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Abstract

Recombi nant atnhteirbaopdei uetsi cmi mi ¢ and upgrade comm
antibodies, medi ating novel modes of action ¢
counteCprapltex heterodi meric bispecific antibo

target eeapietcoges sequentially or simultaneous
woul d not exist i n mixtTulree se xotfe ntdheed ptaarregnetta | s pbs
chained to difficulties in manufacturinagvy the
and |light chains to pair with stri-taonctioomdl

monospeci fi &t mofiebern®HOs bi ofaceoeli eses nepd i ma |
production of heterodi meric bies preecliatiicveanlte vbeol

each chain is consTthitsutiiveétgnl&kpdaebpgertiegr at i c

defined genetiochvhoaticiegmlot et erogeneity by gen.
cl onmdedsd.i ti onal €ggi 8 teaftfisarggceerCdirOa tbe of act or i es wi
stemange in cell.ulAs «oofompew,e ntclee fielidogani ¢t
targeted integration CHO cell wii 0 & $ n wdcd rioi nviaehdb

el l mopuwlsadimit -Isiunbe ages emer geulrsatpa dtliyal a npdh e
ariance with r egdredv atnada poraoc dufstti¢gahe muemdairn i n
re incompl et edtyahilnidehisn g omlew eCHO producer ce
mpi ri canlgss cwietehn iprtkmmtwd ke dge t o i dentify phenot

o o 9 < O

cale manufacturing.

This thesiimsidghplle eéshe interdisciplinary field
genetic engineering using md amdrawai dedeme il ©

mprove the manufacturing capabilities of CHC

=

ati onaibuidledsiegam n cycl es ar e empl oyed to i nv
or mat 5&®Rmy dorfox yilrysTne eclilf i bi sapfefTiICIBdddh@adesired
pogtransl|l ati onawerfeodiinfiut &8t pberi B adcTkRCBhnoMieéchuiwet h
a conspicuousl dodtspdtatmsitdd Cdoméi pach T cel |

—+

anti body. AsdepahdlengaO6Gxylamsesatal yze t he fo
5Rhydroxylysine in rmamomdlgigemeo @l Lt-adir @xeggenase
(PLODs) were concl usdatedlyy azidreghnte 1f 2 yele galsa tt theea n-
al |l PhOBPei soeind g mestsed atroeqluea red andcempfFecee

i nhiidn tof Hy.l formati on

\A



I n the second pamtarofayend sCRIh&®BRIisKIionz ecghnairnage tied
genotpyhpeenot ype relationships I ho t woc dviegrh porreo
unkwm genes deter mini ngheCHkHs® e prooanfpu altSigvd ttiyon al |
chosteaar get geneshiignth tpwoold@iht&sr expressing two d
anti body for matmmi ki ragn pSetdauktyt gi ,odne pwaest iroenveal ed
drsa i cally increased product exppession prody
Mydepl et edde ncoenlsitsr at ed retarded prolstlkestaamtoinal
hi gher product qTetfevantnbempbt ogeadgasmby or eact or

To prove reliability, the effacitaes of muMytci pdleep
clones, each exhred £9 iombgnma rbdoadsyt ifnocrtmat . Our fir
mutually exclusive relatioaoshop peéeweeynp@s oan
targeted cell engineering approach to i mpact

I n the third péret unfdetrilhiys ntghdsaicg,ors contri bui
CHO <cell s ar e chagraotme rci zbeadr cosdiesg f or Il i neac
barcoding of CHO biofactories provided novel
cell line selection on -pooépéeprpdeht momabtkednahi
after singledcevéntchanli ypgicrkmmogyv eod haintt i body pr
monitoring of <cellular | ineages during the ce¢e
cl onal cel | l i nes efvremmm dreenoinsd ir ait e¢duwala Tli gni f
regdi ng prroedluecvtainoth and phenotypic parameters
di stienvcetntTsl. This i mplies that t he oebxsiesrtviendg cces
intrinsic factors and that theemajpordiutry ngf t b
process, especially during single cell cl oni
screening workflows and reduced the screening
Overall, these results revirsiintg aonpdt i womdatien GH

i sogenic targeted integration cell Iine devel

Vil



1 Gener al i ntroducti on

1Genemdalr oiducti on

1.1Drug devel opment of recombinant anti bodi
1.1.1 Recombinant antibodies as therapeutic a
Recombinant therapeutic @&rtuil eediwes cdr ani dne £i an
extend common functions of antibBbPadsrersr fotunal .
(FigareThese proteins recogni e amd atndrn getn,s g e
bound or secrenegulnoilregcuillesconstant affinity
(Hafeez etThe.fe9ilB)Il ity to use cells as ex
t herapeutic proteins has first been demonstr.
(l'takura etThis,eb8@anYyeray | erl duylgapeoms dtca olriice s
wiht t he fapprntowvwedA t herapeutic protein (Humulin
1982 prodEkEsethewi thiAa o0bDl now, recombinant ther

indi spensable treatment options f omabireadtierdd

conditions, neutropenia, and diabetes. Notabl
essenti al medi cines contains insulin, vacci n:¢
monocl onal antibodi es, interfehoaseanat!| cpaogudl
cellul ar expreWHBO,on2GYBtemsrendr cevanttihpueos e tt
7800 recombinant therapeutic molecules in cli
clinical pha¥wah 3&sWadskBke2® 22 pi o use qdug onteed l ts

cellul ar exprwehsiscihoimnldlysswt eimasl sédmbegpebembi nant
t herapeutic proteins, monocl onal antibodies
treatment modaldityétiwmeetvaalsoiun @A0I2PE mAbs as a
the field hamsowshedntceer ocdrienaetrei dct ibb plm)y macs ext en
the therapeuthiye. gaugeal & pyattieco na,c tciyvtiotly, and me
tar gdRiigndgr e Ut i | i zi ng recombinant e xprresstsriiomt iso
faced by previoubyaosar if nge aia.mudllldadit drsp ;o ndsc
anti boadndeseg ¥thegmd si bl-efambdabstantially. This i

over 60 bispecific formats, which vary in bin
of ankdiimgaeinng sites, plhiafrenacakd née ni & o mail dcnass.e s
(Spiess et Af. pf2@060d%) mammali an expression sy

frequently wused expression system for recomb
need of-l hkmag!| ycWalydmat& owal sh, 2022)



1 Gener al i ntroducti on

1 + 1 fragment-based 1 + 2 fragment-based 2 + 2 fragment-based
#1 #7 #9
TandemV s Tandem scFvs DART TandemV s Tandem
\ % % diabodies
#4 #5 #6 #8
Diabody Flab), scFv-Fab (scFv),-Fab
NN W pa\
scDb
1 + 1 asymmetric 1 + 2 asymmetric
#10 #11 #12 #21
Rat-mouse Hetero H, Hetero H, IgG-(scFv),
hybrid IgG cL IgG HL exchange and/or
assembly IgG X /
2 + 2 symmetric
#13 #14 #15 #24
Hetero H, cHIgG Hetero H, #22 #23 Tetravalent
forced HL IgG CrossMab \T‘Sb% ﬁ% DART-Fc
#16 #17 #17b #25 #26 #27
scFv-Fab IgG DART-Fc LP-DART (schv),- CODV-lg Two-in-one
#18 #19 #28 #29 #30
CODV-Fab-TL HLE-BIiTE mAb2 ), CrossMab Tandem

'Y YYY

FigurSesy st ematic overview of bispecific antibody fc
Formats are divi-lWaeded n(éa cfiEicanggmema i n ),, aansdy mngimme ftc

Febearing mol ecul es. Mol ecul es of al | formats i n
influence pharmacokinetics/ dynamics,-medi amaendu f eafcft el
functi enishre, lcahlafi Repaiirnitre@bfrjom et al . (2019)



1 Geheidiatroducti on

The main host omgamiasims pfron enemc pr(Bdobérophaaec
yeaSacthar omycegsPiccenrieav )psaisamodr insa mmal i an cel | s (
and NSO(C.eld.s Huang) .etMaarmnaelliladshl 2f) er utshkeed maj or
approved recombinant en ot ecianpsa,b i b @ ¢  u dteo N-epfr otdh
gl ycosyPratieom glycosylation substant-l aféey &ant
antigenicity of (thhgeriagpe&tBrcowne,t e2 1, EIlli ot
20227 cor diomgllwgosqyl ated therapeutic proteins
and yeast expr @s®ei otnh es yosvteernasl | | ower costs i
expsrsei on syBdmansn & Vai.Theav mp2d200@@ance of gl yc
critical gual ity attribute I S highlighted b
Admini sCtFRA,; o201 2and 2t0H& bEur opean (MEMEA, n2G1l Aa
2014b)

