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Abstract

Virus-like particles (VLPs) have emerged as a promising vaccine platform due to their ability
to mimic native viral structures while being non-infectious, offering high safety and
immunogenicity. This thesis work involved the development and optimization of scalable
production strategies for VLPs targeting two major viral pathogens: Chikungunya virus
(CHIKYV) and Human papillomavirus (HPV). Global burden posed by CHIKV highlights the
urgent need for effective prophylactic solutions. A stable serum-free suspension culture of
HEK293T cells expressing CHIK-VLPs was established to overcome scalability issues in
CHIK-VLP production. In parallel, HPV, a leading cause of cervical cancer, was addressed
through the development of a robust, cost-effective expression platform in Pichia pastoris
expressing HPV-VLPs. Optimizations at the level of strain promoter combinations, process
parameters through Design of Experiments (DoE), targeted micronutrient supplementation, and
fed-batch fermentation strategies led to enhanced VLP yield, improved structural integrity, and
enhance process scalability. Implementation across both shake flasks and lab-scale bioreactors
demonstrated the potential for efficient VLP-based vaccine production, laying a strong

foundation for future large-scale manufacturing and commercialization.

The production of CHIK-VLPs using traditional HEK293T adherent cell culture relies on
supplementation of fetal bovine serum (FBS), which introduces variability, contamination
risks, high costs, and scalability challenges for vaccine manufacturing. To address this
challenge, transition of adherent to suspension cell culture in a serum-free medium presents a
promising strategy for large-scale VLPs production, in compliance with the quality and safety
standards followed in the biopharmaceutical industry. In the first objective (Chapter 3), we
established a stable HEK293T cell line pool capable of producing CHIK-VLPs and
subsequently transitioned these cells into suspension culture to improve scalability. We verified
the successful production of CHIK-VLPs through batch cultivation in 1000 mL Erlenmeyer
flasks, incorporating a temperature shift during the production phase of process to enhance
yield. CHIK-VLPs expression was confirmed through various analytical techniques including
SDS-PAGE, western blotting, mass spectrometry and the morphology of VLPs produced by
both stable adherent and suspension-adapted HEK293 cells was assessed by transmission
electron microscopy. A 5-fold enhancement in VLP production was achieved in suspension-
adapted culture using a temperature shift as quantified by absorbance-based method. This
establishment of stable HEK293T cell lines capable of efficient CHIK-VLPs secretion provides

a versatile and scalable method for VLPs production that is free from the need for antibiotics
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and FBS. This process represents a valuable contribution to the biopharmaceutical industry,

offering potential for large-scale VLPs-based vaccine development.

Large-scale production of HPV-VLPs requires a robust expression system. One of the preferred
choices is yeast expression system due to their cost-eftfectiveness, rapid growth, and high levels
of protein expression. In the next study (Chapter 4), we specifically aimed to screen optimal
promoters, strains, and cultivation conditions to enhance large-scale production of HPV-VLPs
in P. pastoris using BioLector XT microbioreactor system. The analysis reveals that the GS115
strain under the inducible alcohol oxidase promoter exhibited highest VLP yield of 20.50 mg/L
as compared to X33 (11.07 mg/L) and KM71H (6.49 mg/L) strains. HPV-VLP production was
confirmed through SDS-PAGE, western blotting, HPLC, intact mass analysis, and peptide
mapping. Structural characterization with electron microscopy validated the homogeneity,
colloidal stability, and structural similarity to native HPV. Optimization of Pichia cell lysis
conditions was achieved to improve intracellular VLP recovery while maintaining particle
integrity. This study offers a viable path for using the GS115 strain for efficient and cost-
effective large-scale production of VLPs. The study offers a comprehensive approach to
optimize HPV-VLP production in P. pastoris, highlighting the importance of promoter choice,
strain optimization, and cultivation techniques in achieving high yields of L1 protein and

structurally intact HPV-VLPs for possible vaccine development.

