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Abstract

Monoclonal antibodies (mAbs) are vital biotherapeutics widely used in treating various
diseases. Their therapeutic efficacy and stability are significantly influenced by glycosylation
patterns and aggregation behaviour. The expiration of patents for innovator mAbs has
accelerated the development of biosimilars, driving the need for rapid, cost-effective analytical
techniques. Traditional methods for glycosylation and aggregation analysis are resource-
intensive and time-consuming, prompting the demand for development of next generation
platforms. This thesis work involved rapid quantification and characterization of N-glycans
and aggregates by integrating machine learning (ML) algorithms and automated tools with
advanced analytical methods. Additionally, it involves the investigation of mAb stability under
various buffer systems and storage conditions, providing insights to optimize manufacturing

workflows and ensure therapeutic reliability.

The resource intensive nature of Liquid chromatography-mass spectrometry (LC-MS) for
identification and quantification of N-glycans, necessitates the development of rapid and cost-
effective orthogonal analysis approaches. First objective (Chapter 3) was to develop an online
method utilizing the Extreme Gradient Boosting (XGBoost) - ML algorithm for real time
quantification of InstantPC labelled N-glycans by LC — fluorescence detector (FLD). The LC-
FLD profile was pre-processed for baseline correction and noise reduction prior to being fed
to the ML algorithm. The algorithm had been successfully tested for commercial and inhouse
developed mAbs and validated using LC-MS quantification as reference. The LC-FLD-ML
model predicted values were at par with the LC-MS values with root mean square error of <0.5
and R2 of >0.95. The average error using ML model (1.80 %) were reduced by a minimum of
28 % and 40 % for origin (1.5 %) and manual (1.07 %) based integration, respectively. The
approach reduces the data analysis time per sample by ~70 % (from ~5 min to ~1.5 min),
thereby offering a time and resource efficient orthogonality with LC-MS for quantification of

N-glycans in mAbs.

Glycosylation, a critical quality attribute, makes glycosimilarity assessment pivotal for
biosimilar development. The next study (Chapter 4) proposed a Python-based automated tool
for rapid estimation of the Glycosimilarity Index (GI). A comprehensive analytical
glycosimilarity comparison of the trastuzumab originator product, Herclon (Roche), with five
marketed biosimilars: Trasturel (Reliance Life Sciences), Canmab (Biocon), Vivitra (Zydus

Ingenia), Hertraz (Mylan), and Biceltis (Cipla) has been performed. Similarly, a comparison
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between the bevacizumab originator product, Avastin (Roche), and its five biosimilars:
Abevmy (Mylan), Krabeva (Biocon), Ivzumab (RPG LifeSciences), Bryxta (Zydus), and
Advamab (Alkem Labs) was also presented. Glycosimilarity had been assessed using liquid
chromatography-fluorescence detection with data integrated using the XGBoost-ML
algorithm. The GI had been calculated by combining profile similarity and compositional
similarity, estimated based on the criticality and tolerance of each glycan. The tool enabled
rapid GI estimation (<1 min/sample) with reduced errors compared to Excel (> 10 min/sample).
Biosimilars exhibited high GI (> 95%), with the lowest GI observed at 87.80% for trastuzumab
and 92.39% for bevacizumab. The Python-based tool offers a high throughput and a reliable
platform for glycosimilarity assessment, outperforming Excel methods. Minor variations in
glycosylation patterns were observed among the biosimilars, suggesting a modest

glycosimilarity variation (GI range between 80-100%).

In this next study (Chapter 5), presented a novel dynamic light scattering (DLS)-based
approach that allowed to quantify the relative percentage of multimers (monomer, dimer,
trimer, and tetramer) in a mAb therapeutic product. The proposed approach used a ML
algorithm and regression to model the system and predicted the amount of relevant species
such as monomer, dimer, trimer, and tetramer of a mAb. The proposed DLS-ML technique
compared favourably to all potential alternatives with respect to the key method attributes,
including per sample cost of analysis, per sample time of data acquisition along with ML-based
aggregate prediction (<2 min), sample requirements (<3 pg), and user-friendliness of analysis.
The proposed rapid method can serve as an orthogonal tool to size exclusion chromatography,

which is the current industry workhorse for aggregate assessment.

