inventva de la solicitud en estudio sobre la anterioridad
US85,908,826 (D3).

{lomo ya sc habia manifestadn cn nuestea tespuesta del 29 de abri de 2009, D3 al
ipual que el dacumento D1, teporta pmpamciﬂnea de anocuerpo monoclonal
liofilizadas, las cuales son el resultado de la preparacidn de una solucién gelatingsa

del antic moenoclonal o en un icido gatboxilico o sal del misma.  Los
giemplos  mwstrados  por esta anterioridad  se  encuentran  cncaminados  a
preparaciones de Inmunoglobulinas del tipe A, G, Ey M com® detergenitesicorna cl

T 2
Tween 20. \M____Q%

Teniendo en cuenta lo anterior, una persona medfanamente versada en iz 1nantera
técnica no habria encontrado evidente composiciones de anticuerpos, especizlmente
de natalizumah sin la presencia de dcidos carboxilicos, ya que D3 gmplea dcidos
carhoxilicog como parte fundarnental en sus composiciones. En consecuencia, D3
no reswlta televante para desvirtuar la altura inventiva de la presente invencion.

1.4  Altura inventiva de ia solicitud en estudio sobre la antedoridad
1US5,945,098 (D4).

D4 reporta preparaciones de tnmunoglobulinas para administeacion mniravenosa,
donde dichas preparaciones son estabilizadas con aminoacidos y detergentes no
idnicos  junta  con Hsorbat ietilengilepl. Adicionalmente,  esta
anterioridad ensefia guc las preparaciones contienen polivinilpir VP).

$1 una persona medianamente versada en la materia tuviera en cuenta las ensedarnizas
de este doguniente, encontratia que s relevanre la presencia de aminodcudos ¢ PVP
et Jas composiciones ya que D4 repotea cspecificamente en sus ejemplos 1, 1L Uy
IV ubicados en la columna 6, que el aminodcide plicing participa en 1odas las
preparaciones junio con cantdades de polietlenglicol v con polisorbaro. Por 1o
ranto, D4 no proporciona ningdn indiclo de composiciones de natalizumab como
las reclamadas en la solicinnd en estudio dado que D4 repotta que 1as preparaciones
son pia imunoglobulinag, 1o cual es totalmente diferente a lo reportado en a
presente sobicitud.

1.5  Aitura inventiva de la salicitud en estudio sobre la anteriovidad
WO0212501 (D5).

Por su parte, la anteroridad D5 mucsta antevetpos anti-dual integrina que incluyen
acidos nuelcieos que codifican dichos antic oz, Adicionalmente, esta referencia
establece gque dichos antncuerpos comprenden al menos la regién variable SEQ ID 7

v & COMD se dLb[ﬁbﬁ'Il atli, "\uﬂ embargo, 125 no revels ni ensefia_formulaciones de

riiguad

usf@m. Por Yo tanto, una persona versada en la matetia no encontratis moguna
motivacién en lo reportado en D5 para legar de menera evidente a una
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composicion como la reclamada en la presente solicitad.

Fn resumen, ninguna de las referencias ciradas por ¢l sefior examinador muestra o
reporta uii formulacidn comercial o una formulacidn liofilizada de natalizumab

como la reivindicada en la presente solicitud. De hecho, al tener en cuenta la
gstructura quimica del nambzomnaly, se pude conchilr gue 12 persona versada en ta

matctia ne éncontraria tinguna sugerencia a pattit de lo moestrado en D1 a DO para
llepar de alguna manera evidente a la soliciud en estudio, dado que el namlizumab
ne ¢s estructuralmente semejante a las imunoglobulinas e inclusoe 4 las estructuras de
los anticuerpos monoclonales empleados en las formulaciones de las referencias
citadas por cse despacho. De hecho, ¢l natalizumab y las moléculas acruales tenen
diferencias importanies que incluyen diferentes regiones constantes, diferentes
regiones variables y diferentes blancos moleculares. Por consiguiente, no existe
alguna sugerencia en cl arte previo 0 en el conocimiento generalmente dispontible a
la persona medianamente versada ¢n la martetia, para sustituir natalizamab por los
anticuerpos citados en las referencias.

