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Abstract

The ever-increasing global prevalence of the various human diseases, the advancements in
treatment methods and the demand for targeted therapies have fueled rapid commercialization
of biotherapeutic proteins. Despite their enormous potential in providing an efficient model of
healthcare, the associated quality, safety, and efficacy issues are a major concern. Following
the patent cliff of certain innovator products, biosimilar development has gained momentum
and has resulted in several biosimilar approvals across the globe. Owing to structural
complexities of biotherapeutic proteins, regulatory agencies mandate thorough analytical
characterization of these products, including the microheterogeneity, batch-to-batch variability,
stability studies, and impurity profiling as per International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH) Q6B guidelines. Analytical
characterization and comparability assessment of critical quality attributes (CQAS) of these
proteins consist of extensive physicochemical and functional characterization using
appropriate, validated, and orthogonal analytical methods. A major hurdle in this entire exercise
is to accurately quantify the various CQAs as well as our limited understanding of the CQAs
and their inter-attribute relationships. Another challenge is to assess the impact of each CQA
on the product’s bioactivity. Hence, an analytical characterization platform should consist of
modality and/ or product-specific, tailor-made methods that have been optimized as per the

product under consideration.

The first objective presents the comprehensive comparability exercise performed on
biotherapeutic products namely insulin glargine, filgrastim (two microbial products) and
rituximab (one mammalian product) by means of a wide array of state-of-the-art, validated, and
orthogonal analytical methods in accordance with the regulatory guidelines on Similar
Biologics. It offers robust evidence of physicochemical and functional similarity of the
biosimilars approved in the Indian market with the pertinent innovator products. It also provides
significant analytical evidence to help reduce reliance on non-clinical, preclinical, and clinical
studies and increase biosimilar acceptance among patients for affordable healthcare. For insulin
glargine, an overall analytical comparability was observed across biosimilars with respect to
Lantus®, low amounts of product-related variants were observed in Biosimilar 4 with
glutamine deamidation, which was found to impact product stability. Also, % aggregation at
14 days exhibited statistical correlation with % aggregation at 0 day and the number of months

from expiry. For filgrastim, the biosimilars were found to be comparable to Neupogen®, but
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an anomaly was also reported, where a conformational variant was identified in the shoulder
peak of Biosimilar 3 using reverse phase chromatography with fluorescence detection and
electrospray ionization-mass spectrometry initially recognized as oxidized variant. For
rituximab, the biosimilars exhibited analytical comparability to Ristova® with respect to
structure and function, but significant charge and glycan-based heterogeneities were also

observed, which resulted in effect on bioactivity from the in-vitro assays.

The second objective was to elucidate charge and size-based heterogeneities in monoclonal
antibody (mAb)-based therapeutic proteins. Product instabilities are a major concern during
manufacturing, formulation development, storage, filling, and shipping. Both size-based
(fragments and aggregates) and charge-based (basic and acidic variants) heterogeneities of two
products, bevacizumab, and trastuzumab were assessed upon application of different stresses
I.e., thermal, mechanical, and hypertonic and low pH stresses. Both mAbs exhibited wide
variability in charge variant distribution and behaved differently concerning product stability
under different stress conditions. However, the presence of certain charge variants dominated
mADb degradation. It was observed that thermal stress had the most significant impact, low pH
generated a higher proportion of soluble aggregates while salt and thermal stresses induced
precipitation. It was concluded that deamidation-induced aggregation was the most significant
contributor to product degradation in bevacizumab, and high acidification causing significant
loss of the main variant along with deamidation-induced aggregation were observed in

trastuzumab.

The third objective was to elucidate the relationship between charge and glycan-based
heterogeneities in mAb-based products. By virtue of their origin, mAbs are inherently complex
molecules with a range of heterogeneities with respect to charge and glycan in the final
formulation, likely to impact the bioactivity, efficacy, and stability of the product. Charge
variants are critical in affirming the need for identification and characterization of these
modifications. With respect to glycosylation, different charge variants exhibited significant
differences in their glycoform distribution, but certain glycoforms dominated certain charge
variants. While the acidic variant, A1, consisted of deamidation and pyroglutamate forms, basic
variants, B1 and B2, were lysine variants, and B3, contained methionine oxidation. Statistical
models were developed to study the impact of glycan distribution on complement-dependent
cytotoxicity activity and charge distribution. It was found that while bioactivity statistically

correlated with G1F, galactosylated, high mannose, and afucosylated glycans (linearly), it
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correlated with G1F/G2F and [G1F/G2]SA (non-linearly). Also, galactosylated glycans
showed increasing dependence (non-linearly) for main and basic fractions, whereas sialylated

glycans showed increasing dependence (linearly) for acidic fractions.

