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Abstract

Biopharmaceutical products, specifically monoclonal antibodies (mAbs), have transformed the
healthcare industry and have emerged as effective therapies for managing complex and
otherwise challenging-to-manage diseases, such as cancer, rheumatism, and autoimmune
disorders. However, the manufacturing of mAbs is a complex process involving multiple
bioprocessing steps of production and purification that give rise to mAb heterogeneities such
as post-translational modifications (PTMs) and degradations. Modifications that specifically
impact mAb activity, efficacy, and safety are often referred to as critical quality attributes
(CQAs) and require constant monitoring and characterization to ensure consistent product
quality. Besides the continuous need for characterization, mAb products are also susceptible to
degradation during storage and distribution. For instance, exposure to extreme pH, temperature,
or light can impact the mAb's chemical and physical stability. Similarly, oxidizing/reducing
agents and mechanical or interfacial stress factors like agitation and freeze-thaw can affect
mAbD stability. Even mAb excipients, generally used to preserve stability, can harm mAb
structure and function under certain conditions. Therefore, monitoring of product quality is
critical for maintaining mAb safety and efficacy. This thesis explores two significant issues that
are pertinent to delivering safe and efficacious biotherapeutic products. First is creation of
cutting-edge approaches for characterization of these products. Second is approach for

enhancing stability of biotherapeutic products.

In Chapter 3, the effect of repeated freezing and thawing on mAb oxidation has been evaluated.
Freeze-thaw operations during manufacturing, storage, and distribution are known to
substantially influence the mAb's chemical and physical stability. Most of the investigations
thus far have focused on aggregation arising from freeze-thaw is primarily known to affect the
efficacy and immunogenicity of mAbs, while the effects of chemical degradation like oxidation
are not explored much. This study (Chapter 3) aims to evaluate the impact of repeated freeze-
thaw on the oxidation of two mAbs (trastuzumab and rituximab) in different buffer systems
(formulation buffer, phosphate-buffer saline and histidine buffer). An increase in oxidation by
3X is observed for trastuzumab samples in the formulation buffer, while the increase is less
(1X oxidation) for rituximab samples. Oxidation of the two mAbs in histidine buffer alone was
also assessed, and a significant increase of 7X and 8X oxidation was observed, respectively.
The presence of oxidized and charged species was also confirmed with intact mass and peptide

mapping analysis. The results highlight the effect of histidine-polysorbate 20 buffer in
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promoting mAb oxidation and the stabilizing effects of citrate-polysorbate 80 buffer upon
repeated freeze-thaw. Maximum formation of high molecular weight (HMW) species (15.94%)
was observed in the phosphate-buffer saline samples of trastuzumab. An increase in acidic

(19.54% to 23.22%) and basic variants (5.23% to 9.44%) was observed for rituximab, whereas

a decrease in acidic variants (32.60% to 26.63%) was observed for trastuzumab samples.

Stability of complex biotherapeutics like monoclonal antibodies is paramount for their safe and
efficacious use. In Chapter 4, impact of higher concentrations of trehalose dihydrate, a
commonly used osmolyte as mAb excipient, on mAb stability has been explored. Excipients
are inactive ingredients that are added to the purified product so as to offer it a stable
environment. Trehalose dihydrate is a non-reducing sugar that is commonly used as a
stabilizing agent in biotherapeutic formulations under liquid and frozen states. The stabilizing
effect of trehalose against aggregation in protein formulations is well known. The present study
(Chapter 4) aims to offer insights into the stability effects of higher trehalose concentration
(230 mM) on liquid trastuzumab under different forced stress conditions including thermal,
light with and without hydrogen peroxide (H202), and humidity stresses. Under thermal stress,
while HMW accounted for 38.80% in the trastuzumab sample without trehalose, it was 4.89%
at high trehalose concentration. Similarly, under light stress with H20», the trastuzumab sample
without trehalose had >80% more HMW than at high trehalose concentration. Two other IgG1
mAbs (rituximab and bevacizumab) were also evaluated for stability at higher trehalose
concentrations (230 mM). Similar to trastuzumab, stabilization was observed under thermal
stress for rituximab and bevacizumab at higher trehalose concentration compared to samples
without trehalose (21.90% and 29.90% HMW, respectively). Likewise, accelerated (under
humidity stress) stress induced secondary and tertiary structure disruptions were reduced at
higher trehalose concentration. Overall, mAb stability under forced stress conditions improved
significantly at higher trehalose concentrations. While higher trehalose concentration (>200
mM) is used in mAb formulations and is known to minimise aggregation under thermal stress,
however, the current study aims to also explore the stability imparted under light (with H202),

and humidity stresses for three different mAbs.

The studies conducted in Chapter 3 and 4 reflect the stability concerns for mAb products that
alter its structure and induce physical/chemical heterogeneity. Thus, the manufacture of safe
and efficacious mAb products is contingent upon the implementation of comprehensive
monitoring of heterogeneity in biopharmaceutical development. However, extensive increase

in mAb approvals combined with limitations of current analytical methods has given rise to the
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need for innovative analytical methods for mAb characterization. Multi-attribute monitoring
(MAM) has emerged as an efficient tool for monitoring of mAb heterogeneities like
deamidation, sialylation, glycosylation, and oxidation. Conventional biopharma analysis
during mAb development relies on use of one-dimensional methods for monitoring titer and
charge-based heterogeneity using non-volatile solvents without direct coupling with mass
spectrometry (MS). This approach requires analysis of mAb harvest by protein A
chromatography (ProA) for titer estimation followed by separate cation exchange
chromatography (CEX) analysis of the purified sample for estimating charge-based
heterogeneity. This can take up to 60-90 minutes due to the required fraction collection and
buffer exchange steps. In this work (Chapter 5), a native two-dimensional liquid
chromatography (2DLC) mass spectrometry method has been developed with Protein A
chromatography in the first dimension for titer estimation and CEX in the second dimension
for charge variant analysis. The method uses volatile salts for both dimensions and enables easy
coupling to MS. The proposed 2DLC method exhibits a charge variant profile that is similar to
that observed via the traditional methods and takes only 15 minutes for mass identification of
each variant. A total of six charge variants were separated by the CEX analysis after titer
estimation, including linearity assessment from 5 ug to 160 ug of injected mAb sample. The
proposed method successfully estimated charge variants for the mAb innovator and 4 of its
biosimilars, showcasing its applicability for biosimilarity exercises. Hence, the 2D ProA CEX

MS method allows direct titer and charge variant estimation of mAbs in a single workflow.

