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Abstract

Cancer is one of the leading causes of mortality in the world's population, accounting for
millions of deaths annually. Notwithstanding notable advancements in cancer treatment, over
half of all patients still die from a metastatic disease that spreads, does not react to the first
medication, or relapses after receiving treatment. Various techniques, either separately or in
combination, such as chemotherapy, targeted therapy, radiotherapy, surgery, immunotherapy,
hormone therapy, and gene therapy, can be used to treat cancer. Recently, demand for
biotherapeutic, including monoclonal antibodies (mAbs) is increasing due to their high
specificity and low toxicity. A considerable amount of time and resources are invested first in
mAb product development and then in clinical examination of the product. However, the major
challenge with the biotherapeutics is that they are prone to degradation under various
environmental conditions, including pH, temperature, metal ions, humidity, and light. This
degradation may lead to structural, conformational, and biochemical changes that impact the

stability of the product, reduce activity, or induce immunogenic responses.

Physical and chemical degradation are the two possible degradation mechanisms that could
occur during manufacturing, processing, storage, handling, and administration of the mAbs.
Physical degradation includes aggregation and denaturation, and aggregation is known to
induce an immunogenic response in the patients. mAbs are susceptible to a myriad of chemical
degradation pathways, including oxidation, deamidation, isomerization, hydrolysis,
deglycosylation, racemization, disulfide bond breakage and formation, Maillard reaction, and
B-elimination. Both physical and chemical instabilities lead to impacts on the safety and
efficacy of the product. Physical instability may lead to chemical modifications or vice versa;
hence, both physical and chemical instabilities are intertwined and interdependent. Oxidation
and deamidation are the most common chemical degradation processes of mAbs, which may
result in changes in physical properties, such as hydrophobicity, charge, secondary or/and
tertiary structure, and may lower the thermodynamic or kinetic barrier to unfold. This may
predispose the product to aggregation and other chemical modifications, which can alter the
binding affinity, half-life, and efficacy of the product. Both degradation pathways are
intertwined and interdependent. Chapter 2 summarizes major findings from the past decade on
the impact of oxidation and deamidation on the stability, biological activity, and efficacy of
mAb products. Mechanisms of action, influencing factors, characterization tools, clinical

impact, and risk mitigation strategies have been addressed.
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Oxidizing agents can be introduced unintentionally from various sources, such as H>O2, which
is usually introduced during the surface sterilization of the bioreactor or is left in a trace amount
or present in groundwater. Degradation of surfactants such as polysorbate (PS80, PS20) also
produces peroxides. Metal ions are introduced unintentionally in the drug product as impurities
from the formulation buffer components. The presence of these oxidizing agents induces
oxidation of the mAb that could have an impact on stability, safety, and efficacy. Besides
oxidation, the presence of these oxidizing agents also leads to the non-enzymatic fragmentation
of the mAb. The first objective (Chapter 3) was to investigate the impact of the various factors
on the kinetics of the non-enzymatic fragmentation. The effect of Cu?" or hydrogen peroxide
either singly or in combination was studied using size exclusion chromatography. A kinetic
model is created using monomer degradation as a function of time. It was found that the
fragmentation kinetics follow different orders with the change in the reaction conditions. It was
hypothesized that this change in the order in various conditions is due to a change in the
mechanism of hinge peptide bond cleavage. In the presence of Cu®*, fragmentation follows
first-order kinetics and can occur by metal-catalyzed oxidative cleavage. On the other hand, in
the presence of both Cu** and H»O,, reaction order changes to second-order kinetics and can
occur by hydroxyl radical in the metal binding site of the hinge region. Also, in the presence of
H>O2, hinge peptide bond cleavage follows zero-order reaction kinetics and can be a result of
free-radical catalysis of peptide bonds. Also, the effect of temperature on the non-enzymatic
fragmentation was studied. It was found that fragmentation kinetics shows temperature
dependence and follows Arrhenius law. It was shown that trace amounts of these contaminants
can have a major effect on a mAb's stability, hence it is advised to keep an eye on their level

throughout the manufacturing process.