The fourth objective was to elucidate disulfide heterogeneities in mAb-based products.
Reduced and non-reduced peptide mapping by mass spectrometry analysis is a commonly used
method for characterization of post translational modifications (PTMs) and disulfide bridging
to assess structural integrity, and heterogeneity of the therapeutic proteins. However, non-
enzymatic artifacts induced during sample preparation are often observed when basic pH is
used during denaturation and digestion. A reduced and non-reduced peptide mapping method
has been proposed for mAb’s primary structure characterization with low concentration of
reducing and alkylating agent at high temperature under acidic pH. Two rituximab products,
commercial and in-house, were used as model proteins to develop and optimize the method.
Using this method, PTMs and disulfide scrambled peptides were significantly accessed and
found to be less compared to traditional methods at alkaline pH. Results demonstrated that the

method is robust, identifies and minimizes artifacts produced during the sample preparation.

Overall, the work presented in the thesis aims to establish robust analytical platforms for
characterization and comparability studies of biotherapeutic proteins and provide an insight
into quality attributes and the cofactors affecting stability and bioactivity. This information is
of significant interest to biopharma manufacturers as well as academic researchers working on

development of biotherapeutic products.
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ffie 7 I & dgd 3w TR, SuER faftrl | wifa iR @fera IuaR) &t 1 3 Sa-
fafrciia Ui & dht & aURISHRUN B o 3T § | W GEHTd &1 U A Hisd
UG - § S| [aRITd & & STaS[G, T0Tax, IRET 3R YUTEHINGT & e, U Tgd
T &1 AW § | $& Ta48 SATG! BI Uce A & 971G, IRTRIHCR (G = i T
Bl g 3R 3P URUTAEEY T R H b3 TR 3gHET U gU § | Sa-
faforella & WRaees JAfeadrstt & HRU EUITT Redl GRS & STaR &
Toidl o WUl [aRv Ul @ei01 9uiF &T e rdT § | 39 W] &1 Hgdqu! Jura
faRivarstf (eqm) & fIRAvuEs v 9o iR JarTd® Jedied d SUgad, A1,
TS fa=eiyunTes fafdal &1 SudinT e IS Uit IR 3R HTHS A0
qufs Tnfie § | gl enam # te aet aret fafte dieu @l wry-ary iR 9de T 9
freiid Ber 3R HermE & SiaR-fAAwar Yeeh & aR F gAr) Aftd Tz § 1 T 3
I IS B FqHAA R TAS WY & TH BT 3HAT BT 8, ST Th
fa=eIy I T&fur JUH Hd H Tb T &dl IdTE & & oIt ITg e urifadt &
TR Fardd ©9 ¥ SIHId aR-dRid 3R IMTG-[ARAY, Goll-FiHd diie i g4
El

U dl 39 oia-Fifrita Il o ggfer Tanfifq, frenfien @ aewifsad Iarg) sik
SefRmed (F TWHYR IdTE) W HAYFd, AT 3R HiiFi—a faecwomees adie! ot
U favqd el & T1egd G AU JaIdd O JHH Sitafdy= R s
feanfAcel & SIIUR URd &l & | I8 TR 3H1aer IdE! & 1Y HRAY ok #
Wierd SRR &1 Wifds- e 3R SRied T B Jsigd THI0 TR Hdl
g | 98 R, WidafRed iR fFafed st R FiRar & &0 & 8k It
WY ¢EHTd & ol AR & o IR Wieid deM H Hag &+ & [y Agayul
IS W1&d e ol § | Sfor Taiie & fag, deq & day & arfifier d us
Y fIRAVUTAS T & T8 7, Afch afRiffer 4 & emmg SIfSyE & 9y
JdTE-HefId ARTE HT HH TET ST T 7, S IdTG FRRAT B THITAT I3 & g arm
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T | $9P ST, 14 f&1 & 9% THABIU A 0 fe7 & % THAHROT 3R JHIST ¥ TS
B T=IT & WY WiRkABT TgusY UeRid foar 8 | frenRen & fou, saififieR &
OIS ¥ Jeg g T 8, At U faefa oft garg 12 ], et SiRuiil-uwuast sk
SUYSMTS-THTY &1 ITANT Hd gU TARITHER 3 & ey RRaR T Ueh TE-TeH Tl
B U 31 TS ¢, O = | siirfipd Teehr0r & U & Arar & 8 off | Sefrie &
forg, SRR 3 W ok &1 & ddy # Rdiar & e fazawuners qarresan
TefRid @I, dAfeT Heayul TS iR Tegd-onuiiRa favaay = T B, e
RO 39-fag] ie ¥ daufaefdd] R & UHd UST 3 |