Charged heterogeneity of mAb products is regarded as a CQA depending on its impact on the
safety and efficacy profile of the product. Hence, manufacturers are expected to perform a
comprehensive characterization of the charge heterogeneity to ensure that the manufactured
product meets its specifications. Further, monitoring is also expected during the product
lifecycle to demonstrate consistency in product quality. However, conventional analytical
methods for characterization of hydrophobic and charge variants are non-volatile salt-based
and require manual fraction collection and desalting steps before analysis through mass
spectrometry can be performed. In Chapter 6, a workflow of a two-dimensional liquid
chromatography method using MS-compatible buffers coupled with native mass spectrometry
was performed to characterize hydrophobic variants in the first dimension and charge variants
in the second dimension without any need of manual fractionation. This novel 2D HIC-WCX-
MS workflow identified 10 variants in mAb A out of which 2 variants are exclusive to the 2D

orthogonal method. Similarly, for mAb B a total of 11 variants are identified including 5



variants to be exclusive to the 2D orthogonal workflow. When compared to stand-alone HIC
resolved only 4 variants for both mAbs and WCX resolved 7 variants for mAb A and 6 variants
for mAb B. In addition, the proposed method allows direct characterization of

hydrophobic/charge variant peaks through native mass spectrometry in a single run workflow.

Though 2DLC methods have gained popularity for resolving complex charged species,
capillary electrophoresis (CE) is regarded as a sensitive and faster tool for charged species
estimation in biotherapeutics. In Chapter 6, we also aim to combine the separation power of
chromatographic and electrophoretic tools (LC-CE) so as to achieve maximum resolution of
mAb charge variants. Hydrophobic interaction chromatography (HIC) is the preferred LC
mode with CE for achieving successful separation of both charge and hydrophobic variants for
two of the mAbs (trastuzumab: mAb A and rituximab: mAb B). The standalone HIC and CZE
methods separated 4 hydrophobic variants and 7 charge variants for each mAb, while the 2DLC
method separated 10 variants for mAb A and 11 variants mAb B. On the other hand, the HIC-
CZE-UV method resolved 29 variants and 23 variants in mAb A and mAb B, respectively. The
reproducibility of the HIC-CZE-UV method was demonstrated by %change in values of RT
and peak area as < 5% (mAb A) <3% (mAb B) and < 12% (for both mAbs), respectively. Thus,
the utility of the proposed LC-CE method for characterization of mAb charge variants has been
displayed.

Overall, the studies presented in this thesis focus on understanding the stability concerns in
mAbs and developing advanced MAM methods to improve characterization and monitoring of

mAb CQA:s.
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HIRTR

TG fChd 3dTG, [T U ¥ AHHd Ueiarie! (THUEITY), 7 gIBIR SN &
god feaT g 3R HIR, e arare 3R 3iicigry BRI o Sfed 3R 3T g gul-Taed
R & TEYH o o TUTdT SUER & &0 § SHRT ¢ | 8Tdiidy, THUSIY &1 HHf Ue sfed
vifsha g foras Jare SR IS & w3 IR TR 2nfiyd § S waue fasmarsy o9
f Ure-ciaaea gyt (didum) iR fiRmEae @ =1 <d &1 I2eE S favy &9
THTS! TATA, THIGSTRAT 3R &M BT gHIfdd Fxd §, S8 ARR Ag@YU Turax]
faRiwdreft (feg) & w0 & Yefiid fordm ST § 3iR TIaR IdTG &1 I[urad g H-
& fore FARAR AR 3R qeror auf &t siagerr g1 8 | deror auf &t AR sima=aeran
& SQTAT, THUS! IdTe Ut HSRUT 3R faaR0r & R fiRTae & fo sifadde=iia gid g
IR0 & fog, TavA Yivd, daHM 1 U1 & U H THTE! & I9e 3R Hifde
fRRAT BT gUIfad B b 2| 3T e, Tolel 3R TifFd T7 b RIAA d11d HRB! oI
3MEIe 3R WIT-UTd Y SHTRABRUBH BT MAB RIRAT BT YH1fad o= qhal g1 T8l
T fF mAb excipients, STHAR TR fRRAT B WFEd Hx & forg Iua foran o1 8, $©
|l & d8d MAB IR 3R &1 &1 U Ugdl Uhdl & FUOY, THUST JR&T 3R
THIGHTRGT B §TE TG & fo1T ITe Bt I[urad] &1 TR Agayul § | Ugd §9 IdTa!
& A&u1 Ui & Y srayfes eReior o1 i {1 gERT SRR Iaral @t fRRdr
P! 9gM & fu eer gl

3T 3 H, THUS SHTRAHI0 IR IR IR 38 3R T & THTT BT Hegich fobar T g |
fafmior, HeRUr 3R fIaRUl & SR WIW-UTd T &1 THTE! & IS 3R Hifde
FRRAT DI HTH! THIFIT B & o7 ST STl B | 59 UDR 3T 0 Bt YD1 o d il
frgem ¥ IUF 811 aTd THAIHRU UR &1 hiad Bl &, TOT U A mAbs Bt UHTIHTRT
3R UfRET &1 YHTfAd B & ot ST Si1dT 8, Siafe JHTaihRul S e TR1de &
THTG BT SATST 8T WIS ST 81 39 L (37N 3) P I fAftd Imr Ren
(BIHARH TR, Thiahe-gh: WRT 3R RIS aw) # 3 tHudity & fRfieo W)
IR-TR 1ol-UTd & THTT BT Jedidh BT ¢ | BIHAH T H SXEoHTd THH! & g 3x
g Sfiqfteor § gie St ol &, STafes Sefaaia 7o & fore 3fs &4 (1x sifafiaom)
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g1 3ot RCS IR T &l mAbs & HTaiiopRur BT U Teaich fohaT T o, SfR Hs:
7x 3R 8x HTFHTHUI BT SCIE1T Jhegs G 715 At | SfiaRipd SR TSl TtTer o Surefar
@I 1 TRIRR STAF 3R UpEs At foxawor & a1y gfY &1 715 ot afkomy vAws
TR0 BT Fgrar o1 & RRRTSH-uledigide 20 IR & UHT B! ISR Hd & 3R IR-
IR iU R Frgce-Uidaiee 80 W & fRR THE &I 9gd gl I AU[aH UR
(TIUHSSY) USTTCR (15.94%) BT HTUHAH TS CICIATT & Hiehe-ghR TR AT &
T T AT ST H g (19.54% T 23.22%) 3R g AT (5.23% T 9.44%)
feafarie & o St 118, e exeoHe AT o forg Scig alie (32.60% & 26.63%) |
HH T TS|