mAbs can undergo chemical modifications that alter their hydrophobicity, charge
heterogeneity, and conformation, ultimately affecting their physical stability. Charge-based
heterogeneity can impact the structure, stability, and biological function of the product.
Therefore, to better understand the impact of individual charge variants on the physical stability
and aggregation propensity under two different buffer conditions employed during downstream
purification, a study was conducted, which is detailed in Chapter 4. The charge variants were
separated using semi-preparative cation exchange chromatography and buffer exchanged in the
two buffers with pH 6.0 and 3.8. Subsequently, each variant was analyzed for size heterogeneity
using size exclusion chromatography and dynamic light scattering, conformational stability,

colloidal stability, and aggregation behavior under accelerated stability conditions. Size



variants in each charge variant were similar in both pH conditions when analyzed without
extended storage. However, conformational stability was lower at pH 3.8 than pH 6.0. All
charge variants showed similar apparent melting temperatures at pH 6.0. In contrast, at pH 3.8,
variants A3, A5, B2, B3, and B4 display lower Tm, suggesting reduced conformational
stability. Further, A2, A3, and A5 exhibit reduced colloidal stability at pH 3.8. In general, acidic
variants are more prone to aggregation than basic variants. Typical industry practice today is
to examine in-process intermediate stability with acidic species and basic species taken as a
single category each. As individual acidic or basic species exhibit varying levels of stability,
we propose that stability evaluation be conducted at the species level. This knowledge may

then be utilized to cleverly design the downstream process to produce a stable product.

In addition to altering the mAb's physical stability, chemical modifications may alter its
biological activity and induce an immunogenic reaction. Both physical and chemical
instabilities could occur during postproduction handling of the drugs and perhaps remain
unnoticed. Since according to the current guidelines, stability studies implemented by the
pharmaceutical industry are proposed to fulfill the licensing requirements. Therefore, this study
(Chapter 5) was done to investigate the impact of elevated temperature and subtle shift in pH
on the drug product post-dilution in saline. The mAb sample diluted in saline for administration
was stressed at elevated temperature and slightly acidic pH condition. Extended stability
studies were performed and monitored for size and charge heterogeneity. Size heterogeneity
shows no significant changes, whereas charge heterogeneity shows an increase in basic variants
and a reduction in main species. Further, basic variants were isolated and characterized to
identify the type and site of chemical modification. Intact mass analysis and peptide mapping
identify that the basic variants were attributed mainly to the isomerization of HC Asp102 into
is0-Asp or its succinimide intermediate. Four basic variants were found to exhibit similar
structural properties as the main and control samples. However, basic variants showed reduced
binding affinity to the HER2 receptor, while there was no significant difference in FcRn
binding. The results indicate that modification in the HC Asp102, which is present in the CDR,
affects antigen binding and thus can influence the potency of the drug product. Hence, with the
conventional stability studies required to license the drug product, including in-use or extended

stability studies to mimic the postproduction handling would be desirable.

Insulin is another essential biotherapeutic drug used for the treatment of diabetes mellitus and
is prone to aggregation under low pH and elevated temperature to form insoluble oligomers

called amyloid fibrils. Insulin fibrillation also leads to the loss of active product and may induce
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an immunogenic response. In this study (Chapter 6), we have investigated the effect of five
FDA inactives obtained through virtual screening on the aggregation inhibition of insulin
incubated under amyloidogenic conditions (high temperature, low pH). Aggregation kinetics
for the formulations incubated under the aggregation-prone aqueous buffer condition were
examined using size exclusion chromatography and the Thioflavin T fluorescence assay, and
circular dichroism spectroscopy was used to determine the secondary structure. Under
aggregation-prone conditions, riboflavin showed the best aggregation inhibition, with 85%
native monomer retention after 48 h of incubation. In contrast, the no-ligand formulation
showed complete monomer loss after 36 h. Benzoin, benzyl benzoate, and a-tocopherol acetate
were found to be ineffective in inhibiting insulin aggregation. Furthermore, the CD spectra of
insulin incubated with two of the screened inactives (riboflavin and aspartame) had the
characteristic o-helical dip, whereas the no-ligand formulation changed to B-sheet-rich
conformations. Riboflavin thus is a possible inhibitor that can be used in insulin formulation to

prevent and reduce amyloid fibrils.