The choice of the most appropriate expressi ol
protein to be expr@dsseydi.atlend ctahseer apfeumn ol pr ot
yeast expression systems are preferred as the
cel | growth and return high protein yields. H

compartmentaliem@azymat iamdcdrhpponent s necelsiskaer y

gl ycosyiGaaden i et al ., 201 2; Gralmanapé&utir e mg
expressed in bacterial expressionl|lsgsoamsbodfi
because of l ow intracellul ar solubility and
Ssystems. Il n contrast, yeast cell4$i&@hWNdasptay

strudqtGhraedder.i, &t0 1l®Rd)wever  -mdrhreo shyylgpdtnedanNs ar e h
i mmunogenic for humanshia¥mmd syl tanidn r d@ectendy r eofsfsi
200.4)



1 Gener al i ntroducti on

l1.2Eu&r yoti c hosts used fprroduwcoctoimbn nant anti bo
Recombiamnatnitlpadyduct i on amemgbli assps whi t h are comp
expr eslsarmge and compl ex recombi #dAarkte Rridviee.i n
glycosyl ati on, di sulofsipther hbbadi drmr mat i @hmhod pbl

specsdlieccti on of an appropedisd smamanmhmga ldird v emo st

concerns, as recombinant protbesnsgpagenbbkydur
application. eUnctelll utloadra yc o mphorneent s ar e common
factors if they were found to be c-pwnitrams aan
(potentially) oncogenic cellular DNA, and tra

approprmmédlei anmm host thus requires a balanced r
bi ol ogi cal product . For production of recomt
ma mmal i ainc lcaeslslisf i ed by t hei fh agvreo witehe nc huasready tuenrti
primaryexpélaing ed from,inor ndil piMmbitsds uteesshl s e amou
di vi sanodnsi i i) cont Pnmaauaeg| Iceerd mhrpemonkey ki dn
production of attenuat ewlerlei vfei rpsafl 0 @ w ¢ceoprisreedv @ i
produofi orcombi ndmti spmwatseibmssed on the early
deri vedé ofrmtarhs sbueeasr t he | owestanr i(sak itrhatertmaneg
oncogenic (plotéepmadlot 3868) ng t he f i rpsrto ddueccta doen
several human pathogenic viruses, in conrte ast
identified as a cl eatri s9wB&s i vna @qgii nmmaelyc acretl d mi m;
SV40( Swe et & HDODBDeEmMamati tis B Vviruse(sGeirret gl a&s
Aronson, 44882)ransmission of( Baaebri eest .baylGrcad inge8a

acceptance of diploid cells was therefore ach
greater assufapeematewvialbs being independent
certified csel Imosreee de csotnoocnki ¢ c el | producti on, i

i n chemical | y( Wdaecfciimeeds hmeildBiéaB L 87 0e, was known ab

for human cancer, emphasips waa smajl carc &uwlo ri atree Ir Ki donyny
and diploid cells were adceptldd ask Arqpuogvaesdse nt th
stabMeor head et A .(humamM)f et al l ung cel |l s) r
mammal i an expression system and characteriz

chromosoma( Swamt &r Rar ker , 1957)

Whil e production of recombinant proteins in d
| ow demand marmaduwlacttsprhiamgnaoéut,ji cat td reasgpse ti mé |
i nternhwvascomnomi cal liyn ufnrve albllye col | eexcd edd chiutmaaon 4



1 Gener al i ntroducti on

di ploid fiprebtedt aceloll €®cul e which was c¢chemi ¢
from human (IWHtOer f1eQrPoBnpduct i on 1 n | yrmNamal avat) o
however, was proven to be a reliabllkumahmdkeco!
inter(fzeaomm et .Hamal W®78¢1 1l s origi mategdgatremt a
it ransfoarnndedcont ai nedBarhe vEpsseigrenome integr afl
DNA. This bares the risk of transmitting whol

interferomBapeddwnt san advancedg$fughés cat,i an . p

potential i oopntwainmimatvirus and cellul ar DNA
chromatography, l ow pH of t he (eBeualtee,, Tatn@9 jTiCrA
interferon fproeaduoct-Ba&amprsteinus and cellul ar DN
undetectable after purification. The FDA the

mat erial gener atse,d by tNhemadrd@POsstferliticci ani .& She

Continuous, cicdehcdii newdsne subsedwentft | ytbekibaal s e
of napeiid growth hnghuppeneiongxpamessiecns Isevelins

requireméAhter numerous conferences in the US
emer g e dc o nrcolnuostti toen sWHIQ yStGr oup on Bi ¢ Woi®i, c 4198 7))
Whil e transforming proteins and cellul ar DNA
di smi ssed as an area of concern, ma j oCe |l fl wd oy

DNA can contain up tdrov0 ¥ %I o(fsBeagnvesrrgiresstt ee.de tr ea
Transmi ssi bl e rceotnrsoevci nteisveesidybtae et ed, abl obreaitto royn
conditions witchul & k v eMascoancea o €aorccetldssdi b gt er ol ogou
indicat 0 Gearedd s J. Todar oNetabdly.,,, iln978) mor e

transmissible retroviruses could not be isola
hi gher apésumaocor malomor t@uUGorJti §ecdierso lent mdr.i,r
and avian Ssystems transmissible Virus tran
c

ombinatori al event s. However, trednys froarrnea twiotnl

—+

han one in ondg Rapmpdr&ed omdi®lTIBigo nreitsrke wirfit @almi nant

in biological products therefore | acks evider
i mportantly evidence t hat i nfectious nucl ei
i mmortal ieedtitaed |gldli maulyt cres. As a maj or con
group, the host cells for production may si mp
as | ondheasnanufacturing process can eliminate
acceptable |l evel s.



1 Gener al i ntroducti on

Morentinuous <cel |l l ines were gradual IChiaesept
Hamster OVG@cegl I(s being used for the first r
(recombinant ti ssue sAcptliaviansi enEFip® 8 bd ott ihveadadpye ut i

production, murine myel omaanadeldHO icneel sl s( NWSR0Or ea |
chosen.
CHCcell s showed sever al maj or advantages in c

suspension growtrhreewicthhemseantumy |l dédf idaedtimedi.a
compatibility with gene amplification systems
reduct aseme(dDHgE&gda hi | | eotr all .u,t almd & F) snyendti haet teads ¢
gene ampl(iNuncbaetrigopnet al i }l ik®#&&aas| ati onal mo («
(PTMs) , with bi oacpatvieblaen dg | hyucnossnyil eapt mioing hp att a lee
changes in process parameters, such aq LmH, edx
al .13)2@w)d species barrier protection for many
many viral entry genes as comp(aBeerdt itrog odtheal .m
Most i mportantly, CHO cells are predekeedomplt
bi oacti veéri uadMeSpeci fi cadelryi,ve@HOyr oteins ar e

gl ycosyl ation patterns cl| osehumam mietlklisogq | ma tme
devi atosderst ®Rell | ines (CHO, N3Oy,caannsd nSpt2 /ed)p r
humansigael.acllo.gl acftOosé¢) agndcol yl neuramiunic 3
Humamre genetically deficienldgaidbm -gNi yocsaymst hels ii
consequently can | ead GabiiimmN@BA4pspoeypnehesi

CMAH gene, which 1is irreversibly muthautmeadn i n
mammal i ah&rckeil ,|.B2C@U)se of these potentihalmainmmu
cel | |l ines are typically screened to(GHaederfy
et al .Whi2l0a ONSO and Sp2/d0 wda glhl & her e ed d wil mpe ma
antibodi es, as they or ipgriondautcei nfgr otnu momnsu n oagnltoi b
in these cell l ines have a gr &4dtl8rn kteedn dgean cayc ttoc
NGNA esi dKes N. Baker.Det vah. by20b0%) overall e f
productHOomceil ¢ scurrentthodemi hant B9 % of mADb pr
107 mAb pwiotdhucmode st interest i n (dMav eslho p& nVga | 8
20 2)2)



1 Gener al i ntroducti on

Tt L St I U e R o RO e =]
Yeast Insect Plant
O Mannose @ — e -
B GicNAc
© Galactose

[
I
& sialic acid (NGNA) :
< Sialic acid (NANA) |

oz
podds:

A Fucose F{gn;lsc';?r Mouse
W Xylose N ——— N e e e g s
Animal Human

Fig®rNd i nked glycosylation patterns vary across d

expressed from yeast, i nsencts,ynarhepli &ntngc elolmp | &rxe
such as galactose and terminal sialic acid (-upper
mannose type oligosaccharides. I n contrast, mur in

humdn ke wllaytcioosn patter-ast emmharcyh, acroenthiin fucose
additionally terminal SeoaMic KHaech det Relpri @2@d9fr om



1 Gener al i ntroducti on

1.3TThe CHO expression platform for stabl e recc

Hi storically, different CHO sub I ineages were
whi ch was i s mleastee Hafmrsdme r ClofvPaurcike se ti.na 11n9j5t61L @5 8 )y ,
cells were fundament al for research in mol ec
chr omosomes whi ch enabl ed convenient studi e
rearrangements wit 8&i cgielniea nfou nectt i @Ilns, 1985, Th
However, CHO <cell s guickly gairneesdi | p@phwlpardi t
adapt atnowviut bares with f aRsetc ognebnienraantti opnr otti emenss
by trmmo n approaches: transient gene expressio
solely delivered into the host cell, and stab
DNA into the host cel | genome. Transientr gen:

smaddal e and rapid pcliduicetalondeweli agmemte of r €
(Pham et .alSt,ab2l0e06t)ransfection is-sthkemptbddc
of recombinant antibodies with dgmrsainstferctt egr «
i neviltoashel w he pltaesrmisde vilkNAailaGieiei £ el | s, under goi I
undiremcotadenesiearly reseasohatieomabbé&ddt metsi o
facilitatifmg tchhaivienuieeat J tPailxlke &t rKaaBog f BlgQ Gs7o)@ b
transfwacst ianhi ewad husiuxgtr ophircandelm {dreidniegmse @a r
integsatsedirecti on sgmtieyndi hydr of enheadtiea(tbeld@ R t a
met hotr exaltaesedMTaXnd t he gl umadi atc6dmmghhhenase
sul f oxi mibnaes e(dMSX)l ect i two s@HOems | | l i nes have
for DoHaFsRe sel ecti on: DUXB11 and DG44, which or
CHO oriK1(@WHOaub & ChatThese 1068I0)s are engi nee]
di hydrofol ate r aductgaus  ea etxiowiethyouan nucl eot i de
By combining the recombinant gene of interest
integration of the plasmid DNA survive in the

resul t 9lien amel isa mpl e stable gene expression,

MTX (a competitive DHFR inhibitor). l ncreasin
media results in selection of cells withlmult
correlates with increased transge(leaicoety. aalu.mb
The ability, teelteainsfampl i fy and stably expr

proteins using the DHFR sysstceam ewgs (ofdauycd p aoknn &€ &
2070)



1 Gener al i ntroducti on

Stably transfected cell popgwlnatiisdnsngr emaicth | He
vari ous Il ntegration sites and copy numbers (
productivity. To ensure high prodaetticiolt pynamerse
cl ones) are isolated to receive a more unifo
expanded and subsequ-dowhy mbdetedybshemsamemic!
producti oRahdomlintegration reduttsvihysvasti a
copy number and placement effects, requiring
alternatspee] fsctentegrationdefiéaeet iraows gthaeo

hi gh and dgteabn e xlpareghaiso r méeCgealadsf or d et al ., 2
et al ... He2@12)r ecmenbii mtass®e cassette seyxsctheamsge( ( |
Cre/l oxP, FIl p/lerBDjtaPhetC8d) i ntegration of tr
recdmarseecogni ti on sequemeeisf iwsi ngc ognibtienases.
systems, consisting of the Cre recombinase an
to achiepvedbcghg cispres fbhby @lntaogreatti @ln. , 2015
200A) ternamndorel gnheecdaisaet ed t argeted integration
used fopeciftiec ,i retiagrnagteiromucl|l eaaetivYaontesefifpt
nucl ease, adn d r ecgluul satrelrye i nt er spaced short p a
/| CRI BB oci ated gmuotdeidn nREAensklAsaZOnpy omi se
bemeen -sspietcei fi c i ntegration, DaNPAd trraamssqns si@mt eags
Sl eeping Beauty, Tol 2, Mos 1, and PiggyBac h
transgenes into specitKc Haetgnaglns, 0201 h,e Wwe netm
Fobipa odu,cteilds have i niitni ablatyc hb eceunl-4gidveawis otno oavl

synthesis and product sepreduons dftcuelull alt amonr
acid and ,dmmobei atprni eoft snhu( mostly gl ucbaegasdof
and osmoHeri tilcyellli ngirtowt h aThdu sp,Fr owhetct 1 i pyod:i
has substantiwiltlhy a mgphriofvte df r cunc t It antvcalr d lme tf eeldp r
cul tur efseewbthhly concentratked Aut Xiteent& OWa nngot el 9

proliferating cells tend to ingest(eBeraudrn
et al., 2008; HeiNdemietntalover2@@@) ng conseque
efficient energy metabolism | e@deinmgehtd ratl h.i, g ReT:
Mo st successftiler enfacaneteagiinesa bal anced | ow targ
maj or carbon substrates to |imit gxBuddsirye 280

Fed btaypmgihcal |y fporldloiw earnaftoihd b wpehblarsree st ed e lgl.
byusi ngecaedse in cul t(Froex tedampelo.a,topz@0mi)ze vol
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oductivity. Substanti al work has been a@a.om.e
dia opti(@drpaemenyer ,etanal .a,da2phledd) f(eReediinnhga rstt r
, . 2B &5)c heemivciarlo nomemitnead wi th controlled pl

rameters such as temperat utroeg,e tphH,r pf@2r,m atnhde

ocess. Manufacturer i nvest extensive resou
di vi dual loyy peercfho(died dM.fl Wug mFe ® O®at)ch cul ti ve
e dominantl| yooioaseen dpureodwctbhiatch traceabil it
d high vol(unodtlroicck teitt earls., 2013)

st recently the constantlbyatchampgiomgegssesi r al

—

ridgduwmyl at i on oepfr onteu catbso laincd btyhe t arget prot
perfusi om thr coensdsaxnt .Metadbl gxchhhgechangir
fluences product quality attributes baPtTcMs)
oce@Fsgs8Bhdel Pacis et al ., 2011;Thw fd.navlanmr cedu
tch processes is consequently the aversasge
e proceésns ctoinme .ast, per f ussitoena dp/reasctdast seensne a lt |
c h a nmea dciga , extracellul ar mat e rib ladoemdi amhodr ee X C «
nstant productvaguason yetatdlri bu2@s4(FiW.ere@. Ya
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1.4Scade®wn modelt s ymitmiiscs allaer gbei or eact or s

Smal | scale modmelatsgs,t esnskakKe f |l asksagi metne hmit mi
| arsgceai edustri al bi oreactors to acchicragtedryy titi
i ndustri@Mansachaalne et . Gdl.l,ul 2019physi ol ogy stroc
vironmental conditions wdltdch amd sgeugauleintcye si ff ot
nnot be mMbanhabBeéSdail,mdzpendent wharchmatrer st
ross inncdluede ,g.t @eHper aturgged|] ssebdedgosensit
nt,rscsatt ependent parameters such as agitatio

eci al sc a&lsi hIgi cskirmgecEgxX p2049)on host and cul
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mpl exnisél ptirequiring extensive multifactor.i
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estingdeyosnems ate monitori-ngdaemencemt rpadr ame
aboradalry stirred STaBi,# 00i b)) east athe ( unhlotiicveat i
Doi g et.SalB. de2nmon&s)t r at e a definednahyiti cmame op
ecaus édlemf ge vuotliuumezsed STB are geometrically id

essel s, al l output i nfouphXt ingn eits addpwleiz@DIPI) d

umber of experi melmés| aBomreisntremcsiede byettup wh

w o < T /

terilizati on, cali bration, and inocul ation i

For hi gh thkpeugmeendmseci ally during ceulrtliyv asttiac
mi crotiterErplleantnsehyackra d f | atsekrss ias eeldye x che 4 piwt ea mo u n
of parametiear tdherster aillnconEirgpei(eBdchrygsBed 13yst em

use orbital shaking for mixing, rely on surfa
very |l imited oxygen Baencda upsHe coofn ttrhoelierd pstrgidoapntist. n t |
options t hey still remai n val uabl e screenin

devel opDwmeinvten by the need for high throughpu
systems, mi ni-sactaulrei zbeido rsereacltlor s ar e nelwl dbidhmn e ar
bi oprdeeptmefBareither. et al ., 2013)
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rMenverse relationship between experimental
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nt t htehyr ooufgfhepru thei aguha@ r s stta nrkr ebdi oReeparcit rotrBdi §f r om
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(2006)
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12CHCQ e | | | i ne fdcerv erl @pamemitnant anti bodi es