AHIgaHd Gelaial oY Sfed s Rfed o fRRAT 39 JRIEM 3R THTHRT ITIRT
% forg Tafal 81 37e0mT 4 B Trehalose dihydrate & 3 Jigal BT UHTE, mAb fRRAT TR
mAb excipient & 30 H MHAR TR STIATH fHaT S T T Iee &1 Ual v 177 g
Excipients FfShg I § 18 < 3G & SST ST § dlfs T8 Th R ITATaRT B
URIGHY &I S TP | Trehalose dihydrate Th TR-HH B aTelt At g FOY IR TR O
3R T gU XAl & ded SrRRYfed ant § Ue fRRR Toie & ®U & IuanT i1 oirdi ¢ |
I I & UhAiaul & fIaw Cgais &1 fRR gHTa 3radt dg | STHT ol & | addH
ST (LT 4) DT I YA, TR S o WRIRIZS (H,02), 3R STl I-1a b 1 Y,
THTRT & TTY 3R ST 31eT -3 STaRA d-1a FRUfa & dgd TR cigaid IR 3 cardl
THTIAT (230 it & fRRAr guEl & /=i UeH &A1 81 yHd a1 & dgd, Sefdp
TAUHS®Y - CgalS & o1 SggHd T H 38.80% I f7A1E @[T, I8 S calol
THTIAT Y 4.89% UT| 31 RE, H,0, & TIY §eob d-1d & T8, trahalose B T trastuzumab
THAT 3 trehalose THTIAT 1 I 8 80% HTYH HMW UT| Gl 3= IgG 1 mAbs (rituximab
3R bevacizumab) T Hedided Ht I=1 eade wigar (230 fordh R fRurar & o fasan man
YT| Trastuzumab & A, FRABIIT B Trehalose (21.90% 3R 29.90% HMW, HHIT:) &
T T &1 T H S <o Tl | Rafaaiie 3R SaTfaroHTe & forg yifd =g &
ded <l a1 UT| 3 @RE, AR (3M&dT a1 & dgd) a-1d IRd A1l iR Jellas
IR § Y™ I caliel Thdl § &H 81 T4 U1 $dl U, STeR drd o fRyfd &
ded TATE! RRA1 A 3 ¢l Higdl & S JuUR a1 Safds & s bl (> 200
fordty &1 IuaT wHEdt Al & forar SdT 8 SR 39 yHd 991 & d8d UHAIHRul &l HH
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B & foTT ST ST 8, BTaifp, T ST bl 3o YT & ded UGH i ITs R
(T 2 31 2 & 1Y), 3R A ST -3 THTS & forw 3irecar a1+ udt a2 |

3T 3 3R 4 T fHT 7T 37609 THES IATG o fod R &t fedarafi o1 a=ifd § o s9abt!
I B Sead & 3R NAsRNEAS fuHdr & IRkd #d 81 39 TR, TR iR
THTGRITCH THTET SdTG] &1 HHT0 SRh AR hd [qm H [auHd &1 amas FiRE &
BRI W DR 81 gefifep, adHH fIzavueds aiie! ot Hamsit & Ty Igad
TS 3G § AUS Jfg - THUS! A&01 Ui o forg 31 fa=avonadd aRid! ol
TEHAT H oH 301 g1 HAeel-UIege AT (MAM) Deamidation, Sialylation,
Glycosylation 3R Oxidation I mAb fawmarsif &1 R & fore U $2a IuaR0r &
0 H U | THEH! fIPhTT & SR TRIRFTT STAIGTHT [GRayul HY Wae T (THEY)
& Y U A & o1 TR-aTRITa Ticded &7 STANT axh feex iR Are-Smemid
fIoaT 3t R & T T st alid! & ST R R xar g1 39 P& I0 &I
TTS!- SR IS BT HTHAT B & [T Y AT D HAT-3(TT Hica- Tadol
HIHCIUTB (CEX) faawur & §1e feer S/AM & forw UidH T HIAeet (PROA) GRIT
MAB Hd & fIReUI 5 SHTa=Tehdl Sicil 8 | T SHTaRTD 3721 WUT 3R TR TRl TN
F BRI 60-90 THE TP BT THT T IHhdl &1 5T B H (3T 5), Th 2N -
TR PIHCIUTG (2DLC) AN Wag e fafd &1 Ui & 1Y Udh hiHe I & a1 fas R
fobar T B, St Tl afe faeroor & fore gar oA A feer 3rAM 3R CEX & R ugd
3T B HIACE 7 | fafd QY Smart & forg arsu=ite daur &1 IuahT el § SR THey
& forT ST g &) Ferr el 8| URaTfad 2DLC fafY T =St alde mpTsa ueiid
FRC § Ol URURS aRih! & [TeH I 3 718 T § 3R YAH UhRU b 5 UgdH &
forg Had 15 fire Tt 81 feer o™ & a1g CEX faRayul gRT $dt &8 9Tt akye &I
3T R fea T T, fr w5 $uar & e 5 SReudl o1 3Mha- M § | TRanfaa fafy
3 THTST 319eR 3R 4 3P TAINIHER & 4 & forg aret INTe &1 Ihadgdd 3HM
AT, ST TS & oIl 39! Uasadl &1 UeiRid fdar| 39ferg, 2D PROA
CEX Ms faft ta & gt § MABs & el feer 3R aref aue /A &1 srgAfa Idt
gl
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MAB JMIGI ! dTol [AVHdT B IdTE BT Y& AR THUIGHINRGT TIhISd IR $HD THIT &
YR TR CQA & =0 H HHI ST 8| Sferg, Fufarst I srden &t S & i 3 a8 gFfda
o fAffa Iarg smm fafAdsit & @1 FRar 8, T8 R A & o 3! fawar &1
TS IS &N UM HRdT & | THD 3T, ITE B! I[0ra H RURdT UafRid & & o
3G Siiaa® & RMF Ht AR 3t 3ufie 81 gTdifes, SRsIhiia® 3R i dRue &
TEOT U & U URURS fa=avoneTs dRid TR-aTRe THEH-31UiRd § SR A
WFRHET & ATead ¥ fawaivor I ugd HUerd 3% TUe iR fSufeiT arull & smaxgdhd
BT g1 3T 6 H, <= S Wagaic! & ard Hasx THUY-H1Td Uy &1 SUINT R
Q1-SMTATH! TR SPIHCRITD! fIfY 1 T Il Ugd SATH | SIS IhiTad dRie & fafgd
R P Toru Toram 7T o7 3R Tg3ra ST Bi STaRghdl & foHT guR ST & afkie &
1Sl T 7T U719 IuUY 2 S TSR I-SegHiuay-TATY dohddl o THTET | 10
aIRTe ! U &, forgd J 2 aRTe 2 St siiifia fafd & forg 3= 81 ST R, mAb b
& foru 3t 1 IRTe 3} vgaE @1 S 7, R 5 afRkie wnfie g €, 5 2 S sifdfiea
TR P T SFRI BT & | STa WK S-3fall- T3S I b1 gotTl H THUSTTY 3R Secgdiuay
Gl & T dhad 4 dRGe g fosg 77e, A wHTs! T forg 7 afkde ok T &t & o 6
aftie &1 g fora, 3T SfarTaT, TRaTfad fafY T Ul 3 gt | o=ff A1 Wae e &
1A | RS IS /aTst dRUe el & Teies A&f0T qui &t SR gl g