Fn efecto, ninguna de las referencias proporciona alguna clase de formulacion
estable que contenga natabivumab y que sea aproplada para la adminstracion
terapéutca, ni existe alguna expectativa razonable de éxito en la combinacién de
dichos documentos. Los anticuetpos 0o son shmplemente intercambiables de
manera facil. Las diferencias estrucrurales entre los anticuerpos de las referencias ¥
¢l naraltzumab incluyen diferencias que tequieten distinms formulaciones y
concentraciones a fin de llegar a formulaciones estables y adecnadas para el uso
médico,

Por lo tanto, nucvamente nos petnitimos decit que no existda una cxpectaniva
razonable de éxito en las antetonidades para producir la invencion en estadio, Aun
mas, una persona medianamente versada habria tenido que hacer mas que una
experimentacion rutinaria para Degar a la formulacion de natalizumal reclamada en
esta solicirud, ya que el natalizamab era conocido por ser un agente bastante
dificultoso para fommularte e un producto estable y seguro para la adrnistracion
en pacientes. La combinacién especifica v la concentracion de los ingredientes de Ia
formulacidn reclamada fueron encontradas Unicamente despuds de muchos 2fios de
investigacion v de experimentacion ¥ de ensayos clinicos en seres humanos, le cual
va mis alli del mero nivel de ensaye y error.

Adicionalmente, la formulacién reivindicada resuelve las carencias de estabilidad
notadas en la técnica anterior ¥ cumple con un requerimiento medico gue hasta la
fecha no se¢ habia podido satistacer, v ha logtado ademads un éxito comercial. La
presenre formulacion cubte una formulacién comercial en los Hatados Unidos de
Amética comercializada bajo la marca Tysabri® y en Europa para ¢l tratamiento de
las formas de recida de esclerosis multiple.
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Fn la Msclerosis Multimple EM, este medicamento es recomendado para pacientes
que han tenido respuesta inadecuada en terapias previa, asi como también para el
tratamiento de la enfermedad activa de Crohn desde moderada hasta severa,

En este sentido, una petsona versada en la materia al momentn de la presentacién
de la ptioridad de la soliciud en estudio reconocetia que existfa una necesidad de
proporcionar una formulacidn estable de natalivamab. Ts decir, que <l problema de
la presente invencion habria podido ser idendficado por dicha persona, sin embargo,

‘dicha persona no habria sido capasz de crear dicha formulacion con base en lo

mostrado en el arte previo,

En etecto, como va se demosttd anteriormente, la técnica anterior muestra que los
anticuerpos A0 son facilmente intercamnbiables entre si dentro de formulacones,
como asi se expone v se cvidencia en ¢l anexo 1 titulado “Critical Reviews in
"Therapeutic Drag Carrier Systemns™ de Cleland v colaboradores  10(4):307.377
(1993} en donde se muestra que cada antcuctpo posee una setie de caracteriscas
fisicas Vnicas que difleren en gran manera ¢ incluyen el punto isoeléctico, la
solubilidad y las condiciones bajo las cuales el anticuerpo se aglomera. Por lo manto,
el arte previo fulla ¢n ensefiar una formulacién estable que contenga naralizumab o
en cdmo llegar a dicha formulacian,

Sobte este pardeular, respetuosamente se hace énfasis sobre el hecho que una
formulacion que comprende natalizumab, solucidn amortguadora de fosfato,
polisorbato v cloruro de sodic no habia side nunca teportada ni sugenda en el
estade del arte. TPor 1o tanto, la evaluacion de la altura Inventiva realizada por el
seflot examinador corresponde miés a un enfoque en retrospectiva o hindsight come
se le conoce ampliamente en el campo de la Propiedad Incelectual, dado que el sedor
examinador estd buscando de marnera retrospectiva la composicion reclamada en los
documentos del arte previo.

No es obvio simplemente sustituir naralizumab dentro de las formulaciones de la
téenica anterior. El naralizumab es un antcuerpo IgG4 monoclonal humanizado el
cual hace blanco en las sub-unidades alfa-4 de los receprores de superficie celular
a4l v a4B7. Sin embargo, los andcuerpos de todos los documentos de la técnica
anterior son diferentes. Bl natalizumab tiene blancos moleculares distintos, regiones
constantes difercnres v regiones varables distntas en relacion con los anicuerpos
cirados en las referencias,  De hecho, los anticuetpes no son  ficilmente
mtercambiables en las formulaciones como sc demuestra en cl arfonla del anexo 1.

Las diferenctas dnicas de los diferentes anticuetpos requieren de formulaciones
distintas para lograr el maximo de eficacia terapéutica como rarnbién de estabilidad
en el producro. Por consiguiente, una petsona medianamente versada en Ia marera
no habria pedido predecir “a priori” si una founulacidn setia efectiva para
natalizumaly o alpia oreo wocuerpo.
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Las referencias citadas por esa oficina, enumeran ingtedientes de formulacién pero
no ensefian por qué esos ingredientes podrian ser especialmente bencficiosos con
anticuerpos patrticulares © con caracteristicas quimicas y fisicas determinadas de
dichos anticuerpos. En este sentido, es necesario sefialar que existe un numero
ilimitado de formulaciones que podrian ser desarrolladas mediante la seleccion de
inpredientes en varlas concentraciones. Sin embatgo, no existe ninguna sugerencla
en la técnica anterior en cuanto a qué combinacion especifica de ingredientes podria
hacer que una formulacién de natalizumab fuera esrable.