Devel opment of stable recombinant CHO <cel |l

| arsgceal e t her apwiutth cc om o itted ats¢ h b@Blkihnt & Lee, z
Hi storkxpaésygjodg pvascmoda ONA)ng t he geneaeandf ai nt
selectiomerieanksef e€CHOdBitNnwa@!| Feandom .i nTtoe gerna tiicdn
stochastic ranawenmtisnt egelalts oare <cultivated i1
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ma r r, theredbeg dbl [toowisrug vtihceel | Isn wé d mtoua stst ab|
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l'y dilute the expression vectors with sul
| oss ofSimpaeminionDNAONal antibodies ( h
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-

pr
f

> O

ment al probl ems of random integration r

—+

ration site, |l oss of copy number ,J.arbd
t al Mh 20t9rpasimgtlt gr cdimpd rdbiocdy ef gr maf s ci .
n priogAb hsghndol umet r iad dg rt doddhdadaté ihwietdi oy @

| ati onal bottlenecks such as i mproper si

u
n
Le
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incorrect chéKanegsebiaetonl ., 2019; Klein et
I n contrast to cell popul ati oansp acihfiiewv eidnthggrnm
preal i dat edhogte nopmatsubshawti all y r eedcutcse apnlida coeem
number vdni atSi.onL®e e.Heotweavle.r,, 2CHIOS5 )c e Iglesn eroeunsa ianf tl
stable integration due to i nher(ebah ogdewnaolmai cé& al
2019; Lewis. eToamiti g@tl8)cel | l ine heterogene
are genasatcéeadnal |l i neages are generally cons
consistent prod®Wel ghalki Ay, denobi2l@d®) t he hi gh
productivity from clonal <cell | empsrestwnpkgpeadl
(Borth et.Thus, 26o6emnt cell l' ine HevelRradpoentt heg
obesrved wvariabil ity asncdr etethed nggmoou n tg eonfe tdbaldi athde t

drivahbhiemgailneer i(ngyr ierfafnogans. et al ., 2020)
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Fi gwr®&@chematic compamids omipterea nfdiocm cae |l |

Random integration methods relies on transgene

i nhibitors to boost copy numberRe saund i aagn scel gouneanlt |w
hi gh dupy tmunmnboer variations and pl axeeneinfti cefif retce
met hods rely on either b) nucl-mradiextacads-d kK HHORN Ppea
whi ch consequently resul ts i n | ess .pAlelnbmgpi c
subsequently undergo c¢clone screening, process
clones generated via random integrati©bD, egeal I el
devel opment , GOl , gene of i nitreet @ 6 0 guil MPahXO;x | mEShBe, Ot r
doubl e st rRemdi i mtedk hnramd Lee (2020)
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121Transgene subwniCLDdosage

Recombi nant cel l |l i nes generated by random i
substanti al whetthe rroeggeaprede ptyago@ e, c ed s wt ht,r aamnsdg e n e
expremrssiabiGidecke et 8yntheORd)gene expressior
the endogenous chromatin structure at t he [
consequences for the erdege monuws trhesi gthrbeos @ giegn ¢
pl aceampdt copy ehbosmmércombi naheonniwwithsi/gegenomi
plasticity orfestuhlet scemaskablsel phNotooalylpy,c wveacoml

cel | l i nes concurersegn t8 iys tnienecdt tpoo leyxppe pt i des i n
bsAbsin contrast to only 2 different poAlypept
mol ec(udleein et. aCons e2qule2n)t | vy, cel lheltiemeoddme e
bi specific antibodies is complicated by the n

of-43di stinct polypeptide chain to obtain acce
Tthecabled chain a(sZs.ocLies@0&pdn ails.s,ue

To come up with a commer ci addlyl alcicree tscadrvast! eayi rea
are foll bweéedr oiup hipivagf tsecrr ereannidnogm i nt edroati idemt o f
rare phenotypic vari amdppuloathidois pecetegenebeg
expression ca<slsaerntacetsern inzeod pgenomi ¢ hot sesot s.
with two diffsesheavypHh®@padgpmihdé cGri andom i nteg

in combination with high throughpu$t ,skires nfi mc

murind grededl s reveal t hat HCs form hem&®i maens
initiation of LC expression allow compd@ti on
(Lei teztgeanl .., Wh9d97%) free LC dimers can compete

genersaddport s antbgodni nf miding accumul ati on

reducing (ERersttaleststi et eal aJ] .2000@99Y. SK.hHlaaydh e 1
productivity cell Ilines therefore frequently

product in the G&elblsequbtitmg,t maaciha.omprogeamph)yA
(i sol atSeada pfhrydaomcagesbows negligible binding to
t heoreef reliably produce material wi(tSth uXx9 %% egu |
200This results in a broad sgpeencet rduwom aogfe sp ons stihb

variations and placement wa fhfhegcht 9 rwhdiuch iarid yc a
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wonav. 1
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Y X Y YN

12.5%

K ¥ ¥
YO vy

25%
Fi gbr eSchematic illustrat-naod bktajodl mepbzatbbe h
| i gahntd h-ehaiyn domai ns fhoirs pheachiefribcddmesj cb) combi nat
random chain association if chains have no prefer
fully functional antibody revedrimedhinchai B%askoc
enforcing heavy chain heterodimerization | eading
cas®eprintkdefmoemt al. (2012)

I n stark cont reanbtl,y rodn dhoemt easosdi meri c bispecif
combinations, with only 2 (12.5%)Firgegareasdantbi)n
(Brinkmann & KonAletratainnmg QMDdiegsaasseaembl in eith
functional or monospecific mo | e c ud cetss , wistuhc hp
i mmunogenicity, anaphyl axi s (0o¥. nFeutLriaBlei@z0adt9 & n
Bardor, Z@G12)is of particular concern for T cC¢
for maoafhymer ac8bivedhGibgodi mess!| t i-m@r gent oW fcel l 3
throuvgél IT receptofH.diheriLeat.eMturchl proBg0&8y ha
achieved in enhancing heavy and | ight chain

respective structural interface beikkwedast Haec
is i ntroduced in one chaiani pashii ev eedhSd YCAHSBp edc
T36§Wwher easihtolbleeC oit heequi pped with an appropr
the mutvM3i4o9®@,s: T366S, ,LF36g88c)d Rid4ddogiway et dhi s

ik no-be-holdapproach mmo¢i giamesi hati on effectively
are expressed WiKikRieoqeaS$Siamhiely@d2l9yl,2 )l i ght <chain
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i's suplpyrkFel domavienr cirmtsrsoducedbi speaief ac maofi
so cdatlrl edsoMaplpr o(axchhaef er et Eat heNR2ObE) VBlle CHL1
domains are exchanged bet ween hstarvoyn ga nr € fi egrhet

hetero dimerwiztahout specific connectors or mu

sigpge oducts are substantially reduced, a titra
di fferent | ight ch@tease freemeaitnsalnegc Dsldr)y

For opti mal expressi on tofr ehreati enrso diinneevriitca b seA bts
t he rel ative l evel at whi ch eachhicshamol tiisg e

cexpression at di fferent snttoesxpte c bometr yands c
substantially depentrags®@amc ¢ \nhectrers ped€Piagre!| f ead
al ., .@i0R@dé¢ci fic i nt edgrfatnieadn giemtea ixr eho-t|l dpadt s
heterogeneity by generiates.o0g,et) ®gestSidealkley euniafl o
This singl-epeccoipfyi csiitnet egrati on enables iterat
vector designrs owhiicnhh zean im a un{(Bealm @tnamic¢
Nehl sen et . Tahle. , e n2eOr0Og9e)n c e of rgergo nteooéd rsgimaese |
wi esepr eaed os peéetcief i ¢ i nt elgomdlidogryece @@BP®)ugi ng

programmabl e nucleases, such as clustered regi
(CRI SPR) /-a sGRIcSRAR ed pr,oatned nr e9c ofmBaln@)ses cass
exchange (RMCE) ,(eu®BxbilzinbghGaO83dli @addni ne r ecombi
e. €re/l oxP,.I| BRI plshpRelcsiiftiec i ntegration was most
and paved the way for rational and Coamtfroocldl ah
2013;etNoavl .., RMCE7 Yy equi r es htoleee Ige nearneetsil am ddfagn
paacharboring recombe®dmetcitednl sliitneess. are typical.l
senirandamdi nghtpeagdd at i on f ol |eompeidrsibaya lsamnbds @ puwceurst
charact grCiraafioord et al ., 20Epilkicahangeeat idl
spots with intrinsic stability and enhanced t
i n CHO, caes$l 4 he underl ying mol ecul ar medc hani
(Gaidukov et Tahli.s, 120 1f8uyr t her exemplified by t