BT 2DLC qeh! A Sifee aTol TSIl Bl 86 - o o1l AN iIadT gTRId &1 ©, B iRIewT
JggdBURITe (CE) & SRR & 1S fhy T Yool & 30 & et
HagRiie 3R AT IUBRUT HHT ST | | 37e0T 6 H, §H HIHCHh® 3R FaaeBRiCH
oo (CA-E) BT guaHRuT AR Bl TR B BT 78T 7@ & s THUS 1ol aRkue
& HfAHTH RelTeg=H B! U 52T o Th | BTSSIBIaD SSRaR DHIHCIUTH! (TIATST)
& mAbs (trastuzumab: mAb a 3R rituximab: mAb B) & foTT aTef 3R g2 Wi afkie
Gl & Thd JUFHIUT DI U H3 & [0 Wis o 1Y TSIl Tasi 7S § 1 WS 3Ha
TRl 3R CZE faftl A Ud® mAb & iU 4 SRSIwIfa® afkue 3R 7 arst alie &I
3eT & faar, Siafd 2DLC fafd 3 mAb A 3R 11 ARTe MAb B & T 10 aRTe &Y s/
R fean gt 8iR, HIC-CZE-UV fafer 3 U= MAB A 3R MAB B # 29 aftGe 3R 23
aftie &1 ga foam| HIC-CZE-UV fafY St TS &1 &1 SHHRT: RT 3R Peak &F & Jedl
Ho, TRAdT §RT <5% (MAB A) <3% (MAB B) 3R <12% (@I MABs & folt) & &0 &
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TR far a1 4Tl 39 UHR, MAB TS dRUE & A&0T 9UiH & ford Uanfad Le-cE fafy
B! ST UefRid Bt 7E g

Fd e, 39 MR & URgd BT T 18987 mAbs B RRT &1 Ridrsil & gmgm ok
MAB CQAs % T&UI UM 3R FRH # GUR = & ol Ia9d MAM il &I fasiRia
B IR & Higd FRd g

X1



Xii



Contents

CRITITICALE ...ttt ettt et b ettt sa e bt st e e bt et e e it e s et e bt eateeseenbeentesaeenbeenteas i
ACKNOWICAZEIMENLS ......uviieiiieeiiee ettt e et e e et e e saeeesaeessaeeessaeesssaeesnsaeessseeennnes i
FaN o 1 2T OSSP UTUPPOTSRRR il
TRTRN ..ottt n s e s e s ee et s e s nes s s senees viii
LISt OF FIZUIES ...eieiiiieeiieecee ettt e et e et e e aae e e ssaeessaeeensaeesssaaesssaeensseeennseens XVvii
LSt OF TaDIES ...ttt ettt et sttt Xvii
I INEEOAUCTION ...ttt ettt et st e bt et sb et et e sae e b eneas 1

L1, Back@round........coooeiiiiiiiiiieiecicce ettt et s ra e ennee e 3

1.2.  Problem definition, scope and objectives of research...........ccccevcvieiieniiiiienieenenee, 6

1.2.1. Freeze-thaw impacts oxidation of recombinant monoclonal antibodies.................... 7

1.2.2. Higher concentrations of trehalose dihydrate stabilizes mAb under forced stress

COTMAIEIONS et e e e et e e e e e et e e e e e e e e e et e eeaeeee e e e e e eeeaeeeeeaaeaaaeaeeeeeeeenaanaaaeeeeeeeaeenaaaaens 7

1.2.3. Multi-attribute monitoring of titer and charge-based heterogeneities in recombinant

MONOCIONAL ANEIDOAIES. ...eeeeeeeeeeeeeeeeieeeeeeeeeeeeeee ettt eeeeeeee e eeeeeeeeeaeeeeeaeneeaaaneeaneeeeenennnnnnnes 8

1.2.4. Multi-attribute monitoring of charge-based heterogeneity in recombinant

mMONOCloNAl ANtIDOAIES. .......eeiiiiiiiiiiiiee e e 9
2 LItErature REVIEW ... .c.coiiiiiiiiiiiiiiie ettt ettt snees 11
2.1 IEPOAUCTION ...couiiiiiiiiiieet ettt ettt sttt 13
2.2 FTERZE-TNAW ..ottt et sttt et 17
2.3.  Trehalose dihydrate as an eXCIPIENL . .......cc.eeeirieriiriiririeniereeteneeie et 23
2.4.  Critical quality attributes (CQAs) and traditional analytical methods..................... 26
2.4.1. Hydrophobic interaction chromatography .............ccceeceeeiiieniiriienieciieie e 29
2.4.2. Ton exchange chromatography..........cccceeiiiiiiiiiiiiiieie et 30
2.4.3. Capillary zone electrophoresis (CZE)........cooiiviiiiiiiiiiiiiieetee e 33
2.5, Multi-attribute MONIEOTING .....cvvveeiiieriieeriieerieeerieeesteeesreeeeeeeeaaeeeareesseeesaseeennnes 36
2.0, CONCIUSIONS ...cutiiiiiieiie ettt ettt ettt e bt e ettt e st e e bt e enbeesaeeeneeas 41
3 Freeze-thaw impacts oxidation of recombinant monoclonal antibodies..........c..cccceeneenneee. 43

