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Abstract

Throughout the past few decades, biotherapeutics have demonstrated significant clinical
success and have been utilized successfully to treat a variety of serious illnesses. Monoclonal
antibodies (mAbs) remain dominant in the category of biotherapeutics in terms of approvals of
genuinely new biopharmaceuticals coming to market and market value contribution during
2018 —2022. Chinese hamster ovary (CHO) cell is chosen to be default mammalian expression
system with 89% of total products expressed in mammalian system. CHO cell is most favoured
expression system because of its capabilities for post translational modifications (PTMs) of
mAbs which closely resembles human mAbs. Despite being most efficient therapeutic
molecules, production of mAbs in CHO cells imposes certain challenges like making them cost
effective, maintaining batch-to-batch consistency, understanding process variability to make
them suitable for a continuous production platform. Cell culture media forms the immediate
environment of cells where they grow and propagate and eliminate their waste. Media is the
water-based solution in which many components such as amino acids, minerals, vitamins, and
salts are dissolved to make it suitable for cell growth. In this study we explored the role of the

media in manipulating the critical quality attributes (CQAs) of mAb therapeutics.

In chapter 3 we investigate how vitamins and metal ions affect protein expression and CQA,
specifically charge heterogeneity of mAb. The study examined the use of pyridoxine
hydrochloride, biotin, folic acid, choline chloride, thiamine hydrochloride, and D-calcium
pantothenate, as well as metal ions like Fe, Zn, Cu, Co, Mg, Mn, and Ni as addition to cell
culture media. The findings suggest that pyridoxine enhances volumetric productivity, while
Zn, Cu, Fe, Mn, and biotin influence charge heterogeneity. Fe, Mn, and Ni increase the
production of acidic variants, whereas Cu and biotin inhibit it. Zn decreases the formation of
basic variants, while biotin increases them. Further we demonstrate how we can achieve the
charge variant profile of the reference molecule Herceptin® by utilizing metal ions as charge
variant modulators. The in-house produced trastuzumab exhibited significantly lower acidic
variants (17.64 £ 1.07% acidic and 12.86 + 0.43% basic) compared to the reference product
(24.97 + 0.54% acidic and 11.41 £ 1.44% basic). After a thorough investigation, zinc was
selected to regulate basic charge variations and iron was used to modify acidic charge variants.
With optimal metal ion supplementation, the charge variant profile for in-house monoclonal
antibody (24.7 £ 0.83% acidic and 14.4 + 0.64% basic) closely matched that of the reference

product. Although a minor reduction in viable cell density and product titer (~7%) was
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observed, there was no significant impact on other quality attributes, including glycans and

specific cell productivity.

In chapter 4, an extensive screening of various media additives (including metal ions, vitamins,
sugars, and nucleosides) was conducted to evaluate their effects on glycosylation. This was
followed by optimizing the concentration of the shortlisted components to control the
galactosylation, afucosylation, mannosylation, and sialylation of monoclonal antibodies
(mAbs). A one factor at a time (OFAT) approach was employed to screen the media additives
for their effects. Six additives were shortlisted based on their impact and used to modulate the
glycosylation profile of an in-house produced mAb (GO 2.38 + 0.08%, GOF 75.58 + 0.45%,
G1F 10.07 + 0.04%, G2F 0.54 + 0.01%, GOF-N 5.84 + 0.32%, sialylation 1.60 £+ 0.33%,
mannosylation 1.56 £+ 0.39%) to match the glycan profile of a commercially available reference
product (GO 2.49 = 0.07%, GOF 37.83 £ 0.37%, G1F 34.77 £ 0.03%, G2F 4.87 + 0.01%, GOF-
N 2.34 £ 0.12%, sialylation 9.84 + 0.30%, mannosylation 2.86 + 0.29%). The proposed
approach resulted in a glycan profile (GO 2.10 = 0.07%, GOF 38.00 + 0.49%, G1F 31.92 +
0.09%, G2F 5.26 + 0.54%, GOF-N 1.92 £+ 0.02%, sialylation 10.28 + 1.68%, mannosylation
3.12 + 0.29%) that was nearly identical to the reference product. Importantly, other quality
attributes, including charge variants, aggregates, titer, and cell viability, were not significantly

impacted by the addition of these additives.