ROSA260 GRI Hloci i ntegration thiasedi mnhumamusampd or
(Cheng et al ., 2016; .Zawtbirloewi icrzt eedRrO&tAid @nc @ S 70
supported robust e x pGrRd Hsln toeng wans i GoHoIOmpcaerla bsl,e t o
| ocGai dukov et al ., 2I0m@Bgr tZhratpleye,t fsaict. g n2 e gy8 pt
reduced copy number s, usual |y (rllsttamuwrtee de tt oa ll
as camed to random integration, with up to
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(Kaufman & ShHawpyefd982¢l 1l s with optimemedt s Xxp

and genomi c positions have been shown to ma

i ntegration claondsmi tseudg goeesnteifng of i ntegrating
Lee et al ., 2012;4;S.NgM.etNahWrit | 22012t he 29d®Bgr at i o
l ines -iat émadbiovtehledme t ead knowl edge about favor

the necessary clone screening process,setdhd olro
repruced bgenerationpoétdmaenyghCahved immtesal ., 202

| n condter asgv-dpeci fic intdHdRatigogerwadrl ddwecst i on
doubsltea and break (DSB)(Congnaentmadl an 2@18s J. $
| nt roducsiviign DCSRBI SPR/ CasBPDRhas temergeed Has t he ¢
met hodol ogy fempede fn@evo ngdietge atTihen CiRn SCPRO Cas (9l
enablaes | £ introduction of DSBs as compared t

f acl ioke effector nucl eases whi ch require e Xt

val i d@aDawdina & Char.plewervHrRef 20 t 4ipmhceyr einst i g | i
CHO cwilttls simultaneous high ratese D6 hmepthoaact
homol ogo-pei reing ( NHEBlosphahwayet al ., 2319; C

Vasquez et.Nalt ajglteeO@lt)s to overcome | ow HDR r af
enri chment -edfi t eelnJcmedSl.s Lee, erha dail f.y,i n2g0 16Ul t ur e
around traGebeeti gan dowmRQAEIMpl| ate MOdi Bakeri en
20177 . P. Zhangv)etamd . ¢ hemilc/al i nhibition/pro

respecWhvebeympadiefi ¢conntbggrpatogr ammabl e nucl eac

been used for integration of transgenes,- the
target integration in combination with Plhoawm i n
et al ., 2017)
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122Expression vector design in CLD

Mammal i an cells can adjust gene expression | e
i) transcription (conversion of i nformation

t ramisgti on ( MRNA abundance and stability), i
MRNA to amino acid palrvmesdaiand (pvdpt eiost st a
optimize abundance of correctly assemblefd het
each | evel of gene expression require thorou
required to express multiple transgenes at pr
high productivi({Brawd &r 0 wmbBAcaoR &@dit)gl vy, synth
vectors that harbor mualrtei prleeq ugierneedt,i cw hciocnip odnrei nv
of transgene expression at (oBpatrinneasl ,e td easli.g,n e2dO (
al ., .2@B14pbl e expression |l evels areyrequexpdnt
cel Imasftoerbdank generation, seed train cultures

which typically requfF.esMovWur b 0& gWlnreamsa ta2nth A |
of produstithiany 70eo®f the initial expression)
the product by impairi Bapneduet #®§hel|l d2afd)qn
poi nt to expression i1enmal ceguratiors, tasanshe
expression. Transcriptional I evels are relati:)
range of expression control. Transcription coc
promotor s, unetrrmainnsaltaotresd, r egi ons ( UWTBRs)wn o Jcaomdk
2016 ; Ferreira et al .., ROdAdMBot cQuaen gitneaelr.i,n g2 O
common and effective method, dueon®i stheentr tkre
transc(OpCabhaghan . etTwal dji s20&0® structur al

engineered: the proxi mal promoter cont aii.néd ng

binding gietgaulfad ory transcription factors whi
and the core promoter with bindingi.deihtee-sprfeor
initiati dreadmpldex) al ., 2012)

Given that specificdlogryr poage neemtellietaind ppruomaot
applicable yet, naturally occurring promotors
synthetic gene expression cassettesas Naituhal
endogenous or of viral origin. | n t he cont
promoter/ enhancer el ement s based on human C

(hCNMWE1) and simian virus 40 (SVv40) are util

resou

rces towards the transgene arRi gsélfeeXdtai on
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et al .., Th0e®sGe) vir al seqguences accept several
factowdshave evolved to recruit host cell tran
concise recogniSttiimrs kel e&md nstosmur a, 2008 ;NoX.abY.y

the strongest promet br $i nes ma mefradodaf cakviincga | & oH0ifc
1986 ; Ho & Yang, 2014;. XWhiYl.d BlliGWhetwwsalgenet2 @l
transcription achievleaengviht hsiomd,y it6lbed edxpp ri etst ski

phase and can be epigenetically silenced by
di nucl € Btrii @jdhd we | | et al , 19975n Osdretrd &aditn,er h e
eukaryotic smurcdmoasr €hi nese hamsteral pE&td)gad i o
promoter, potentially preserve high transcrip

to their endo(gbleeneorus& nAaltluireenpug6@04éndogenous p
comparably |l argeU(ia miarsiemwnm sCEzFel of 8.3 kbp)
expression cassettes is |imited.
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Whil e viral promotors demonstrate stredgmg kand
regul atory |l evers to fine tune expression ra
transcri pttiwemal ati 4 e transgenes in a targeted
suggested programmed transgene dosage 1increa
transcript(Fogad)e@atveir tgt al ., 2020; Z. Lee et
|l ncrement al elevated copy numbers frequently
the additi onadwibtehn eifnictr epa saet(delatcua myr aumbenl ., 2C
al ., 2024; Sergeelwgpietaldly. t h2020mount of HC ¢t
thus increased HC copy numbers réSahtatmerhig
200.5)However, LC excess as compared to HC r em

(O"Call aghan db sauppo2®@ldOncreased transgene g
typically placed in close prox, npltayswwemdt & r mu latr

Il i mited in cargo space.Muflrta pu andel xypcrdesdsotwt e2s5 |

proxicrint jpoe prone to deviations i npdlay mgemase e x
ri bosome competimedoat edctrassaeni pti onal I nt
compet(iBtaitee@maPhaul e, 1988; Conte et al ., 2Q0Q02; F
Transcriptional deci sions at i ndividual pr omao
especially when sharing i1identiCBrlewstaenrsceati pal
Rydenfelt efhealvast2mb4)rity of CMV promoter
transcription factdbDFeBr agdl €iR&ri ¥ helcomesrtquent | vy
availabl e free t { 8noaevni petti oall.ha caRdodtiSt)i o n, tr
interference i s mo st severe for exceptm onal
orientation, wher e both transcriptionTailanun& t

Andreadi.s,SRiODI9di ng of transcriptional uni ts |
terminati on or -tthrraorusggchr i @b $ @emv erdu ni n(F ihg ugihée r e
(Shewin et .alThus200t5h)e fir st position within
commonly shows the strongest expression, as d
inefficient transcription ter mibsaztiemhad. B atpsdl
Di srupfiomanscriptional interference may be
modi fying elgmswnti st dr s, matri X attachment r
chromatin opening elements) or alternatively |
cass¢eEszterhas et al ., 2002; Tian & Andreadi s