xiii



3.1. IO TOAUCTION e e e e e e e e e e e e e e e e e e e e eaaaaaas 45

3.2, Materials and methods ..........c.oooiiiiiiiiii e 46
32,10 MALETIALS .ottt ettt sttt en 46
3.2.2. Sample Preparation ........cccveecvieiiiieiiiie ettt eeriae et eeeae e e e eaeeeenaee s 47
3.2.3. Hydrophobic interaction chromatography (HIC)...........ccccoviviiiiieniiieiiieeieee 49
3.2.4. Size exclusion chromatography (SEC) ......ccccoevuiiiiiiiiieniiiiiesieeeeeeeeese e 49
3.2.5. Weak-cation exchange chromatography (WCX)......cccoecvieiiieniiiniienieeniienieeieeniens 49
3.2.6. Mass spectrometry (MS) analySiS.......cccecieriieriierieiiiienieeiieesee e e e esee e e 50
3.3, Results and diSCUSSION ...ocuevuieiieiiniieieeiesiete ettt 51
3.3.1. Freeze-thaw and ag@regation ............ccveevuierieeiiieriieeiiesieeieesee e e e e reeseeeseeseneens 51
3.3.2. Freeze-thaw and charge heterogeneity...........cocceeveiiiiieiiiiiiieniieiee e 54
3.3.3. Freeze-thaw and oXidation..........coccuiiiiiiiiiiniieieie e 56
34, CONCIUSIONS ..cutieiiietieeiie ettt ettt ettt et e et e bt e st e e sbteeabeesateeabeesbeeenbeesseeeaseenasaens 64

4 Higher concentration of trehalose dihydrate stabilizes recombinant monoclonal antibodies

.................................................................................................................................................. 65
4.1, TEFOAUCTION ...cutiiiiiiiiieet ettt ettt sttt e s eaeeas 67
4.2, Materials and methods .........cocooiiiiiiiiiii e 70
.21 MAALEIIALS ..ot 70
4.2.2. Sample Preparation ..........ocueeicuiieriiieniieeeiee e erieeetee e e re et eeree e e e 70
4.2.2.1. Forced thermal and [IQRt STFESS .........ccueeeeeieecuiieeiieesieeesiee et e eae e eae e 70
4.2.2.2. Accelerated StaDIlity SIFESS .........cccvieeeueeeciieeieeeiee et stee et ae e eaae e eaee e ssee s 71
4.2.3. MENOMS.....eeiiiiiieieetee ettt sttt et 71
4.2.3.1.8ize exclusion chromatography (SEC)..........ccoovuicieioiiiiaeiieiieeieeieeeie e 71
4.2.3.2. Fluorescence SpectroSCOPY (FLR) .......ccooeiiieiiieiiieiieeieeeie ettt 71
4.2.3.3.Circular DichroiSm (CD)............cccoueeeeueeeiceieeieeeeiee e 72
4.3, Results and diSCUSSION .....eeuviruiiriiriiriiiieeie ettt sttt 72
4.3.1. Stabilizing effect of trehalose on IgG subjected to thermal stress............ccceueenee. 72

Xiv



4.3.2.

4.3.3.

4.4.

Stabilizing effect of trehalose on IgG subjected to light stress........ccccoeevveeeveeenenn. 76
Stabilizing effect of trehalose on IgG subjected to accelerated stability stress ....... 79
CONCIUSIONS ...ttt ettt et ettt e it e et e bt e et e e saeeenbeenaee 83

5 Multiattribute monitoring of titer and charge-based heterogeneities in recombinant

MOoNOoClonal ANTIDOAIES .........ooeeuiiiiiiiiiice et 85
510 INrOQUCLION ...ttt sttt 87
5.2, Materials and methods .........ccccoiiiriiiiiiiiic e &9
5210 MAtETIALS ..ottt &9
5.2.2. Sample Preparation ...........cooeieiiiiiieiienie ettt e 90
5.2.3. Protein A chromatography (PTOA)......cooouiiiiiiiiiiee e 90
5.2.4. Native cation-exchange chromatography coupled with mass spectrometry (CEX-
1Y ) TR OO OO UV UROURPRRPPRPRIPIPRN 90
5.2.5. Two-dimensional liquid chromatography: Protein A and CEX with mass
spectrometry (2DLC ProA-CEX-MS) .....oiiiiieieeeeeeeeeeeee e 91
5.2.6. Peptide MAaPPING.....ccceeevvieriiiiiieiiietierie et esee et estteeteesteeeseesssesseesseeesseesssesseessseens 91
5.3, Results and dISCUSSION ........coeeviiiiiiiiiiiiiiiicieet e 92
5.3.1. Native protein A affinity (PTOA-MS)....ccciiiiiiiiiiieeeee et 92
5.3.2. Native cation-exchange chromatography coupled with mass spectrometry (CEX-
TS ) ettt a et h e b e et sh bt b et et saeens 94
5.3.3. 2DLC PrOA-CEX . ..ottt 96
5.3.4. Biosimilarity assessment and charge variant characterization using 2DLC ProA-
CEXAMS ettt ettt ettt b ettt 100
5.4, CONCIUSIONS.....cootiiiiiiiiiiieiectet ettt sttt 110

6 Multiattribute monitoring of charge-based heterogeneity in recombinant monoclonal

ANEIDOAIES ..ottt ettt sttt et b et eat e s bttt b et st sbe b eaees 113
6.1, INEFOAUCHION....c..eiiiiiiiiieie ettt ettt st 115
6.2.  Materials and MEthOdS ........ccceviiiiiiiiniiiii e 119
0.2.1. MALEIIALS ...eoutiriiiiiiieeiteteet ettt st 119