The third study (Chapter 5) demonstrates how optimal addition of micronutrients enhances
VLP yield and quality. In this study, we have done a 3-step design of experiments to screen and
optimize impact of seven metal and seven vitamins on the production of HPV-VLPs in P
pastoris. First, a one-factor-at-a-time (OFAT) screening was performed to evaluate the impact
of seven metal ions (Fe, Zn, Ba, Ni, Cd, Li, Ca) and seven vitamins on cell growth and VLPs
yield. Next, a Plackett-Burman based DoE study confirmed Fe, Zn, nicotinic acid, and D-
calcium pantothenate as essential micronutrients for VLPs yield. Finally, a response surface
design (RSM) was performed to optimize the interactions between selected micronutrients to
determine the best conditions for maximum biomass and production of VLPs. Optimal
concentration of these micronutrients was found to be 1 mM Zn, 1 mM Fe, 2.04 mM nicotinic
acid, and 4 mM D-calcium pantothenate, as determined by RSM prediction model with R2 =
0.90 and Root Mean Square Error (RMSE) = 1.4 for biomass and R2 = 0.94 and RMSE = 0.98
for HPV-L1 protein titer. Optimized metal ions and vitamins enhanced HPV-VLPs L1 protein
production, achieving 1.46-fold higher biomass (24.1 g/L) and 2.07-fold higher protein titer
(33.2 mg/L) in shake flasks. In bioreactor, a 1.44-fold (101.1 g/L) enhancement in biomass and
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1.54-fold (37.1 mg/L) enhancement in the VLPs yield was observed when compared to control.
This study highlights the significance of micronutrient optimization for large-scale production

of HPV-VLPs.

In the fourth study (Chapter 6), fed-batch fermentation was employed to optimize HPV16 L1
VLP production in P. pastoris GS115 (Mut"), aiming to reduce methanol inhibition and enhance
VLPs yield. Four methanol-based feeding strategies were evaluated during the induction phase,
incorporating both pulse and linear feeding patterns: 100% methanol (M100), 70% methanol
+30% glycerol (M70+G30), 70% methanol + 30% sorbitol (M70+S30), 70% methanol + 15%
glycerol + 15% sorbitol (M70+G15+S15). Key process parameters, including cell growth
(optical density and dry cell weight), metabolic activity (dissolved oxygen levels), and protein
expression, were monitored to assess process performance. All strategies were first evaluated
in micro-scale fed-batch cultivations for HPV VLP production, and the most effective approach
was further validated in a 1L lab-scale bioreactor to confirm scalability and performance.
Among the strategies examined, the M70 + G30 (Linear feeding) approach demonstrated the
highest productivity in microbioreactor cultivations, achieving an ODsoo of 210.9, a DCW of
90.36 g/L, and a product titer of 42.92 mg/L. This strategy was further validated in a 1L lab-
scale bioreactor, where it achieved even higher yields, with an optical density (OD) of ~320, a
DCW of 161 g/L, and a protein titer of 49 mg/L, confirming its scalability and effectiveness.
This approach enhanced cell growth, protein expression, and cost efficiency while reducing
methanol consumption, making methanol-glycerol co-feeding a promising strategy for scalable

HPV VLP production.
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IR S HUT (@) SRiT arRe IRA1SM BT Adhd B B SUHT &Hd &b BRI Uh
3RS daRIH WeWhiH & ¥4 # IR ¢, SIaid 9 IR-UPHMP 8Id €, 3= JR& 3R
UReRETEGA UG I & | 39 AR &1 & 3 U arRd INSHD] &I Afeid & ardt
diuadt & o Whaad IdTed Ml BT faer iR Sr@a e oT: s
IERY (CHIKV) 3R A UUAHERRE (HPV) | CHIKV §RT S&d offe aigl guTd!
TR FHIT &1 T el HTTIH T Bl SOIFR BT ¢ | CHIK-VLPs B o9 63 areil
HEK293T ®IfRIp1sfl & T RR ARY-Jod fFded Ipfd CHIK-VLP Idrgd |
AT & el P R FA & forg RAfd 1 71 | GuEieR H, Hpv, iz Hiar &
HIR BT TP YHE BRI, HPV-VLPs DI o9ad H- dTal el TReiig H T Holgd, arTd
qUTaT YT Ricwid & fabr & 1eqd o Jaiferd fosar T o1l I gHieR e
P TR W IR, Wﬁ%%@ﬁ(DoE)%ﬂTW@Wﬁﬂtﬂa ?ff\&fﬂﬁ&ﬂm
Il 3R Bis-ad fhua IuMHIfaal 3 diuadt Ius # gf, TReeT® srdsdl H UR
UfehaT Whafafre] & derT| A TR 3R A9-Xhd SREdeR g § dra-aa-