Due to the inherent complexity of cell culture media, understanding the impact of various
media components on cell growth and CQAs is challenging. In chapter 5 an end-to-end
machine learning framework for media component selection, CQA prediction, and
optimization is presented. The preliminary dataset for feature selection was generated by
conducting CHO-GS(-/-) cell culture in media formulations with varying metal ion
concentrations. The acidic and basic charge variant composition of the reference product (24.97
+ 0.54% acidic and 11.41 + 1.44% basic) was chosen as the target variable to evaluate the
media formulations. Pearson's correlation coefficient and random forest-based techniques were
used for feature ranking and selection to predict acidic and basic charge variants. Additionally,
a global interpretation analysis using Shapley Additive exPlanations (SHAP) was utilized to
select optimal features by evaluating the contributions of each feature in the extracted vectors.
Finally, fifteen different regression models were employed to predict medium combinations,
with grid search and random search cross-validation used for hyperparameter optimization.
Experimental results demonstrate that Fe and Zn significantly impact the charge variant profile.

This study aims to provide insights relevant to both innovators looking to establish a complete
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pipeline for media development and optimization, and biosimilar manufacturers striving to

demonstrate the analytical and functional biosimilarity of their products to the innovator.

In the Quality by Design (QbD) paradigm, controlling raw materials based on their impact on
product qualities is a key aspect of developing a control strategy and maintain the consistency
and quality of product. In chapter 6, a near-infrared (NIR) spectroscopy-based quantification
method was developed for media additives known to be potential glycan modulators. A
convolutional neural network (CNN)-based chemometric model was created to estimate
galactose and uridine concentrations in various media formulations. By leveraging data
augmentation, the CNN model demonstrated strong predictive performance (test R* > 0.9) for
both analytes in real-time. This model was further combined with a Design of Experiments
(DoE) based statistical model to predict glycosylation using the concentrations of media
additives as inputs. The predicted glycosylation distributions aligned closely with the actual
distributions, showing no significant differences in the investigated media formulations. The
proposed approach can be utilized for media characterization and the implementation of

process analytical technology (PAT) based control of mammalian cell culture raw materials.

Overall, this thesis aims to address the key challenges faced by the biopharmaceutical industry
in upstream process development (USP) more specifically in media optimization. Results of
these studies could be utilized for maintaining consistent CQAs (charge variant or

glycosylation).
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ed $© ax1P! H, STARRYfCT 7 He@yul el Thedl Taiid &l ¢ 3R faftm 1R
ARl & SA & foIT 9@ Thadgdd SUART faeaT 71 § 1 2018-2022 & SR SNR
T 3 aTd IRAfa® U TG eHE B HoRl 3R SR Jed aNTeM & A o
A U Iare! (THUSN) SR &1 907 & T 81 gU g | dHT e 3SR
@Tgsth) Jd & WHYRE goumell I oJad $d SdIal & 89% & A fShice WHuURT
3ffieafad yomelt &% ¥9 & A1 T 8| CHO I mAbs & URE CIACIRMA Y=NEH! (PTMs)
& forg oot emarsit & PHRU HaY TuiiaT ifiafad ol § St JFd mAbs ¥ HIH
foreTcht STl B | oY $uId fafreiia 310] 811 & dTdv[e, easil HifRiewrs & TauE! &1
IATG HB AT BT AHAT BT § O I8 AT THTE §11, S91-¢-od RURT §1Y
TG, PRI Idare H9 & e Suged s9M & e ufshar uRad-eierar &) gwgmTn I
FeeR HfSTT HIRAB137 BT AThIieIch TR 1T § 58T d I&d &, Hard g 3R 3
3UTRE T T B g | HIfSAT SIa-SeTRa JaTe™ g S s Tirs, @, faerftm
3R THS WY B3 ICh! B HIRIBT gieg & oY Iuger s & forg aie fea smar g1 39
3 H g9 mAb oot &1 Ag@qut oradT faRIvarsif (CQAs) T G - | Hifear
D1 YfHhT BT Uar oI |