XV



6.2.2. Sample Preparation .........cceeeevieeiiieeiiee et e et ve e eae e s e e e e seree e 120
6.2.3. Native hydrophobic interaction chromatography-mass spectrometry (HIC-MS) .120
6.2.4. Weak cation exchange chromatography-mass spectrometry (WCX-MS)............. 121
6.2.5. 2DLC HIC-CEX-MS ...ttt ettt et nse s 121
6.2.6. Hydrophobic interaction chromatography ...........ccccecvevieniiieniieniieieeieeeeeee e 121
6.2.7. Capillary zone electrophoresiS.......c.ccoieriiiiiieiiieiieeie ettt 122
6.2.8. Hydrophobic interaction chromatography- capillary zone electrophoresis (HIC-
CZE) ettt bttt ettt e bttt et naeeaees 122
6.2.9. Mass spectrometry analysis of fractions collected..........cccccoevieriiiiiiniiinieneee. 123
6.2.10. Peptide MAaPPING.....ccueeriieiieiiieiie ettt ettt et ste ettt et e st eebe e aeeeaeeas 123
6.3.  Results and diSCUSSION ....c..eeiuiiiiiiiiiieiieeie ettt 124
6.3.1. Native HIC-MS .......oiiiieeeeeee ettt nne s 124
6.3.2. Native WCX-MS .ottt et e s et e ensenaeenseeneas 128
0.3.3. HIC-WOCX-MS ...ttt sttt et sseete e s seenseenees 132
6.3.4. Hydrophobic interaction chromatography ...........cccoeceevieniiienieniiiiieeie e, 136
6.3.5. Capillary zone electroOphOTESIS........cccuieriiieriieeriieeriee et areeeree s 138
6.3.6. Hydrophobic interaction chromatography-capillary zone electrophoresis (HIC-
] 2 SO RUPSRPR 141
0.4, CONCIUSIONS ....utiiiiieiiieite ettt ettt et sbt e st e bt e e beesaeeeaeeas 164
7 Conclusions and scope of future WOork.........ccoooiieiiiiiiiiiiii e 167
T 1o CONCIUSIONS ...ttt sttt et be et s st e e e 169
7.2, Scope of fUtUIe WOTK......ooiuiiiiiiiiii e 170
RETETEICES ...ttt sttt 172
BIOAALA ...ttt 209

XVvi



List of Figures

Figure 2.1 (A) General Y-shaped structure of a mAb; (B) Common CQAs at different sites of

Figure 2.2 Schematic illustration of mAb freeze-thaw study under different buffer systems to

evaluate Impact 0N OXIAAtION. .. ...ttt et e e e e 23
Figure 2.3 Hydrophobic Interaction Chromatography (HIC) methods wused for
1dentification/CharacteriZatioN..........coueeruiiiirieieeie ettt sttt 30
Figure 2.4 Schematic representation of comparison between conventional and MAM analytical
WOTKEIOWS ...ttt ettt e e s it e et e s st e et e e sateenbeesseeeaneas 38
Figure 3.1 Graphical representation of % HMW obtained for (A) Tmab-FB, (C) Tmab-PBS,
and (E) Rmab-FB samples after daily and weekly F/T cycles; SEC chromatograms for (B and
D) Tmab, and (F) Rmab SAmPIES .......c..cccviiriiiiiieiieeiieiieeieeeeee et 52
Figure 3.2 Graphical representation of charge species obtained for (A) Tmab-FB, (C) Tmab-
PBS, and (E) Rmab-FB samples after daily F/T cycles; WCX chromatograms for (B) Tmab-
FB; (D) Tmab-PBS; and (F) Rmab-FB samples...........ccccccveriiiiiiiieeieeieeeeeeee e 56
Figure 3.3 HIC chromatograms of (A) Tmab; (B) Tmab-PBS; and (C) Rmab samples ......... 58
Figure 3.4 Graphical representation of oxidized variants obtained from HIC analysis after (A)
daily F/T; (B) weekly F/T; (C) continuous number of F/T; and (D) F/T in histidine buffer of
Tmab and RMab SAMPLES ......ccueieiiiiiiii et bee e e eaee e 59
Figure 3.5 HIC chromatogram of Tmab; (B) deconvoluted spectra of Peak 1 before F/T stress;
(C) deconvoluted spectra of Peak 1 after day 28 of F/T Stress ....ccueevvveeeeiieeeciieeniiieeeiieeeieeens 60
Figure 4.1 Schematic representation of trehalose stabilizing property and its application in mAb
FOTMIULALIONS ...ttt ettt e st e e bt e et e e st e sabeesateenseenseeenneas 73
Figure 4.2 (A), (B), and (C) SEC chromatogram, amount of HMW, and amount of monomer
obtained for samples Ti10, Tss and To, exposed to thermal stress of 70°C for 30 minutes,
respectively; (D) Amount of HMW obtained after SEC of samples T230 and To, after thermal
stress of 70°C (E) and (F) Intrinsic and extrinsic fluorescence spectra of samples Ti1o, Tss, and
To, after thermal stress of 70°C for 60 minutes, reSpectively.......cccevvveercieeriieeniieeeie e 73
Figure 4.3 (A) and (B) Amount of HMW and monomer obtained after SEC of samples Th1o,
and To exposed to thermal stress of 65°C. (C) Amount of HMW obtained after SEC of samples
T230, and To exposed to thermal stress 0f 65°C......ooviiiiiiiiiiiiiiieeeeeeee e 73

Xvil



Figure 4.4 (A) and (B) Amount of HMW obtained after SEC of Rmab and Bmab samples that
were subjected to thermal stress of 65°C; (C) and (D) Amount of HMW obtained after SEC of
Rmab and Bmab samples exposed to UV light stress with H>O»; and (E) and (F) Amount of
LMW obtained for Rmab and Bmab samples exposed to UV light stress with H>0»............. 74
Figure 4.5 (A) and (B) Amount of HMW and monomer obtained after SEC of samples T1i1o,
Tss, To with 0.01% PS80, with 0.01% PS80 and 110 mM trehalose that were subjected to
thermal stress of 70°C and analyzed at intervals of 30 minutes. ...........cccceevevievienieenieenneenen. 75
Figure 4.6 (A), (B), and (C) SEC chromatogram, amount of HMW, and monomer for samples
T110, Tssand To, exposed to light stress for 30 minutes, respectively; (D) Amount of monomer
obtained after SEC of samples Ti10, Tss and To, exposed to UV light stress with with H>O»;
(E) Normalized intensity at 505 nm obtained from extrinsic fluorescence spectra of samples
T110, Tss and To exposed to UV light stress with H>O»; (F) and (G) Amount of monomer and
LMW obtained after SEC of samples T230, T110 and To, exposed to UV light stress with H>O>