In the fourth study (Chapter 6), the stability and kinetics of degradation when mAb samples
are stored in commonly used Protein A elution buffers, including citrate, acetate, and glycine,
at varying pre-existing aggregates levels (low: 1-5%, moderate: 5-15% and high: 15-25%) at
4°C and 30°C to simulate standard and worst-case conditions. mAb samples were subjected to
thermal stress to achieve different levels of initial aggregates. These pre-aggregated samples
were then incubated in different buffers at 4°C and 30°C to assess aggregation rates and
stability. Aggregates were quantified using DLS. At 30°C, half-life reductions for citrate,
acetate, and glycine buffers were 6.30-fold, 6.48-fold, and 9.64-fold, respectively, compared to
4°C, with glycine buffer offering the most protection against aggregation and citrate buffer the
least. At higher initial aggregate levels, half-lives decreased by 2.15-, 1.95-, and 1.73-fold for

citrate, acetate, and glycine buffers, respectively, compared to lower initial aggregates. This



shows that with the increase in initial aggregation levels, the aggregation rate increases.
Further, while second-order kinetics was primarily observed with samples having lower initial
aggregate levels, first-order kinetics was more common in samples with medium and high
initial aggregate levels. Amongst all the conditions that were explored in this study, glycine
buffer at 4°C with 1-5% initial aggregates achieved the highest half-life of 129 days. In
contrast, at 30°C, citrate buffer with high initial aggregate levels exhibited the lowest stability,
with a half-life of just 3.5 days. The findings highlight the significance of using optimal buffer
systems and storage conditions for in-process intermediates during mAb manufacturing so as

to have a robust process and safe and efficacious biotherapeutic product.

Vi



IR
AHIFAd Gelaial (mAbs) AE@YU! SRR § o aaus =u 9 fafia 1 &
JUAR & IUANT a1 A1dT 8 1 3! o THIAHINGT 3R RRURAT TS IRIa=H Ue
3R THAHRU HGER F HTh! YHIfAd Bl 81 ZA1dex mAbs & fiIE Ude &t THIfed =
TR & faem & 7 & &, SR a9, Ara JuyTdl faRdvoTds® dab-id! ot
ATIH T I¢ TS & | TSHIRTALA 3R ThAIH ARyl & forw urRuftes adtes e -
T8 3R T0Y o1 a1dt &, RO el tid) & wWiewid & faebry &t 7 9¢ I8! 81 39
R ot & 7= a1 (ML) TeRer iR Tanfad Iusul &) Id fazavunes
fafern & Ty UPipd HReb N-TAH 3R TG BT doit I TRHATONHRUT 3R Tefor quiq
MR UT| 39 SHfafed, 399 fafts s Ried iR HeRur Rufadt & agd mAb R
B Wi XM 8, S fAfafor adhwe o sr@itid e iR Rifecia oy gffda
TR & U SdEf® UM oxdl ¢l TH-TA8e- & Uga IR AT &1 Udl O+ & g
fafeps SPIACHITGI-AN WagHc! (Tl-THTE) &1 Gu1ed T8+ UHfd, @Rd SR drTd
THTET I faaivor eIl & AT & sifawue §Td! 31 Ugal Se=T (31E0T 3)
TAY-TIRIIY fSeder (Uhuas)) GRI SR U ded ald T1-Ta15%h- &f dRdidd 9Hd
O &1 Udl A & ol Taaeiy Afste §fdT [EaRmsliae) - THUd TRNNGH &1 IUdnT
PR U 3are- [ [AwRId BT UT| TeRi-UhUds! hisd &l THUA THENRGH |
B8 H I Ugd Iz JUR MR IR H HH & forg -0 forar o1l venfed
&1 ATIAS 3R 76139 fAHRId mAbs & I Twaargde uLteror fosar mar o7 iR
e & =0 I T-THTY A1 &1 SUART dRap HI- T 717 T | Teil-Thude -Uaud
Higd B Hiqsaruft & A Ta-THe AT & SR1eR 3, o e d71eg o e <0.5 3R
R2 >0.95 2t | THUT HISH (1.80%) HT IUTNT B aTelt id I HH: Y (1.5%) 3R
TI3MT (1.07%) SATUTRT TH DRI & [Tl FATH 28% 3R 40% TP HH 1 T3 | T DD
Ui T ST fasawur THg &1 ~70% (~5 e ¥ ~1.5 e a%) 1 BT 5, o™ mAbs
A N-TAEHT B AET I Udl @ & T LC-MS & 1Y IHT 3R I91eq HId
TR &t Uwe &t ol 81 TARSIRGRH, Uh Hedyul Iuadl =i,
ARSI Jedic &I IR fAe & ol Agayul 94910 81 3RTa 1=
(3T 4) 7 TASHIRAANE ISR (©HemE) & dolt T A & forg urgy=-smemia
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AT SUHRUT &1 TRATd T | SIES[ATE A STG, Thalld RI=) &1 Uid 1ol | fadA
oifan), goie @REE) iR fiifew Rm & 9y 6 aue  foRavurers
TARHINIHARC] Ja-T B 15 ¢ | 3T a8, SaTbHe Jd IdTe, TaRed (IR 3R 39®
Uid STEYeR: USdH (HTge), shadl (STaihiH), SagHTE (RUMSH ATgharga),
STIRET (W38 ¥) 3R TSATHE (Yo osdl) & aitd g1+ URdd &1 718 | TS b IRifiaiel
&1 i fafes HIHCT-taRAY fSCaRM BT SUURT HRdb fhdr T T, forad
URISIeRe -UHUA U@NRGH 1 SUANT SR Sl UPbidd (hal T UT| SiI3MTS &1 70T
MNHISA AT 3R WA THHT ! e &1 18 o, et S s Taga
@1 TR SR =AM & SMYR R AT 7 U719 JUHR0 3 TR (> 10
ot/ & ga & HH Ffedl & 1Y don o Siiefg e (<1 e/ wed
foaT | SARITAER = 3 STSMTS (> 95%) UarRid fhdT, forH Tad S SHefTs cegoHIe &
forg 87.80% 3R SaTfhoHe & foIT 92.39% </ TATI UIYH-SHTUIRG IUSHRUT Tad
Al & dgR U= #Rd §U RSN ea & e Te 3= yUe 3R IH
AT Wewid UaM oxdl 8| SAINTHR & S TR IRaRH Yo # A geard
9 7Y, ST U AHE TS RIaRe fUadT (80-100% & st STafTg I9) &1 gd ad
gl