Apart from engineering host cel |l dependent e
stoichiometry can be achieved usingbkempiysteh
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synthetic promoters, and complex gene switch
transcri pfFiigniafeanf@dAb$l 2nder et al .-Zi 2,01201 ;i sY
FusseneggeiSynt2hOeltdi)c systems can, aidkeac.euel!l iomg h
transgene expression from the hovsitcecevlielwlstal an
of fering addridgd porad e toptgigenms resulting s n i N
(Bacchus et lh.¢coR©0N183t to constitutive promo
aligning expression | evels in response to int

and environmertMal ecomad iStuichhd@2xatures are highl
their widespread use is hampered by depgnden
tetracycline, C urmatceh, aweeniiln oo mpcaitd)bl w wi t h
regul ations or parnodc etshse ierc oinmofme rcisor expr essi on
constitutive (Werbalr p& oFwostseernseRjagtelrer 200wyt i t ut i
with varying potency usddowniastmaldluataironf astii
predictabl e mul (FiigefaPexpt essi&nelpeacli.f,i c2 0aln9d)
composition of i ndividual gemetprco molteemesntveh i
empl oyed to mediate expression éPapekdett abl ¢
Whil e such el ements frequently remain inferio
CW promoter, a |ibrary of synthetic promoters
orders of magni t(Ruidgedbi)enB r ®HVM ceetl. lashd d i t2i0d gl | vy,
choiode di verse TFREs and consequently depende
effectively minimizeRPapebmetSaaplpd @mei i Inigon he
expression vectorr amistchr iiprtd eomeand d eanntd tmRNA capp
been préo¢poesed et. alhese 0a@PWpProaches require su
achieve transcriptional shielding. Al ternat i)
transcription terminator via t@eimi matdorfyi magl e
such as igh ® b Wbled ian cotranscriptional cl eavac
hypersensitivi(Ughsidbaeed Bhsul 204aB; White et

Al beit to a much-tpfoesstser i pkt enal steps in prot
engineered by contr ol of MRNA | evels usi ng
(Ri boswitches) in tlhdAdushtndes!| &t €d Asesgéqgenr, ¢
al ., .20Mh4) e Ri boswitches are minute compared
regul ati on, there are uswually inferior in bas
However, i n case | ar ge, s edgugeelniceedst caarreg ou nsfi-ezaes iib
associated viral vectors, riboswitchgKetanarbe
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al ., .2®IiI4dil arl vy, altering tr amsUBR i owns toof mi mRAN
of femadilzed regul ation of (Eraaesbene eexpulmrissg 2
expressiontriayns roisgti onal and transl ational

expression as compar ed tthoant hbeo oVBTt ivnagr iiatn.t s r at

|l n sunmamasrtyri cbbebawkeancsetrong multigene express
and plasmid size fbps epéeffucredtfontegnbteoand
recombinant anti bodi eg HomnsG@GHO nbiedf Mealttoir-g e2rdel ¢
expression remai nsanidroH ercain tel ys pean tf @ xt. Pl as mi ¢
effectively influences the ex@miessetonalof, r2@Dbi
& Guo, . 2020)
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123Gener atnidoscreening of ipmo@Guber cell c¢clones
Cel | Il i ne devel opment starts wi t h I ntarnodd u ct
Ssubsequentprsed swntegemer at sfetcalelde pooas. Vari ol
met hods exi st, which can be broadly <classifi
met hodg.reansducti on, i) chemical met hods, b a

calcium phosphate,, ieig. palysc mmdéepeadd 2ethioahig ect i o

—
-

ansiently disrupt the cel Nomemhtabheansf @lclt o\

-

e usually preferred, as they have been appr
oteins nfoardmhmmatrati on. Foll owi ng sel ectic

nsidered to be a pooil.a.fhediesrtoil nocgto ucse Imi xltiur

< O T o
=

O € -5 O O c 99 9 O

ried g@emetic and phenot ype lclhudhamnr @ gheanep ef tys c s

rrsgceal e producti on, which mnel ipgsodorct staabl e b
ality attributes, CQA) (alur oests ara.fDwfvzadll 3erti Bay
1.2)Hi storicallphenbt gpels vieas i bggeenoeVtaitci anbat dc

N O

—+

gene dosage and placement effects which ar

t egrTat igoenn.er at e i sdoegreinviecd cclednlallliynes, cel l |
bcl andé he uanps i on t hat clones are phenotypi
mpared t o t h(eWeplacrhe n& aAlr Hipeang v €2r0,1 9¢c)el | ul ar phe)
iverse depedcitfei siitet egration of transgegesi or
el I (IKion eest al ., 2018;8;J.ThSar nael e ngta kole.e,0 az2Q@ ],
genome homogemneadykaspddtpgylei | ity anbethweegeael
pools and clones doegq Vret asi g@n.i faWl igIn &2]0ylh8ebg) & h €

mechani sms are stild]l i ncompletely understood,

(@] o O (7]

homogeneity is trahshebhypic dai@teiandn inher
cel(IBandyopadhyay2etl9,; Feicht Whgke atcamul aDa
variants appears to be a continuoug Kphocedgs a\
2020)cent studies revealed epigenetic regul ati
(Weinguny et al ., 20 2.0 ;DuwWeiinngg usnuyb celto nail n.g, e2alc2hl
and distinct DNA met hyl ation pattern, possi bl
and cellular phenotypes des(p\Wdien g threy r e.{C loankno,n
epigenetiomogédndées osg as the enviThinsneengi g ene

response may support cells in overcoming the
equip the cell scevliltil aarn nsiuliiteaub| Fupportive f
anti bpdha&sg et.Cdlonal2th®2nfogeneous cell l i ne he

unrealist(i(Barcmewx eptt &Rlat he2-f6k) weach| ¢cghsttiantees
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best «=d ftffoamartt | east -t edpaheannthlgypiec ogenei tgeadahd
l' ine with advantageous groBahnepredualti vi 2906

27



1 Gener al i ntroducti on

1.3Synt heti c bfioorl oigypiH@webdsr oducti on capabili
From a simpli fGHQ@ pieafsgpoetcariivees f or r eicoonrmbn enead |
to fulfild]l f ourhikghy preogduu oteineinityss:ppdi@ine®t ypedu ct
ovemany geneiriait) oe®nsi stent apwpadpuicdk cqgeulallultayr
accumulRuUundament al slievemopeenl ar bi ol ogy and
i ncr eaesnanhglbaye sophisticated ctedwa rednsg i knbeaesréiendgg €
contr ol of bi of actory nBEasnpue caigahlulhye gy cogodbladb b @ g n

increasinglyremphabtiofatceed | u-kapr eesicanong pr

enzymes in addition to recombiemamt ad ecf@dhlh®@ oprea
bi of ac(RiogBae)ysBorth et al ., 2005; Dreesen & Fus
2015HhEse i mprovements rely on per maneknoclkihagl

dowrendogegenss that negati vefleyatiompaoxcdn sptr otdutcit
expression of genes( Puistchh eproseitt i &tec hi nBrd&c&b ¢ en
options ar e effectirvechfadracggenestai csc,eUsuéh a
fucosyl t r(aYnasnfa@inea s le i et oal c,onz2@@4«pt esshiled of

cetylglucosami hyl tbanséserattileawvelvper2002e) Il ul ar
re most benef i cikail opdrudrdi ensgs pem idpitvas ndausasl ac c u mul
uring cell cultivatiomganpdr oiugh i exppédasieon
ngi neering wi t h-a nsdyenstphoentdi ¢ p (Bdeggrs@dsHi st or i c al

i oindustri al CHO celbeberntendeived opmentd scr ece

> T o0 Q 9 9

eterogeneceyl i pogiDati ons to identi(Brawsu&t
James, 2016; W. W.SyYnatnhge teitc adi.ol ®dy2 28i ms t o ex
options beyond the celelatierdt-bypempti bet asbgbnei
provi det@ixfpfriecss| t o mp|lwixt ha nsta pbhoidsiteiscat ed requi |
ce(Brinkmann & KonTtheirsmainsn,a c2hOile7viedu byl Iryepac o
mol ecul ar tools from various organisms and i |
syst(eBi senhut eCelall . en@i0Rdgring of CHO biof a
increased sCHOegememd imads been published in 2
of genetic wadi puloami sessto steadily i mprove p

meet increas(ix.g Xematndal ., 2011)

238



1 Gener al i ntroducti on

(a) Static
Engineering

| Y
1
cemm) |2
LS

Constitutive

=

Y
T Y Yy'Y

———————————————

N

(b) Dynamic

.__:- TITTITITIT  (Deg. POl

Engineering Synthetic Inducible miRNA  Inducible Protein
Receptors  Promoters switches Degradation
’r’ -------------- \\‘
Change in ! I Y Y
1
Conditions : | Respond Y YY Y
1
A"