Figure 4.7 (A), (B), and (C) SEC chromatogram, amount of HMW, and LMW obtained for
samples T110, Tss and To, exposed to accelerated stress at 55 °C and 75 % humidity for 28 days,
TESPECTIVELY. ntieiiiet ettt ettt ettt et et et e st e et e e s st e e beesateeabeeesbeeabeenateenbeenneeeateas 81
Figure 4.8 (A), (B), and (C) Intrinsic fluorescence spectra of samples TO, T55 and T110
exposed to accelerated stress at 55 °C and 75 % humidity for 28 days, respectively; (D), (E),
and (F) Extrinsic fluorescence spectra of samples TO, T55 and T110 exposed to accelerated
stress at 55 °C and 75 % humidity for 28 days, respectively. .......ccoeeveriiniineniicneinenicnene 81
Figure 4.9 (A), (B) and (C) Far-UV CD spectra of samples To, Tss and Ti10 exposed to
accelerated stress at 55 °C and 75 % humidity for 28 days, respectively. ........cccccveevevvernnenn. 82
Figure 5.1 Schematic representation of the (A) conventional and (B) proposed workflow for
titer and charge estimation N MADS ........ccceeviriiiiiiirieeee e 89
Figure 5.2 Chromatograms obtained after ProA analysis of trastuzumab: (A) Using traditional
non-volatile buffer, (B) Using volatile ammonium acetate buffer, (C) ProA-MS analysis of
trastuzumab, (D) Deconvoluted mass of ProA peak and its glycoforms. ..........cccceevvveennenns 93
Figure 5.3 lonization spectrum of trastuzumab in different mobile phase system: (A)
Bicarbonate buffer, (B) Ammonium formate buffer, and (C) Ammonium acetate buffer. ...... 93
Figure 5.4 Chromatograms obtained after CEX analysis of trastuzumab: (A) Using traditional

non-volatile buffer, (B) Using volatile ammonium acetate buffer. ............cc.cccocceniinninnncne. 95

XViii



Figure 5.5 Chromatogram obtained for CEX-MS analysis of trastuzumab, (B) Ionization
spectra for mAb T after CEX analysis, (C) Deconvoluted mass of CEX main peak and its
LY COTOTIIIS. vttt et ettt e e e e bt e e sbeesaeesbeeseesabeensaeenseensnesnseas 95
Figure 5.6 A) Chromatogram obtained after ProA analysis of trastuzumab in the first-
dimension, the peak is selected and transferred to CEX column using a heart-cut approach, (B)
Chromatogram of charge variants obtained after the second-dimension CEX analysis of
ELASTUZUIMAD ...ttt et st sb et a et e b sbt et eateeaeenbeennenanens 99
Figure 5.7 Linearity assessment of 2D ProA CEX method from 5 ug to 160 ug of trastuzumab
sample: (A) ProA chromatogram obtained for each amount of protein, (B) CEX chromatogram
obtained for each amount of Protein .........ccceecuieeiiiieiiie e 99
Figure 5.8 Graphical representation of linearity assessment of 2D ProA-CEX method: (A) plot
obtained for ProA analysis of trastuzumab, (B) Plot obtained for CEX analysis of trastuzumab

Figure 5.9 Robustness assessment of 2D ProA CEX method in terms of retention time and area
reproducibility, (A) chromatogram of 1D ProA method after mobile phase pH (+0.2) and
column temperature variations; (B) chromatogram of 2D CEX method after mobile phase pH
(£0.2) and column temperature variations; (C) chromatogram of 2D CEX method after mobile
phase PH (F0.3) VATIAtION .....oeeiiuiiiiiiieciieeeiee ettt et eeeae e et e e e aeeesaaeesssaeeesbaeessseeennnes 100
Figure 5.10 (A) Chromatogram obtained from the ProA analysis in the first-dimension, (B-F)
Chromatograms obtained after CEX analysis of trastuzumab reference product (R) and its
biosimilars (T1, T2, T3 and T4, respectively); (G-L) Deconvoluted mass of M1 peak and its
glycoforms obtained for trastuzumab reference product (R) and its biosimilars (T1, T2, T3 and
T4, respectively) after mass analysis. ......cceeeriieeriieeiiieeiee e 102
Figure 6.1 Flowchart describing the challenges in the conventional workflow and solutions
provided by the new analytical paradigm ...........ccceveeviriiiniiiiiiinieeeeee e 119
Figure 6.2 (A) and (E) HIC base peak chromatogram of mAb A and mAb B under the UV,
respectively; (B) and (F) WCX base peak chromatogram of mAb A and mAb B under the UV,
respectively; (C) and (G) Charge-state pattern of both mAbs which confirm ionization under
native form in HIC-MS & WCX-MS, respectively; (D) and (H) Isotopic resolution of native
mADb A & mAD B in HIC-MS & WCX-MS, 1eSpectively ......ccccevueeiuienieeiiiinieeiieeieeieenieens 125
Figure 6.3 Schematic of online 2D-LC-MS system equipped with 1D/2D pumps, 1D/2D
column compartments, 1D/2D detectors, switching ASM valve (for sample collection and 1D

buffer dilution) and ESI-MS TOF .......cc.ooiiiiieee e 132

XiX



Figure 6.4 (A) and (B) 2D HIC-WCX base peak chromatogram of mAb A and mAb B under
the UV; each HIC peak was transferred to the WCX column through a heart-cut 2D-LC method,
TESPECTIVELY .veiutiiiiietie ettt ettt ettt et e ettt e bt e e b e e bt e e st e eseesabeeseeesseesaeenseeseeenseensnesnsaenseaans 133
Figure 6.5 HIC chromatograms for: (A) mAbA and (B)mAb B........oceviiiiieniiiee 137
Figure 6.6 Schematic representation of intact mass of HIC peaks in mAb A, (A) Chromatogram
obtained from HIC of mAb A, (B) Deconvoluted spectra of HIC main peak from mAb A, (C)
Deconvoluted spectra of pre-peak (peak 2) from HIC of mMAb A......cocvvviiiniiiiiiiieiies 137
Figure 6.7 Schematic representation of intact mass of HIC peaks in mAb B, (A) Chromatogram
obtained from HIC of mAb B, (B) Deconvoluted spectra of HIC main peak from mAb B, (C)
Deconvoluted spectra of pre-peak (peak 2) from HIC of mAb B.........ccoooiiiiiiiiiiis 138
Figure 6.8 Electropherograms obtained from CZE method optimization of mAb A, (A-C)
changes in pH from 5.5-6.5, (D-F) changes in EACA composition from 400-800 mM, (G-I)
changes in TETA composition from 4-8 MM ........cccceeiiiiiiiiiiiiiieieeee e 140
Figure 6.9 CZE electropherograms obtained for: (A) mAb A and (B)mAb B ..................... 140
Figure 6.10 Electropherograms obtained from CZE method optimization of mAb B, (A-C)
changes in pH from 5.5-6.5, (D-F) changes in EACA composition from 400-800 mM, (G-I)
changes in TETA composition from 4-8 MM ........ccccoeviiiiiiiiiiiieeeee e 142
Figure 6.11 Electropherograms obtained after CpB digestion in mAb A, (A) intact mAb A, (B)
fraction 2 from HIC of MAD A ... 146
Figure 6.12 Schematic representation of the HIC-CZE-UV peaks in mAb A, (A)
Chromatogram obtained from HIC of mAb A; (B-E) Electropherograms obtained from CZE-
UV of HIC fractions 1-4 of mAb A, respectively. Resolution of peaks provided in brackets near
CACK PRAK ... .eiiiiie et e et e e et e e et e e e ba e e e b e e e enbeeeenbeeennaee s 146
Figure 6.13 Schematic representation of the HIC-CZE-UV peaks in mAb B, (A)
Chromatogram obtained from HIC of mAb B; (B-E) Electropherograms obtained from CZE-
UV of HIC fractions 1-4 of mAb B, respectively. Resolution of peaks provided in brackets near
CACK PRAK. .. .eiiiiieeiee e et e e e e et e e et e e e ta e e et e e e e nbaeeenaeeennaeeeanaeen 155
Figure 6.14 Venn diagram representing the variant distribution of (A) mAb A and (B) mAb B.
The orange, purple, green and blue colours represent the variants exclusive to the HIC-CZE-
UV, HIC-UV, CZE-UV and 2DLC methods, respectively. The faded pink, purple, green and
blue patches represent variants common to HIC-UV and HIC-CZE-UV, HIC-UV and 2DLC,
CZE-UV and HIC-CZE-UYV, and, CZE-UV and 2DLC , respectively.........cccceevcvveercreennnenn. 161