En consecuencia, como se menciond antetriormente, no existe sugetencia en
ninguno de los documentos citados pot el sefiot examinador que combinado con el
conocimiento general de una persona medianamente versada en la materia logtaran
conducirla a sustituir los anticuerpos de las referencias por natalizumab. Ademis,
tampoco cxiste alguna expecrativa de éxito razonable en hacer dicho intercambio,

Como ya se indicd, los anticuerpos no son facilmente intercambiables, dado que las
diferencias estructurales entre ¢l anticuerpo de la téenica anterior (D1 a D6} v el
natalizumab incluyen diferencias en las regiones constante y variable como también
en el blanco molecular. Tales diferencias requieren de formulaciones distintas y de
concentracioncs diferentes para logar formulaciones estables v adecuadas para uso
médico.

La presente invencion no cs el resultade de una experimentacion rutinaria, toda vez
gue una persona medianamente versada en la matetia habtia tenido que hacer mas
que ensayos mitinarios para lograr la formulacién reclamada, dado que cl
natalizumab resulta ser una sustancia bastante dificultosa pata su formulacion en
productos estables ¥ seguros para la adminiseracion en pacientes. La combinacién
especifica ¥ los ingredientes fueron encontrados hego de afins de expenmentacion y
ensayos clinicos cn seres hurmanos.

En este sentido, ¢s deseo del solicitante poncer a consideracion del sefior examinador
¢l anexo 2 tirulado “Preformulation Study™ hecho por Celltech Biologics pata
Athena Neurosciences, una compariia adquirida por el solicitante en el afio de 1996.

Ta formulacidn reclamada, cuando se emplea en el producto comercial, contiene
natalizumab, polisotbato, solucidn amottiguadota de fosfato v cloruro de sedio.
Commo se discute més abajo, la expetimentacidn que se realizé con la formulacion de
la presente solicirud, no es el producto de la simple experimentacion rutinaria o del
ensavo/error. 81 se hubiera empleado la simple experimentacidn runnara, la
presente formulacién no habria sido desarrollada o probada como se discute mds
abajn. De hecho, 1a frase “ensayo y errot” implica que la persona versada intenta ¥
experimenti ¥ con base en los resultados vistos en dicha experimentacion intenta un
nuevo experimento, continuando dicho proceso hasta que se alcance el objetivo.
Sin embatgo, cste concepto dnicamente funciona si los resultados de los
experimentos son capaces de proporcionar una guia correcta. En el caso de la

1

& x
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presente formudacion, los resulrados de estudios para determinar excipientes capaces
de proporcionar una formulacién estable v susceptible de uso para el natalizumab, a
menudo condujeron a los investipadotes en la direccién equivocada.

LEn 1994, durante ¢l proceso de desarrollo de la formulacién de natalizumab, el
estudio de preformulacién “Preformulation Study” fue realizado para monitorear la
estabilidad de quince formulaciones que comprendian acetato, hisndina ¥ soluctones
amortiguadoras de fosfato. Ademds, se estudiaban los efectos del cloruto de sodio y
del Tween 80 (polisorbato 80 en la estabilidad de la formulacidn. Los resultados
mostraron que el anticuerpo natalizumab fue, al menos inicialmente, estable de
manera relatva en las formulaciones evaluadas {durantes estudios posteriotes se
encontrd que este no era el caso, también dando sustento al argumento que el
simple ensayo v error no era suficiente para el desartollo de esta formulacién).
Adicionalmente, los estudios mostraton que el uso de cloruro de sodio v de Tween
80 afectaba de manera desfavorable la estabilidad. '

Sobte este particular, se dirige respetuosamente la atencién del sefior examinador a
la Seccion 5.0 que concluye que la adicién de 150 mM de cloruro de sodic o de
0,02% de I'ween 80 tenfa el efecto de acelerar el proceso de degradacién. El estudio
recomendd que se considetara la formulacidn que contenia acetato, histdina y
fostato. El estudio ademds puso de manifiesto que eran recomendables el fosfato v
la histidina scbre la sal debido a que la adicidn de la sal a la formulacion de acetato
tenia un efecto penudicial sobre la estabilidad de la formulacion.