31T 3 W §H O &Rd ¢ b faetf®m iR urg 3 i sifieafad ik Wagu &t 1
JUTFAd o 5, FaRIY =0 9 THET &1 [auHar &1 916] &vd ¢ | 371e0a § 9d Shear Hitedl
& SffaRad uERSIfRE gEsiwiREs, sriifed, Bifcid TRTS, DI KIRZS, Y™AEHA
TRSIFARISS MR Sl-FHfe’rgd Ye1dae & HIY-TTY Fe, Zn, Cu, Co, Mg, Mn 3R Ni 919 UTq
3Tl b SUANT B! o1id &1 T3 | Feem st & U g & i ugiReifan alegiied Iargdmd
P FEIAT 8, ST&f® Zn, Cu, Fe, Mn 3R SRAf TS fafdedl &Y UHIAd HId @1 Fe, Mn, 3R
Ni 3T IRUe & I B §¢Td 5, STdih Cu 3R T 35U Ahd & | Zn gHaTd aRTe
P TS P! HH BT 8, TP SRiled I8 Sl & | STb feldl gH USRid Hd & fb gn
TSl ARUC ATSgRIeR & 0 H 4T ST BT ITANT I Aay 310] gD & dTel dRUe
NHIEA DI HY U TR IHhd gl TR T IANfed cxgoid o daH Id1E (24.97 + 0.54%
T 3R 11.41 = 1.44% G-I Bt T & HIBT HH AT ARTC (17.64 + 1.07%
3T 3R 12.86 + 0.43% FHaATEh) UeRid far| 7e oia & d1e, gHard! et fiarsi
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& fafafiid HA & fore St &1 <o fara 7T SiR SR TTst akUe &l IR A &
foTu die o1 ST o 7T | SVAH YT ST 3IURUT & 1Y, $-8139 HiAlaa—d Uelaiat
(24.7 + 0.83% AT 3R 14.4 + 0.64% YA & forg =msl dikte Uiwed deu Idk
Aded! T A9 Tl 81 TE Faer 9d 9@ 3R TG SHIIS (~7%) H HAFEH HHT
& TR, Al s SR falke I9 IdeH T Afed o JuraT fadvarst | $is
HgYUi UHTE 781 TS

AT 4 T, TARHIRICR TR I9b YT BT Jedich H & forg fafir difgar ufsfesy
(YT 3114, faeTfiq, IHT 3R gfeaags Ifed) & dg® oid &1 T | 39& a1
AR IZRM, THHINGIRE, HAResE 3R AFg-d Cldlel (TATETE) &
Rraferei= & fHifid e & fo Téfere U T ges! &1 ThIdr o1 srggierd faar
T | FifEar ufefey & yHIal S WhiFT & T ue 99y B U RS (SNTHEEh) S
& FfoTa foram T o7 | B8 TSy dI 3dh THTT & YR TR RATCIORe T T T 3R
$1-8T39 IMTGd mAb (GO 2.38 + 0.08%, GOF 75.58 + 0.45%, G1F 10.07 + 0.04%, G2F 0.54
+0.01%, GOF-N 5.84 +) & TATSHIRIARM NHIEd Dl Hiegalc B b (o1 STTNT fovam
T | IS TU Y Iqas TgH TG (10 2.49 + 0.07%, STOTB 37.83 + 0.37%, St 1 TH
34.77 £ 0.03%, SI2U%) & TAShd Uhsd 4 Ad WM & AT 0.32%, Rz 1.60 +
0.33%, TS QR 1.56 = 0.39%) 4.87 + 0.01%, SHOTH-T 2.34 + 0.12%, FIaTfeei= 9.84
+ 0.30%, HATICAR 2.86 = 0.29%) | YA EfFHI & TRUTHERST TaTsdh- MhTSd (GO

2.10 £ 0.07%, GOF 38.00 + 0.49%, GIF 31.92 £+ 0.09%, G2F 5.26 + 0.54%, GOF-N 1.92 +

0.02%, FIaTAIIRI 10.28 + 1.68%, AARIAA 3.12 + 0.29%) S TTHT HeH Iarg & A
YT HEqU a1d I8 & fob amot aftle, Wiview, feex SR ¥d ogagriar ufgd 3= Turasn
faRarsft R 39 TfSfesy & e 8 ¥ Heayul UHTd 81 us|