XX



List of Tables

Table 2.1 List of common CQAs and their effect on mAb quality.........ccceeevvveeviiiencieenieens 14
Table 2.2 List of different stress studies and their outcome on CQAS.............coeoovvennn... 18
Table 2.3 List of excipients with function commonly used in mAb formulations .................. 20
Table 2.4 List of few prominent aggregation studies under freeze-thaw stress....................... 22
Table 2.5 List of mAb-trehalose concentrations used in formulations .............ccocevveerernennen. 27
Table 2.6 Summary of mAb CQAs and the analytical/ functional methods..............c.ccue...... 28
Table 2.7 List of common charged modifications and their deconvoluted mass difference....33
Table 2.8 Comparison of traditional vs MAM analytical method parameters......................... 37
Table 2.9 List of traditional analytical methods for mAb CQAs that can be replaced by MAM
.................................................................................................................................................. 40
Table 3.1 Summary of buffer composition and sample labelling ...........cccccoceeveriiniininncnnn. 48
Table 3.2 Summary of F/T cycles and analysis time-points ...........ccoceevervverienieniieneenennennens 48

Table 3.3 %HMW obtained for Tmab-FB and Tmab-PBS samples after continuous F/T for two
daYS (5 CYCIES PET AAY)..eiiiiiieiiieiiie ettt ettt et e e e et e e st eessaaeeebeeesnseeessneeesnseeenns 52
Table 3.4 %HMW obtained for Tmab-His and Tmab-His samples after daily F/T cycles......53
Table 3.5 Charge species for Tmab-FB, Tmab-PBS and Rmab-FB samples after weekly F/T

Table 3.7 PTM identification of peak 5 in Tmab-PBS sample after tryptic digestion under
reduced condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D —....................... 61
Table 3.8 p-values for Tmab-FB, Tmab-PBS and Rmab-FB samples from HIC after daily F/T

Table 5.1 Table summarizing deconvoluted masses of charge variants obtained after 2D ProA-
WCX-MS analysis of trastuzumab, reference product R, and its biosimilars T1-T4.............. 96
Table 5.2 PTM identification of trastuzumab after tryptic digestion under reduced condition as
measured by ESI-TOF-MS (A/C — Light Chain, B/D — Heavy Chain) ..........c.ccccceevevveenneenns 97
Table 5.3 PTM identification of trastuzumab innovator Herclon, after tryptic digestion under

reduced condition as measured by ESI-TOF-MS (A/C — Light Chain, B/D — Heavy Chain)

xXxi



Table 5.4 PTM identification of trastuzumab biosimilars Biceltis, Canmab, Trasturel and
Vivitra after tryptic digestion under reduced condition as measured by ESI-TOF-MS (A/C —
Light Chain, B/D — Heavy Chain) ..........ccceecuiiriiiiiieniieeiierie ettt ettt seaesvae e e 106
Table 6.1 Summary of deconvoluted masses for mAb A and mAb B from HIC-MS analysis

Table 6.2 PTM identification of mAb A and mAb B after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 126
Table 6.3 Summary of deconvoluted masses for mAb A and mAb B from WCX-MS analysis

Table 6.4 Summary of deconvoluted masses for mAb A and mAb B from HIC-WCX-MS
ANALYSIS ...eeitieiieeiie ettt ettt ettt e et e et e et e et e e e b e e bt e e be e aeeeabe e tteeabeenteeenbeensteenbeentaeenseenees 134
Table 6.5 PTM identification of mAb A after tryptic digestion under reduced condition as
measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain).........c.ccceccevueniennene 143
Table 6.6 PTM identification of mAb B after tryptic digestion under reduced condition as
measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain) ............ccccccveevuvennenn. 145
Table 6.7 PTM identification of mAb A Fraction 1 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 147
Table 6.8 PTM identification of mAb A Fraction 2 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 149
Table 6.9 PTM identification of mAb A Fraction 3 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 151
Table 6.10 PTM identification of mAb A Fraction 4 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 152
Table 6.11 Summary of charge heterogeneity observed in the HIC-CZE-UV method ......... 156
Table 6.12 PTM identification of mAb B Fraction 1 after tryptic digestion under reduced

condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 157
Table 6.13 PTM identification of mAb B Fraction 2 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 159
Table 6.14 PTM identification of mAb B Fraction 3 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 160
Table 6.15 PTM identification of mAb B Fraction 4 after tryptic digestion under reduced
condition as measured by ESI-TOF-MS. (A/C — Light Chain, B/D — Heavy Chain)............ 162

Table 6.16 Reproducibility of the HIC-CZE-UV method in mAb A by calculating the %change

in RT and peak area between duplicate injeCtioNnS ..........cccueevueeeieerieriiienieeieenreeiee e 163

xxii



Table 6.17 Comparison of the charge species separated by different analytical methods (green
box indicates separation and red box indicates N0 SEparation)...........cccveeeeeveeeereeerireeerreeennne 163
Table 6.18 Reproducibility of the HIC-CZE-UV method in mAb B by calculating the %change

in RT and peak area between duplicate injeCtioNS ..........cccveerueeerieerieeiieenieeieenreeieesieeereenens 164

XX1ii