T T / | | Yy 'Yy
ve feedback +ve feedback

Current Opinion in Biotechnology

Figure Static

enco

mpass ablation of endogeneous gene

Dynamic cell
CHO biofactories. Characterized genetic parts suc!|

gene
al

switches
(2022)

and dynamic CHO <celll engineering e
S or const.i
engi-anretke s man dwiidedsp asheinisidtur t her i mpr ov

can create geneti RepiriovtbkPeédlrdmaohe
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13. Bt aCH@el I engt m@les i ng

| mproved manufacturing perflobeyamadecarfe fCHO ybi:
transgene desigarandl asnndiegalahyy iomohi egedomg mo
g@ee del ét ikonmnosc kK@Qg )sknock(dkWyn)soverexpression,
der egul abeisoinfred functionaly ifmgplrloyieme@t osvegdnee!l
vol umetric, pbygduatrigwittiyn g soercrmittoirg/a tpeaitadievigly s p
beneficial product quality att reinbhuatnecse, d ntaeilnll y
and bi omass naacncdyymupraali @nged cel l viabil,jty,

apoptoorsiusndesired met(Bbo®ie byproduct s

The earl i est described ushggeeopireeesgi amppf oac he
bi oprocess producti vkt ybaleit ¢ Kileslcai begdlafoh 1
showed mar kedl vy I mproved protein Yyntrleesics |
hemogl drbailmms.gene oveirgxphdsest omnd most traditi
engineering, with a breadis$peatvvaumabdl emet hods

| SIRNA/ShRNA |

Productivity Growth Apoptosis Metabaolism Glycosylation Secretion

Fi gux e Static cell engineering options for i mpr
Overexpressionnes$, benedgenatds(gig@)nen &k nmackwludat i on of
mi RNA represent mol ecul ar tools for d&qapniofedots
Fi scher et al. (2015h)
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I n CHO biofactdorises,hoevad| ¥ hat u mi mi cking cyt os

overexpression of tumor suppressor genes p21

expregsiussenegger et al ., 1997 AtRadsisreqeggel i fe
i .ceel | cycl @mapatshways been | inked to higher pr
cells to divert more resoWeesse¢oebpr aMatcd bAdyi

enhanceducptri vity has been achieved by higher

which i1s linked to attenuated cell di vision a
cel | di vision) resulting in increaseduVvol mmeft
i mproved cell speci fi cC Parnodd uc/tlE@®MuUtsys einre@lgled e e

199,8)suppl emenk gdAstiy eBClet @a@iXyPipMawaorv) et, alii)
GADDA4 5N. Kim etiw) BIZMRB¢s & DicksMPCB2DR®) et
al ., ,2@a2d) vi ) ( SERPI NBdtnaérseRQOl5)mproved bion
by higher proliferation rates f Hoequeetreltd ybiagted u
from increased biomass can overcome theesaHduc
i hmprdoowd umet rGecl It ietnegrisn.eer i ng taldgei gifsomoni mar
i Myc ana( IBfcdn®Riub&aAl, 200%5ROEBOV cet al (Po¥CRAD)
et al ., i201@PODBA4ka et ahd, vQQ.PGZEhNou eHigheyr 2
proliferation and biomass in turn results in
to prevent -mebvdbotsc abyg el e(VRitsshd eots ma lTahyuist2y0
increased cell division raves eaybh@fphpiagpyoptabt yc
programenkeld death to prolong cultivation ti mes
(Arden & Betedhaeghma2®004pl ecul art plhiyshwagygsui i

downstream caspadis)at effeceéeptrsr pathway: FaslL)

mi t oc h omaltrh,wedcyt i vat ed by mi tochondri ailitie)yrr ge
endopl asmi ci nrdeutciecdu | sutmr,e sisn douadt ehdvadyeyd marsd aggr e
prot.eiAdwtophagy, mai nly observed following nu
death especially i f( SapmptkasiedHeiadc .ei, n &4t eadt t e
i ncreasuel acelrobustness and del aybwgpopeosikxpr 68
genes i n apoptotic anddegmutho prheacgeyp t pat hpwaatyhswa y
HSP27@0Y. Y. Lee et al ., or20F0A9DM T@n E.t Wdng i &t) 1la
resistance to mitochondrial pathwdyoactivatiaoq

eventually combli Medntwwstbat B&ELI ) 2@a8pphrse inhibi
(Sauerwal d atnhdalAVRIingQ2Wedr2o)a et aabtl. jvy2eAadliopbdaigy
usi ng -Blelc.l i . Lee.Beetsiale. amaZ@®13IB)n viable cell s

31



1 Gener al i ntroducti on

express transgene, restristuppneaeteprsceg rodmmend r
prot e(akserseko et al ., 2010)

I n addition to indiresuppmpoemntefprodadudcteifvfietct sb yw
heal th, targeting protein folding and cseacnrdet o

volumetric pr-db8pctihei ttyransBRP i ptionally actiyv
protein secrathixmi wheeacrcetl Ky b0t al Ase @28 &) ul
XBRS expression, a plethora of secretion sup
ERGol,giamidt ochoodteat (iMcrH.asleee. et nal iemoe2&d 8h
that assembly and f ollidmintgi ngn itrh eQ H®BBiIFafi & dtt @argi
199,2)over exopfr esR ifoant il nmg ease produptovetn, dssa
i some¢Beeth et, ali.), B2 PO Bynbdu sATdt6cadr. ,iROOQABEROL
et al .MoRk@&@1B)oadly, sturdilas pdeeet ot gr gpebeesses
intracellular secretion path alThip®i nbhcEBRyde oy
and -Goilsgi i nterface engi ne & Lregc ebpyt (0@ a ely e e r ead
202,86y F@4Haredy et alhspd®013f¥rom the Gol gi to t
ovexrper essi on( Bf orCIERTe,t andisii iRQ)0O) synaptic ve
pl asma membrane by overexpress(iPemgofeteMde yt i20
holistically, MTIOMRc roeveesteesxprleys ss meaci f i ¢ produc
growth, wviability and apoptosis resistance mo

pheno{Ppeesen & Fussenegger, 2011)

Despite the ability ofl i RHOge¢glclosytatfonm b ame
remain with the risk of s(eGheardee rii mneuinrog lorgti acadl 1L
CHO cells | ack2esipaleglst mahTstfGAla)sebut i Ba3F ead
sialyltr(anTsdfGEAldsneki ns eToamore 1€9&3ely resembl
N-gl ycans, engineering efforlls-Bail mctdsle)y e-ardt N

glycolylneuramini CoaseduenNANA) t he earl i est
enabU2d®si al yl-galtyeedanNs by over exp(rBessU.onL eoef eStT 64
Mi nch elt9 9.8) To frueftihreer-gkt MeanN profil e, furthe

overexpression of wvari-gugc eqnylyanteisomnwi pdati mwdy,e
(Jeong et, aili. ) SARNM 8 5. C. Wongomki mdd ,\iQtdmM 66 N E
al ., ,20L1l1)Y0GnDaviesaatd &HLWIT,¥Fu2kOuttla) et amhd,i 200R
(von HorstenOeéerakpregd®ilOn of genes therefore
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descramhea of static celll esgifme eroivreg,e xgpiresrs i t

accessible and straightforward to i mplement.

|l nntcoast, toolwerfeomoderasKOy accepsiolglra mmatoil I

nucl eases,CRIsPRR/idd &h h awipdeersedrag gt ed gene

k n

in mammal ianticle(R®ddna & Charpentier, .I2n01t4he H

O

S show eveat ¢é¢owed d®icDrRCiGsdar ggtead KO i n

q
® ®© ® @ S S
(9]