Overall, the studies presented in the thesis focus on the deeper understanding of the stability of

the biotherapeutics and will help in improving stability during the early phase of development.

vii



LSIRS

SR AT DY SR H Hog & b Y@ BRUN A I Ueh &, 1 & Al ol Hid) b ol fSTRIeR 81 BaR
3YTR H 3co1@A1d YITfd b drase, 318 3 31feies I 3nft i Aerefeds I & BROT 7R S1d &, Sif hardl
&, TEcT! a1 &1 UfAfehar T8t <aT, a1 3UeR UTed B3 & 916 J: Udhe 8T &1 3R & 3uaR & fag fafi=
TepTepl T IUANT febT ST HebelT &, T ACTT-37eTT U H T HATSH H, S T BIAIERT, ciferd fefdea,
AfSARRT, ToR, SRR, WA fAfdea, 3ik S Rt g« & #, IRRygfea, f9ey wu 4
AT CEHETetsT (mAbs) B T 9 &t 2, ilfd 378 3= fafersear 3R oW fasramdT 81d €1 mAbs
3@ faer 3R 3T & AarHe wignT # Il FHY 3R FHTeHl &1 fAder fasar Sirar g1 greifes,
ARG R & T e g1 AT Ig ¢ b o fafi=1 vaferofia afkfeafaal SR fs pH, arawm, urg
37T, Y, 3R TBT20 P dgd W16 81 SATd 8| IE TR 3cTG Pl TReFT, T4, 3R g I9afaes o1 §
IREdT Y Hepdl &, fS R 3cTe Pl RRRAT W Y{Td Ul &, SHe! Tfdfafd &7 &1 STd 8, aT ufdver
Hfdfehamg 3= 81 Febdl &1

Hifdes 3R e 3TaeeT & FTfdd 319eed o3 &, Sit mAbs & [HTUT, JEERUT, WeRUT, gsfei 31k
T & AR &1 Hebd g1 Hifdes 319eed # TMRM (Faa) 3R SHTReM (A1 uRad) enfid &, 3R
it AN § gRIASIAes ufdfsar et 9Rd &R Tebdl 21 mAbs fafi=T Imafdes sroeeT wmf & ufd
Hdefe Bid &, T8 3iferftasior, Siufieed, THTdeM, SEgaiay, SATSdIgaeM, AT,
feaewrse &y geAT 3R g7, BaTs ufdfesan, 3R p-3=ge enfia €1 Wifdes 3R I 3riReRaTe
ITE BT JI&M 3R yTaLfieidr R TMTa STad! a1 Hifde 31ReRdT Iafies HeeHT Bl ST+ & FabdT 8
1 39 famdia; safey, Wifdes 3R T 31RERATY 3o # SJet 31k e R gidt 1 sifeftaseoT
3R ENAS2M mAbs DT Tl HATI TS 379eeH Ty &, S Wifdds ToT, S fos grsgreifafadt,
TS, AT A AT/31R T T AT H TR B Hebdl @ 3R TG D 3hIes B & [y AfeATHeS
T PBIATCH STHT BT BH B A 8| T8 3cdTE P GHNRA 3R 317 IR FeiTeAT & Ufd Ugd g1
FebdT &, Sl arsfe gftsfeY, smur-sited, 31k 3cre 61 sMTaieTdr gact Hebd! 81 Al 370eeT A
37O H 58 3R WRER R g 21 3reama 2 fusat aer § mAb 3d@mRl & fe2var, Sifaes nfafafy, ik
TITGN T TR 3iTeRIAI0T 3R SIgfAseA & gqmal IR g Aspul ol Heig # URgd oeal 2l 3H
fepanfafe, s 1ol dTel BRep, W&I0T Ui ITeT, Aarfes TTd, 3R SIfEH —gteeor IurHifaal W
oI P TE B