3 HIQ dTAd-3end deRiE Ire o &l BT WeRiH forar, form yiosw & o tum
IR fafafor 3iR raurdieRur & ol Ue Aorqg g 38| URURS HEK293T TS Id
HedR BT YA B CHIK-VLPs BT ITa YT TS IR (FBS) & R W R
T ], St dai= fmfor & forg uRkad=iterdr, dgwor Sifaw, 3= anTd 8iR Whafafer!
Al &1 IREd <1 § UBd 39 (3T 3) H, 8 T fRIR HEK293T I a1 Ydl &1
RG] BT S CHIK-VLPs BT ITG IR | W& § 3R 916 H 3 DITAD1H b Thalfafere!
T gUR H & oy Fdeq depfa o RiEiakd f&ar 899 1000 THIA TATHIR TIRG
ﬁé%rw%ﬁmwﬂ@rmm VLPs & q%d IdTe- &I IS &1, for e Iust dgH o fag
UfehdT & SR dT9HH H Sard AT UT| SDS-PAGE, a¥e saliedT, AN Wae <! died
Rt AW do-ie 3 | & CHIK-VLPs Siftroafad &1 gfY @t T8 oik RR
3faTS 3R fAded- -SRI HEK293 PIRBTSA GRT ST VLPs BT S1Pfd fagr w1
TR Seide( IS RPI gRT Jedieh- 3T | &IEIQﬂ'EI'UT e fafer grr Feifa
O SETa 1 STANT HRS - B Id Tl § VLP IdTe § 5 71 9fg gt
D1 715 | HA CHIK-VLPs A1d H &M RRR HEK293T I ATEA! &1 Tg RITIAT VLPs IATGH
& foN T TgHE SR Wasd Y vem FRat § St tarifed carsit 3R FBS @t
3T Y Tad & | I8 Uichal armARIeHd SeT H U Jeua arTgH &l wfaffia
Pl g, Ol I8 THM WR VLPs-3MUTRT a8 {3 ot &Har UeH HRdt g | HPV-VLPs &
S T W IdTEH & o T Holgd Sifisafaa Yultel ) Srazadhdl gt 81 uidial
famedl & ¥ T I anTd-gHIaRNadr, doit I faer SR TidH sifiafad & 3= Wik
& HRUTTUR 3ifiafdd Tomet 8 1 3FTa 31T (37edTg 4) H, g0 fay ¥U ¥ I
TRIA AISHIaaRTeR ey &1 ST eve Ut | yreiiRy & wadidt-deedt & o8 tam
IR IATCH P! TgH & AT SFTH THICR], IuHa! 3R IR fRUfal & ThiH & &
6T AT | fa=QIwor ¥ UdT erd & fob ORd Siemigd SHTRiTSsl THex & dgd GS115 & A
X33 (11.07 mg/L) 3fR KM71H (6.49 mg/L) - &I gaT & 20.50 mg/L &I I=AH VLP
ISl UG BI1 HPV-VLP I &1 ¥ SDS-PAGE, d¥e+ sdfiet, HPLC, Scde dN
w%%ﬁvﬁmﬁﬁn%mm@aﬂn@sﬁwn@wﬂﬁ%mww
FEOT GO I @ HPV F RIT T, BiaTesd fRRAT 3R TRETHS GUHdT S 71
fhaT| D1 SRGSAT Bl §T G U SRR VLP Repast § GUR oA & oy fufemn
I farfrg fufrt &1 /e UTw o T T | I8 31888 VLP & HRIS 3R ANTd YT
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s T IR IdTe & AT GS115 ¥ BT IUTN HRA & o1t Ueh SIdgr A UaH ol
g1 I8 3T Ut RS & Tadiat-aiiay! Sdie & 3Ehied R & a4 Th HTgdH
DI Te HaT B, S GHIAT b1 fapr & ot TeTcdTs ®U ¥ SRAIR TIhia!-
Jiuadt &1 I USTaR U HRA H UHICR fadhed, T1d SHa 3R Wl adb-id! & Hed
TR UHIR STAdT ¢ | TRRT LR (T 5) ST ¢ b Y& U dal Bl SPAH SIS
Jruadt Iuet 3R a1 B4 deIdl & | 3 S7e0T H, A Ut UReIRY § Tadiar-aiderdt