S ST L (I 5) B, Th 41 TMaRid Feb1el faaria (Suay)- i et
TR fopan T, foram Taee fafd ety Iare § Ay (@R, fSmR, TR 8k <o)
o Hrug Ufrrd d1 MufRd 3 & ergafd €t yxdifad eI 3 Rien o Alsd &
& o T THUS TEnied 3R Ufari &7 IUahT faar 3R T mAb & AR, fET,
foR 3R TR SIRft URiffes USTfardl &t /T T SIIHT TR | TRATad 8 ety -THed
a3 g fafdy foRiwdrett & dey & Tt Juifad faswed! o qa T # Sied UaRH
fopa, forae ufa T fa=eiwor &t @rTd, Ui T Set IR0 &1 90y SR 1Y gl THud-
Md Iy Hfdw@mht (<2 fBFe), AT Mawuddd (<3 pg), SR fazawur ot
SUTNTEHT- T AHa B Uarad dig Al eeR afgwur micumst & o e
I IUHR & FY H HTH HR Thal! g, Sl THY Jedid & [ gddM SN BT
FHHgI
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1Y 37T (3 6) H, ST mAb I B THRI ©F § YA fhd ofF a1dt Ui §
SURM T B YUgld fhar oran 8, ford wrgee, wilice iR T wnfi &, O fiRmae
&I RRURAT 3R AT, -3 Yd-Aioal e WRI (HF: 1-5%, HSH: 5-15% 3R
Ja: 15-25%) TR 4°C 3R 30°C TR AS 3R o TR U &1 FUTY BT 3gahr0r B2
& W mAb T &1 RS T & fAfid TRT &1 U 1 & g ydd a9 a &
31ef1 fopam T 1| 39 d-US T AT BT UHHBRUN &3 3R RRURAT BT 3Mhad H &
forg 4°C 3R 30°C R AT Sy A Tagac far T o1l T & Tia=id THmT
fSRERTd (DLS) &1 IUTNT b AEATEG b T U7l 30 feit Aoy iR, Wrsee, wiice
3R TSR I & Ty 3ref- 3y & B} HHRT: 6.30 T[T, 6.48 T 3R 9.64 A1 2ff, Tafes
4 {0t A R g8 ot A, forgd TSR IR THAIHRl & Raeh Jad 31 JRam
TG $HRl § 3R WISeC W Uad B GRET UGH Bl ¢ | I RIS g WRI R,
HH URIYS T P a1 H Wigee, THICT 3R TWERM 6y & o 37¢f-3m] HHT:
2.15-, 1.95- 3R 1.73 T HH Bl T3 | TT ST & fob IRYS THAPRO TRI A qfg &
1Y, THAIHRUN &R §¢ Sl g1 SqPH S(@d], Jdih fgatd-sH s [ U § HH
URAS T TR aTc A & 91 ¢! T8 A, 7 3R 3o RS J9=d WR dd
T H gy-Y Tiddt e oy ot 59 sreqg o for it fRuferal &1 uar e T,
3T H 1-5% URMNSG T & 1Y 4 FeT R R giE svx A 129 &A1 o1
Idd 3H-Sfa U fohan| $9 faukid, 30 f&Ut Ay )R, & URMAS e TRl
aTel WIEce TR+ TN HH R UelRid &1, fore®T sref-sitaq dad 3.5 faT u11 e
mAb 0N & SR 37-URN $exHifSTe & fae S9as ao Ried ok YeRur fRyfd &1
JUNT B & g Pl IoTR B ¢ dlich Ueb Horad UishaT iR IRFE 3R HTadrg s
IR d IdTE Ut faba Sff Heb |
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