3TRTRROT Toie fafi=t |ATal I 3FST | Ud2l 3 Fahd &, oI {6 Ho0», ST 3THAR IR IrRITRTaRR &
g DI TXATGSIRM UehdT b SR ITANT febdT STTAT 2 AT o HIAAT H &l I8 Febd @ AT HoTol H 3Ufd
&1 IPal 21 Uiferdide (PS80, PS20) ST Hhaedd & 31qeed I HY WRIaRiTsed 3¢9 81d g | HTg 37
ST 3cU1G W BTHARH T Teep! F 31Yfgal & BU H 35T # Y2l & Febd 81 &7 TR0 Tsicl bl
Iuffd mAb & 3iTertepeoT B URA ! 2, fSrad geh! R, JRef, 3R yHraiiedr ©) y9Tg ug
HHBdT &1 TAHIGBRUT & 37ATEl, 89 TRIBIOT Yoiel df 3uRATd mAb & R-UagHfesd fawsd
(FhTHER) BT BRUT HY T &1 TS 36T (3T 3) fahi= BRI & IR-USTgARCE fawis &l mfd W
TMTG &1 3T AT ATI Cu?* IT BIegioid WRIRITSE & Ydbel AT JAIoH H T Bl 3T HTgsl
TRIST SPIHCIATUT BT 3UANT adbs fadT TRIT| Qb TIfdsT AISel (bTe-ied AiseT) daR T T forad
HHATR 319€e BT TR P 12 Ydb BT & HU H AT T-T| 91T T fos faey &t ifd fafi= srfifdsan
IRIEIAAT & HTel 37eTTT- 31T 564 BT UTel il & | I8 3T 7T 7T feb fafi=T uRfeIfaa # sr <
gRad 87 U=ree 978 & g2 & a7 H g1 & BRUT &1 Cuzt Pl 3UfEfd H, fawsT gem ww mfast
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(FPE-31TEX BIEATCa) BT UTe adl @ 3R UIg-3fSia Tatefed ge (Hed-dbedress aitsfea
FATdST) F B FebdT 21 QAT 3R, Cuzt 3R H.0, A1 &t 3ufkafd H, srfifdsar or fgdta om mfdast (Jbs-
3TER BTEgAfeaRT) H et STTar & 3R & & F urg IefE Arge o gregifia Wedhd gRT & JabdT 2
H.0. &' 3ufkafd #, 8T Uwergs ais &1 2T 2 A 1MfehaT (STR1-31TeR dbrefed™) BT Ul oedl &
IR Ue1gE d1<d & WI-IEHA IAR0T (BefcifiRT) BT TRUTH 8 AhdT 81 9% 3TeTdT, IR-USIgHcdh
faee R AT & UMTa o7 37eeH fasam | Ut T fds favde B fd aromE W R wedt @ 3R
IE Arrhenius A &7 UTel @t 21 I8 fe@mT T o 39 Agu! &l ¢ AT HT mAb 6T RERaT W
TEcTqUf YT STt Aehd! &; gafay, fmfor ufdsar & SR 3% TR TR &1 & 311990 ¢

HIATFAIT USHEIS! (mAbs) IS HTHAT I ToR Febd & Sl 39! gTegpIfafaet, Tt fafdwdr, 3tk
T BT g&cd Tabd &, o1l 3idd: 3! Hifdes RERAT &I YTfdd T &1 TTsf-3meTRa fafarrar 3are &t
XM, &R, 3R SAfdes BRIYUTE W 9T STt Hebd! &1 AT, ST Yfgehiour & AR 39T
oy Y 2 fafi= o fifaal ® aafardd amef aRue & vifde ferar 3tk Titiem ugfd W 37 a
P 5N T Q A P oIV Uep 3reaa fopam o, foest faeror sreamar 4 & far war &1 =t aRteg &y
JHI-FORfET H2M TRaST BIHEITRT &7 IUANT $db 31T fdar 7T 3R 3= pH 6.0 31 3.8 a1t &
JHRI H IAT TIT| AP d1a, T dRTS BT H1geT {AfdedT (size heterogeneity) HTSsT VaRTawlol
PITITHY 31R SATHG |8 TheRTT & gRT faoasor fasar T, Arer g HveTe RERdT, Bldissd
fReRaT, 31 et fReRar fAfaar (accelerated stability conditions) ® TINIM TAER &7 3rega fdsam T |
TP ITof IRYE | 3MHBR fafdear aH1 pH fefaal § fawdria WeRoT & 841 I° 91E 18| 8Teifes, pH
3.8 TR IRTHTHS REBRAT pH 6.0 DI g1 | BH UTs T8 | Tt T1st IRTEH A pH 6.0 TR FHH T "t
T (Tm) AT 39% faudid, pH 3.8 W aRUSH A3, A5, B2, B3, 31k B4 7 &1 Tm f&@mar, St &0
TS RERAT BT Jdbd BT &1 ST AR, A2, A3, 3IR A5 7 pH 3.8 IR BH Bldissd SRl
yefeld &t AHIA:, 3R IRUSH e aRGeq & g1 ¥ 31feids Qe & ufd Jdeafid gid &l
AR 3T FaT & AR, 37-UAH $eHIfETe feRaT &1 TIefuT 377l 3R &R Uetiadl &l U
&t Aot & foar STraT €1 Tfes Afarima sreefta ar e yemfaat =T TRt o feRdT yefeld ot €, g
Wﬁﬁwg%mmwm—W(mecies level)tR’ﬁS'QTGITQI QQ?EIT:TEBTWFUE{
ST UehaT BT HRAAATYID (SoT1eT e | a1 ST HepdT & aTfes RER 3cTe UTed fasam ST | |