& IATE IR AT 1t 3R A1 faeifiql & guTa &1 whiH B 3R IHiad &1 &
forT Tt &1 3-aRuiig fewmsA foran 81 e Ugd, 9d f[adN iR divad! S R 91
YTq 3T (Fe, Zn, Ba, Ni, Cd, Li, Ca) 3R T faefiml & WU &1 Jedid & & (o
Th-DHRB-TH-JHT (OFAT) BhIFFTT o1 715 2 | ST §1E, Wabe-aHT HTUTRT Dok 3/eg
3 VLPs 3091 & Y HTaRge A UIve ddl & &0 H Fe, Zn, @i TR iR D-
DHeRTH TIdAe B gfY @11 3id H, Sifead SIHN 3R VLPs & IdTed & g Jarad
fRufaat &1 Fuivd s & T 9afd g Uives ddl & g IRER a1 &1 srgied
B o o8 U Ufdfehar Tag fSogA (RSM) fovam T | 39 & Ui ddl 1 S¥aH il
1 mM Zn, 1 mM Fe, 2.04 mM fR@ifefe TS 3R 4 mM D-Sfekry Bdde urs s,
ST foF RSM Q@i AT e gRT SR & fal R2 = 0.90 3R F¢ HiF IR TR (RMSE)
= 1.4 3R HPV-L1 WIdH feer & forg R2 = 0.94 3R RMSE = 0.98 & 1y FRefia fosan mar
7| 3BT T ST 3R fqe®Hl A HPV-VLPs L1 WIcH i & Ser, ford Wd
ARG H 1.46 THT e SR (24.1 I/l 3R 2.07 AT 3Hf¥® WA feex (33.2
foretiama /<t vrea g | IrUdex 8, =0 &1 go O SR | 1.44 A1 (101.1 JTH/)
g 3R VLPs JuST H 1.54 T[T (37.1 forcitom/at) gfs <&t T2 | I8 S99 HPV-VLPs &
¥ UM R IdGT & T Y& Ve d@ HIHa- & Hed R USRI Sadl gl i
T (T 6) T, Ul UREING GS115 (Mut*) H HPV16 L1 VLP ITG &1
P P U wis-99 fhuaa o1 IuanT fovan mar o1, ST I AYATd 31y &l HH
BT 3R VLPs IUS DI TG UT| URUT TRUT &b SR IR HYATA- 3T BT oot
&1 i fobar mar, s g iR ¥ wifET Ted gFf wnfia & 100% AyAra
(M100), 70% HYA@ + 30% feRRIA (M70+G30), 70% HYAlA@ + 30% dWifdcrd
(M70+530), 70% HATT + 15% TRRIA + 15% Fifded (M70+G15+S15) | UichaT U&=
BT HTHT IR & foIE 7 g (YT g 3R T HIRMHT UR), TATI= Tfafafer
(G SieRfe W) S8R UIcH sifteafad afed Ug ufshar Aucs! &1 R &1 7151
it U &1 Yedidh Ugd HPV VLP IdTE & ot HTSshI-Whd ths-od Wt H farar
T T, 3R qaY THTAT VB0 Bl Thafaiere! 3R TeRH &t gfY @3- & AL 1L dd-3hd
AIRTFeR § S AT a1 a1 U1 | 5id &1 173 I0HIfaal 8, M70 + G30 (% wife)
TRDHIN 7 AEHIEINTGR Wl H I=dH IdTehdl &1 YasiA foar, o 210.9 &1
ODgoor 90.36 g/L BT DCW 3R 42.92 mg/L BT IS e UTe g3iT1 59 UM BT 1L
-Xhd STAREdRR B S A fova T, ST8T §¥H ~320 & 3HifPed 8- (OD), 161 g/L
% DCW 3R 49 mg/L & WIeH feer & a1y 3R +ff 3ifdes Iut ure &1, R g3a!
ATOT 3R gHTaRled &t g g3 1 51 BHI0 A AYAId & TWUd &1 HH Hd §C Id
gfe, M siftyeafad iR a1 gerd o deTaT, o) AuATd-feRRId J8- Wit Wwadd
HPV VLP I & oIl T SRS UM & TS|
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