También se notd que en estos estudios, el cloruro de sodio fue empleado en ciertas
formulaciones para evaluar el efecto de la fuerza idnica, pero no fue ptobado junto
con polisotbato 80, Los investdgadores concluyeron que uno o el otro de estos dos
excipientes, era influyente de la estabilidad de Ias formulaciones cn estudio, pere no
fueron intentadas las formulaciones que contenian ambos excipientes, como el caso
de la presente formulacion reclamada,

Por consiguiente, este estudio brnda sustento al argumento de que la formulacion
teclamada en la solicitud en estudio no es un simple resulrado de ensayo y error.
Aqui el solicitante realizd ensayos v los resultados, de hecho, sc apartaron ¥
condujeron a los investigadores lejos de la eventual formulacidn disponible
comerclalmente de hoy en dia.

En consecuencia, por lo menoes se tequitié de un paso inventivo con el fin de i
desde estos estudios hacia la presente formulacion reclamada.

Luege de estos estudios v basados en sus hallazgos, el solicitante intentd una
formulacidn que contenia natalizurmab ¢ hisidina. La histidina se agtegd a la
formulacion, como sugerencia de los tesultados del estudio de preformulacion. No
obstante, esto fue rambién una guia equivocada. En la prueba de formulaciones ¢n
1994 v 1995, el solicitante obtuvo resultados bastante nublados ya que las
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formulaciones no fueron ni estables ni suscepubles de uso médico.

Sin embargo, a pesar de lo que ensefiaba cl estudio de preformulacion, el solicirante
intenté emplear cloruro de sodio pata dirigirse al problema de la isotonicidad. No
abstante, sc observo que sucedia la precipitacidn de proteina y la conglomeracidn en
las muestra de formulacién. Se intentd entonces una segunda formulacién que
contenfa natalizumab, histidina, cloruto de sodio v polisorbato 80. A pesar de lo
que se habia visto previamente, ¢l solicitante intenté la adicion de polisorbato 80 ya
que se habia observado que el polisorbato 80 actuaba cono un inhibidor del proceso
de degradacién., No obstante, se descubrio que la histidina puede reaccionar con el
polisorbato 80 en presencia de trazas de metal, lo que resultaba en la degradacidn del
polisorbato 80 e impurezas en la solucion.

lLa proxima formulacién contenia natalizurmab, fosfato de sodio Bmonobésico y
dibdsico), cloture de sodio y polisorbato 80. Esta sustitucion tesolvid el problema
de la reaccion de la histidina con ¢l polisothato 80 en presencia de trazas de metal.
Esta dlnma formulacién fue cmpleada en ensayos clinicos que fueron realizados
durante un nimero de afios. Por lo tanto, a pesar de los resultados de los estudios
previos que mostraban los perjuicios del polisorbato 80 y del clorure de sodio y la
recomendacidn de la histidina, el solicitante produjo una formulacion que conticne
polisotbato 80, fosfato v clorare de sodio. Lsta combinacién poco probable de
excipientes proporciona una formulacién que produce una basc estable para la
formulacion de natalizumab en un cscenario médice. Por lo tanto, no era ni obvio
ni evidente a partir de ensayos rutinatios obtener una formulacidn de natalizumab
como la reclamada en Ia solicitud en estudio.

Finalmente, respetuosarmente nos permitimos decir que la citacidn de 6 documentos
por parte del sefior examinador pone de manifiesto que la presente solicitud no es
evidente para una persona medianamente versada en la materia pues no habria sido

evidente para dicha persoha combinar tantos documentos para llegar a las
formulaciones reclamadas en la selicitud en estudio.

Habiendo atendide cabalmente las objeciones presentadas por ese despacho,
atentamente solicitamos se conceda el privilegio de patente de invencién a la
solicitud en estudio o si ¢l sefior examinador considera que subsisten razones para
objctar la presente invencidn, rogamos expedit otto examen de fondo con los
debidos motivos ¥ razones que sustenten su objecién con el fin de que nuestro
mandante renga la posibilidad de cxponer sus argumentos con base en la
interpretacion de los articulos 45 de la Decision 486 -¢l cual otorga la facultad al
examinador pata emitir los cximenes de fondo-, 35 v 59 del Codigo Contencioso
Administrativo que sefiala que: “habidndose dado sportunidad a by interesados para expresar
vt opintones, y con base ew ks pruchas e informes disponibies, se tomard la desision que jerd
motivadu @l menos en forma sumarta 1f afécte o particnlares” y (.} deberd proferivie la deciaion
definitiva. Fista 1o motivard en swy aspectns de becho y de devecho, y er los de conveniencia i es ¢f
case”, respectivamente (Bl subrayado es nuestro).

A48
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En consecuencia, solicitamos a ese despacho pronunciarse en relacion con  todos
los argumentos presentados en este memorial dando estricta aplicacién al ptincipio
del debido proceso consagrado en el articulo 29 de la Constitucién Nacional

Sefior Superintendente,

e
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