AT CEdTet (mAb) &t Hifdd fRRaT &I THIfdd & & 31aTdT, IMIHE FeTed 396! SHfdd
fohameierar 1 geet Tebd € 3R SRS Ufafthar ol 3cu= a Wepd €1 Wifdes 3R IRImarfies arfeeRany
3ATEA & 91E @131l P Bl &b AR &1 Fabd! & 3R AT 3CHT I8 Tl 8| fds aca fen-fAdel
& AR, BHARYGCHA e gRT Y MY RERAT 37 @TsAfAT maedasarsii &l @71 & & foig
TATfad fohT ST €, 39 3160 (31T 5) &1 3897 3 dTUHTA 31K pH B gotb URad ol ZaTsd) & a1
TR H YT BT 3EFTT BT ATl mAb P T97 D1 FATH b felg Helrgd H gaar fosam mam o 37k 3=
T 3R 2fYeT 3 pH Rafd # aArfad fasam mam| foarRa feeRar s fasg g 33k 3mmaeR 3R
TTot fafdedr Bt AR BT TS 1 3MER fafaerar # ®1s Agcqef uRad= T&i < 73T, STefds aret fafderdr
# &t aRGeH H gfg 3R g yairfaal # HHl uTs TS| 9 d1e, &R aRTEH & 37e1T fdsam 7T 3tk
IERIAe HTHT P YBR 3R I DI U B b {6y 371 @afor quiq fhar mm gdae 719
faeateroT 3iR Uergs AfUT & Ig udr Ia b &g ARTH 438 B9 & HC Asp102 & 3MSHMRSIRME &
B'Fq:f_a')lﬁg,Gﬁiso—Asp g7 39% succinimideém?ﬁqﬁaﬁaﬁm_gl w&nﬂaérﬁnwa?rw
T ST EEATHD BU F 43 3R FAAFA0T AT 5 FHE | gleifes, &R aRUeE 7 HER2 RAwR &
aTEfET TftsfAct ® wt fmmE, STafds FeRn Ar&fEm & ®1E Agequf 3iar 7€ uram mam| &7 uRommi & a8
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Hopd Aear € fs HC Asp102 ¥ TeTeA, ST CDR ¥ R 8, Tt arsfen & mifad &ar & 31k 39
bR ATl & 341G bl YHTIRMdT BT YHTfdd &R TbdT &1 SIfeY, a1 3cTE Bl dagdy & & fay
MTgeTd YRURSG RERAT 3add & 3T, 39ANT & R AT fawaiRa fRar 3o ¥t &= 6l
TIT DT 81 el &, I TS &b GG Bl 8STAlTT Bl Adhe] d |