I HeeR Hifear & fafiied sfeddt & wRuT, I fawm iR Hagu W faftes difgar
gedh! o THIG DI THSHT AU ¢ | e 5§ HfSar ges 99+, Wagu Hiawramh 3R
3% & o U Ts-¢-Us =i af- g U foran T § | e =g & forg uRfiys
STRIT STT-SACHT YT T Higd & Iy WS B & Segsil-shed () Id
TP A BT TATA B IR o T T | Hf ST BIHRA &7 Jedid B & o Tg
JTG B 3T 3R AT TTot ARUE TRAAT (24.97 + 0.54% AT 3R 11.41 + 1.44%

X



T @ 98 TR & TG T AT TT UT1 3R 3R gt =t alue ot igsarft
FRA D TG TR YT SR 784 & fore i o Tesisy oie 3R arefwss a--SRd
dH-1h! BT IUTIT T a7 4TI 39 iR, FeTd 1T daex H U JfauT & argH
P GAichd HRdb IYAH Jfaurss & o0 a4 & U Auall ufefea Tz
QTR &7 ST B3P T A et faaiwur &1 IuanT fosan m U7l 3id |, Ugg
S{CT-3eT Ui ATed &) G Ao o1 Ufaeqaroft s & fere fAaifSa favar man
T, o I8 @ieT iR TR 3rFpad & ot aRfss Tiel HI9-Tdmd &1
I faram 7T o | uraifies afkom g=ifd § o Fe 3R zn @Tst akUe MwTEd &1 Agayuf
0 YUIId oRd €1 39 AT BT I5-9 Hifsar ey 8iR 3w & forg e dquf
URUATS RITUT R & TZP 31dey 3R IR B 3T IATG! B fIRAVITETd 3R
Hrafcts TR TeRid TR &1 va A are SiRifPeR Fafarsit gHT & forg
Ui SIAEf® Uar BT 5|

F&SITg GRI TUreT (Fgsitsh) UiaH H, ST Hi Ul R I YHd & YR R b=
AT & AT 1 U 0 UG e fid & SR Sdre &1 FRRAT SR TJoras
1T G 1 U HedqUl Ugal e | S1eaTd 6 B, JUTad Trgeh Alegaer & =0 H o oI
aral Hifsar ufsfesa & fore Ue Mare- 3avad (T3S 31R) TWac ke [U1- ST T FHeiRor
fafy fow R &1 13 i fafts difsar widazE & Adae 3R gRSH Tigar &1 3gHH
T & fOIE Th H-a=Md GRA Aead (HTTE)-SeTRd pHmACH Aied ST 147 UT|
ST Tas &1 aH IoIHR, HLHTA Alsd o aRdidd THg § H! fa=avul & forg aoigd
gaigAT-d UGk (URIET 3R2 > 0.9) UeRid fasanl g & wu ¥ difsar ufsfesy o
igdl BT IYNT B TATSHIRIARM DI Hidraroft o o fore 39 died &! fewrgH i
THUNHCH (S1371%) SMUTRT FiRTDH 1T A d & A1 SIS TT AT | SHIAT TSP IRIcRH
faaRor aRafae fadRor & Ty Fedr & WY 7, i fpy e Hifsar wifazy § w13
HeYU 3R 181 foam TeT 8 | IRaTfad ¥ eI o1 STt HifSan derr quiq iR TuRt
DIBT TPid F= UG & Ufhar fazawoners Tenfiie! @) smeika o &
Hrafaa & forg fosan o gaar g

$d AR, 39 A9 &1 I3 9%y U § difear sroad ¥ iy ufshan fasr
QU ¥ SReHERgfedd SN & HA S aTell I gAIfadl &1 JATM 63T 8|




S gl & URUTHI T ITART T CQAs (ATSt ARUT T TAISHIRICIRIA) Dl ST 3@
& forg fopan S I |
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