IR I AT Udiaier Smuid fafecia oda & 9 3R SIHR-muTRd
faoaTal &1 WY &R § | JaTe SHfRRar fnfon, Fafor faer, Herr 3R ufvagn &
GRM U T AT &1 fawa g | g1 TP R-3MIRA (s R Tg=d) 3R dTol- R
@ SR iy afue)al AFgad Udiaiel SdGl, Sandbgdy, iR CRgHd
1 foemanalt o1 Yeaieh- e aral gt ueer, AbfAd 3R BwRele 3R g tiga
1 & 3fTded W f5a1 a1 § | gF1 AFiead eldrel A gl aRkue fadRor § e
gRaqRITEdT BT UG fova & SR fafte aa Rufadt & ded Sdte Rl & ey o
3ET-3ET deR a1 B, BTdifes $o arel aRlie &t Iufyfa AFaaa teieial fiRmae
TR gTat XE | I8 <1 741 B b IW07 a1d T qas Hg@yqul YuTa Ur 7141 §, HH Uidd A
YR Tl &1 3o U I fhaT § Safds & SR 307 a-1d = ayu &1 URkd
frar 8 | g8 Fsas et a1 § T Sarfeghe & Iare & fiRige & forg Sifrseq-aikd
UHATHRUT T @YUl TRTGHHAT & 3R SIHSTH-URd THAIHRU & Y- Y I
IIAIHRUT 3R T YHR & THUM Bl cgaid & ol T g |

TR e AHgaRa Uelaiel Il # T IR Tdgd-3nuTRa fawadret &
oI deY B WE HIATE | 30 Jd & YR R, AFFAd Gelara! WiHifas wu g dfed
U] B &, Ford sifam e & a1t iR g & Yae § s UHR B [AoHand gidil
g, ST IATS B Sa-TfeharaT, YHTHTRET 3R FRURT &Y THTfad R Tahcll 8 | 37 TRl o
TEI 3R Tef01 guiF &Y STaRgeral Bt gfY oA H 9Tet dRUE AgayUl ¢ | TS IRIaRH
& ey #, fafte arel AR A 3o RSB faaru § Hgayul siar yelia fears,
At $B TARDHIBIH DI $S Aol dRUC TR gTdI UT T | Hd U Y S ThruT,
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U1, ¥ THRAfH ST iR urgRienie U A g, o1 3R o2, aglie afkie g,
3R i3 T ARG Sfiefimrur g | TSR IR 3R ATo! [GaR0l UR T3 fdaRUl & THTd
BT AT B & [ WiRHAB I Aied [AdbId fhal T4 § 3R I8 U 741 fob ISt
U9 i g ¥4 ¥ G1F/G1F, G1F, TadeiRides, 3 8919, 3R rsiRees (RRa®
®Y V), 3R [GIFIG2]SA (RAF FU V) ¥UI & I Jgddg ol 39 (A,
TaaeIRIcce 0! 3 I 3R gare! =i & o sgdt FiRar (R¥Ie® & 9) fawrs,
STefe Rareics WUl 3 sty izl & forg Fgdt FaRkar (e wu 9 Rers 3 |

YT IeR AHIFad CElaiet Ide) § SEgewiss favHare] & Wy &1 § | 7Y
WaHC] faavor gRI YISHS 3R IRYSS UPEs At WRa-TeTs srasdr, fafaedr
3R Fafhiia Ui &t Jure &1 3ffera 3 & ford UITed 3R SRuehs fefd defur
que & AU SHAR R WA &I ofF aral fafd € | gTdifds, 3fda dR & R
TN BT SR Id ST SITdT § ofd Jol Ui faghd el 3R UraHishdl & g SUanT
forar SITar 8 | 39 favmarstt &1 &0 oA & oY, B Mydmarel gR1 fafte sieiig diea
fRuferd! &1 IudT R arel i e fbu e | greiifos, swefiy dia gt g8 IR IR-
IRy IR} Y IgTar 8, Sl faZavur ST 8 | 39 3iemy |, g0 AFIgad Udleie! &
TEUT qUH & o U YSgue SR IRYSIHS UpiEs At fafyr &1 IuanT foar g ot
NS & JHEA & TIY- WY b3S Tole Pt HH Higdl, I dradH MR i
g R fAwHdTel &1 %8 dxal g | 31 SdTGl, T Wigd 3R T od (Afd Sefaads &
IUANT faf Y fapfid 3R Srgeferd o3 & W Afsa IidH & U d fear mar g 139
T&id &1 START Sxd gU, HiCIed SR IR SEUchEs §i UPIRed &l Ag@yll U I
TR T T 31R &g Tud IR IRURS diie! & qoT H &H I TR 8 | 39 S
3 59 91 W Ul yefRfd i § o g fafd doee § o dprgs Afth faftr & T dar
B B GRM Iaed f[auHars & HH w15 |

Fd e, 39 R w1 &1 3= sa-faferaita UidH & @&mr auF iR ga- s
3 & T AoTgd faRayuners wethid RATfd 1 8 3R Tura faRwdred, fRRd
3R Sa-Tfergd! B! YHIId A aTel TEHRB| B Uh LD UM HRA1 ¢ | THBR! BT T8
el Fafarsil & & Ua Al &1 JHIUTH R H Hag HR Yhdl § Sl fb IdTG Bl
UG WIS d 1 T SR o ford Ufeha 3R SaTe fadm & SR ATHAT HR1 U8l § |
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