oI vap 3R Heayuf Sia fRfdser <ar €, S Mg Hfced & 3uaR § 3ua 8t € 31k I8 &1 pH 3iR
IS ATIA W 37RER 81 Hebd! &, forasy I8 31aemd siifam, forg vitdias wrefeied FaT SirdT &, &1
fAmfor R ebct &1 Yol BT BISEei2[ Afthd IcUTE bl BT BT BRUT 7T 8 3R SRS Hfdfsar
3 X bl 2| S 3EII (37T 6) H, 4 Ui FDA SAQfReed T JHTa ST, foi a3t BhifT
& HTEH J UTwd foam 7T &, 3R g 3reed 131 fb 3 ggfei & vHldiaeee feafaal (3= aranm,
BH pH) X ABA BT b H b THTAT &1 Hehat bl TR fetdr BT 31 by T Al W s i,
ST Hebet-Ugd STergerd S Rfaal W gTarae fasu 77 A1 31T aIfgsesvoT shIHSITh 3R Aot
T TetRAT TRI&I0T BT 3YANT X AT URA&T0T fasat T, 3R MeTBR STgehIgsTH TagRpIUT BT I
PP Tt T ol FHuRoT fdar TaT| Fea-vgd RAfaal #, RaomfdT 7 Te3 38T A 4T
T T, fora 48 € Bl g & a1 85% Hel HIATAR TRIgid Y&T1 g9 faudid, femr foiiie aret
A W 36 € &b 1 UT HIFTHR BT <&l T | ISiTEH, JoTsd 99119e, 3R o-SIpItRId oI e debard
B B W 3T 91T Y| 3T 3rfdfer, RaTumifa 3R 3R I gAagde fhy T §gfaT & CD
e H fafere o-gfciea feu <, Starfds 6T foilfe arel a1 7 p-2fe-awg dxamsil § ufkad fasar|
9 TR, RTTifdT U Tutfad It 2 fo Egfci g & 3T fasan i1 Hasd € d1fcs Taias wrsfaed
P AT ST Fb 3R 37PT ITBR BH fdaT ST b |

Pl THeTTey, S 2Te H U 37eard Sid feifdsedt 3l &bt RR&RaT ol dgav HHeH W bicd & 3R faera
&P RN TROT H &R H GUR oF | Heg Bl
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Antidrug Antibody
Antibody-Dependent Cellular Cytotoxicity
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Asparagine
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bis-ANS 4,4'-Dianilino-1,1'-Binaphthyl-5,5'-Disulfonic Acid

BSA Body Surface Area

BSA Bovine Serum Albumin

BSPOTPE 1,2-Bis[4-(3- Sulfonatopropoxyl) Phenyl]-1,2-Diphenylethene Salt
C Antibody Concentration

CD Circular Dichroism

CDC Complement Dependent Cytotoxicity
CDR Complementary Determined Region
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CE Capillary electrophoresis

CEX Cation exchange chromatography
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CM Monomer Concentration at Time t
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Cv Column Volume
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CZE Capillary Zone Electrophoresis
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DLS Dynamic Light Scattering
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DS Drug Substance

DTPA Diethylenetriaminepentaacetic Acid

EAD Electron-Activated Dissociation

ECD Electrons Capture Dissociation

EDTA Ethylenediaminetetraacetic acid

ERLIC Electrostatic Repulsion Hydrophilic Interaction Chromatography
ETD Electron Transfer Dissociation

Fab Antigen Binding Fragment

FcRn Neonatal Fc Receptor
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FTIR Fourier-Transform Infrared Spectroscopy
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HDX-MS Hydrogen Deuterium Exchange Mass Spectrometry
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ICH International Council for Harmonisation of Technical Requirements For

Pharmaceuticals for Human Use

IEF Isolectric Focusing

IEX Ion Exchange Chromatography
IgG Immunoglobulin G

Iso-Asp Iso-Aspartic Acid

K Rate constant

kp Diffusion coefficient parameter
Kyn Kynurenine

LC Light Chain

LC-MS Liquid Chromatography Coupled With Mass Spectrometry
LMW Low Molecular Weight

M Main

mAb Monoclonal Antibodies

MCO Metal Catalyzed Oxidation
Met Methionine

MetSO Methionine Sulfoxide

MRE Mean Residual Ellipticities
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OH™ Hydroxyl Radical
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Reactive Oxygen Species
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Size Exclusion Chromatography
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Surface Plasmon Resonance
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Half-Life
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Trp
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Uuv
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Zavg
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Apparent Melting Temperature
Melting Temperature Of CH2
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Tryptophan
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