> O

c —
Q »u O o QO

- c

=N

~+

l'y b&8tOWeanstér o etThaid® v o I2n0a2ileych t he way f

sence of targeted approaches, researchers
one screening tohi derstiirf&ad redlelss$sc ledfeos twi tf o
0

r

ckwetaschi eved using HDR, which occbceceal lo:n,l vy
|l ess stimul astedarmd( 6 Bushgd ke z et bhdepe-@2001f)
rget random integration occurs mMuweH | mor evhf
u

|l ts in a cumber some sea(r\tahs Jweaz seaeuth caelGHO u2 O

2

ired screening of 120 000 cermdzygdgkoanses |l 10
gamaOhenu ki et. alln,c@ma@ani son,| @a ogsfa(mgaaird e
eases, TALENS, and Cas?9) all ow the intro
r

i neering options by removal of disadvantag

Researchers have since ai med mostly at reta

modul atpiroorduacft quality attriphetnod ywiet r edlaea@ro n

gene BROsven by the discoveRlyl Itah atto idnetfeurcaocstyil oan

substantially increased as comparedUT® dgem®s

enabled the production of defucosyl @Yamanant i

Ohnuki et .Sailmi,l a200rde)sul t s were achieved by re
option to genersatleatperdi nmeartielryi afl u dodyo twii g reatt. i @ln.
Further i mprovement was achieved by combined
resul ting i n cell s whi ch produce asmatykat é

i mprovi ngdamdn beordty cel | ul ar( Hayntyoa dbixi e.iTogla{ ADZ2

i mproved i mmunogenicity profiles, CHMEHaKOetes
2020) kewisste,cehlol proteins (HCP), which accumul
can contaminate the final drug product, pot er

i mmunogen( i tWangsé&t @rce rRddd@ognsi bl e proteins

removalabgl KKThPe dc ot gdtl(dLaux et , all€hi 2088) al
and Anx & 2ZX/u&ktusdda et al ., 2019)
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Comparabl e to oveapapt et sdcooupeloetpkKa@ptoipt ot i ¢ pr o
Bax andeBakted in higher cell viabil i t(yConshti ch
et al., 2010; Macaraeg e.tCedl s, | 2@%k3;ngTafoaihle tB s
to activate any downstream caspase within the
these cells resistank sttof Ml damageNloamd2F05 )t

benefit of hampered apoptotic cell deatdu cen avh |
by KO of( CRERKI | ano. eKOadf , PRRR3al one i mprove
cost of increased apoptotic cell death.

Il n case full gene KO is | ethal or wwinf E&cyainr ed,

effectively redut¢cBiegpee.3al aphll®898)stable exp

are expressed from small hairpin RNA containi
p ol I' 11, imectolnyt rtarsan g foeidgiretde rse RINIAy wihmcthabl e a
(Moore et.Tahley, 12002g0e)l y wutili ze the same targe

with multiple sherdafeisciddseafifkenmtgki ng down: i
FADD/ FAI M, Bax/ Bak (tho. iSh.hikoiim & ploepet,0s20s02; Lir
al ., 2007; D. C. F. Wong,ebrali) FEFWUOU0OB8,-3 GiMDr, e fa
i mprowginggc NsyBaugen et al.al 200300 KanN@g@artung
M. Zhang et lanter @9t1iOngly, only few studies h¢
and targeted genes where KO is potAhthaugly de
effective in anuraedheomrinextc,el CFLclulKD did resu
cytoskeleton and enhances SEAFPamepodt &r Lpeot
Fumer potentially senkytctilweet amgt cgeéhesycl e
ATR/ A(TKA H. Lee aentd alac,t a20ell3dEad abobygesmer( Mvi t h
X. Zhou et al ., 2011)

| nstmiaRg¢A gi neeriereq hasyestigated i n rgruenatgeure dae
to control entire pathways wh(Heaeclklvoetdialg. tra
et al ...Rem@08&npbl mj RMAnNgyg pee.cg dx=ta( &t )slhionw pr omi ne
conseraatrioses ani ma(lPapshgyliongeelnlyi. ®tuealto, tH@00)
binding activity, tlheerhpealty ¢ d@e tbeprgmi nseede db yr e gi on
i ndi vidual mi RNA can translationally repress

target genes Bydnbtirnadnisnigatteod trheegi q PP acfq ug enred |tir, a
mi RNAs quickly emer geetdsoarsg ipmecemiisngn gCHQ rhgi of ac

contr ol a br oadl Iswleacrt rccaomaarfol g ocelslsesyc | e, (
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progr ammed (cB.l IH.deZahahng €&tonasleque2x@07%) this en

to synergngitneearl lggxpression of mulbhcpéeaséedr me!

|l oad i n CHO Hoiwefveat,otihesunspecific nature of

effects reliably which frequently results in
engi ne(eJraaduhg et a.l . F u r2tOhe3r), i ndi vidual MRNAs ar
of mi RHAssndantly and cooperatively, to buffer

mi RNA dr(oFpiosucth er et. Dalspjte&0t1thalr compl exity,
successfull i &Ngi eeapredsi on to achieve more ¢

bi ofactories.

Mi micking the effects of prolifefTabvenexpmes s
resulted in ceased cell prolifer at(iBwao naned ianc
201L1)Similar efme®N0NY wecsuletk plaeemedaal wel 0ag) f
mi R7519b2,0a, -@al@dJlJadhav et al ., 240)1 2g c cloorhp aeti e d

upregul ation of previously described.engineer
Further mi RNAs which positivel yv57-8pl aeacmpanio
by amptoipt otic effects an@valmcete aasle.d;2B26aIR R ¥f celr eart
et al ., pPOPRPPOBrRYy an et , a) . jBi0R,024ddi tionally

ubi quti(nAilsacthieorn et vais.mm7 RAMUL)BIRt r ot bek et ) al

mi BR8BEmmerl ing efii a3 MhMB2 GlLidpPeezz et ,ahd,i i 2092 In) R
18hmi RO 7(4Wei al et .2018)
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13. Dynam@H&& el | engiomdering
I nfl uencing gene expression by static engine

cueis.tehe engineered effect Qas-depspmadeopt wionlsod
on theandt eedtlrwmlcar( Auosnltéenxdker et al . , 2012; M.
201.8T)hiisncompl et eltyher efell ¢ autl s r environment du
conditions, such as nutrient adv ainl, abciolnitti yn uar c
| nstieadi, s desirmegdpadarhdtt cc ek dsih bhgingers ddryowt h r at e
initial scale up pthasesgen d ha mpr eneexedde nfisoarg ma i
fed batch (®oihail dabino ®gCto nasle.q,u 2@ ¥ )z ad i on beyon
used in staticreguglemengciineceuriitnsg al |l owi ng i ni i
termination of tarndgetal €40Oe cexprsesnuisemtdat ecue:
(e. gccumul altaicomettodbol i tes) and am Btegtomatespopl

(e.gxpression of transgenBynami groewth enbgi beeo
tuned cellul ar behavior andnenabl @os eadptiomalher

needs of the production process.

Tradidyoati anscreixpptriecgn@anom ol systems rely on e
mostl ymesimad¢, b lee.egt.r acycline, phl oretiGmatze anrgielrl ie
2009; Gitzinger et al., 2012; Gossehystcal . jn
e. bgeagt I-i-gehsdr el ectri clRilgéslde Mulaavcizgk et al ., 2
al ., 2018; Weber et .DOlpt, mad0 4; e pdetn slalin.mu i 2nGsllu.
systems demonstrate mini mal background expres
high dynamir irmduget iuppro ( maxi mal expression on:
of i nducible systémsstenanderbé&d FasEdakrggest el

based on syyrctrhiettiioont farct ors (cont,aiDBiDa@aglad ,DN A
ZFP, TALE, fgiRod@acnt uat or Ad,0 mai tehc(ttirvaantso-si loendirmag
domaenyP1l6, po6b5, E2PH4 M. KRABXiI ¥ Y& Fu.sslemeaglysan

of a trigger signal, the DBD reABihgsiaoaacpri otc
bind to their cognate DNA sequence whergeg the
respecoOff veodtye, most inducible systems show | o
inducers. The ohlepnkgesodiulbbet!l eosystem has bee

three distinct expreshketbiNAEo gt bDgIDesaynsst eemhs :allL g
Utilizing the texpaeyscli omesiysdemibl é&e tfriarnt etgyp

for i mproved productivity in CHO biofactories
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p2¥7rdnd PAFussenegger. eMulatli.pl 4 99t18)di eswishlbwec
di fferent-cenxpsryesstseinrosn and genEBicoentbi mlat,;j o280 4;
al ., 200 3; Ma zHIwe eery,ae-l e pe 1O®ODBt) ki nase overexp
inferior in effect size fas hampwiadeddparpepa d e mp € ©
(Kauf mann et al., 2001)

Li kewise, expressioanobethkeapedducdertsehnhtrol
systems allowing scale up phases(Lamadtseale, c
Mi saghi et al ., 2014ThiPoulhas nbearéparitalO®@d@dr ley
of ditféxpgruddss bi spec(iMailc aamst ielto dale.s, 2023; Q.
Al ternatively, CHO cell s have been engi nee
(acetal deryde) til nidrnetge ruvseenrt i on, whil e si mul t ane
under contr ol ofrespoaseval expy@dssi on system
controlled gédmMebexptrrdésTol prvez @0oars)el i ne expr essi
and constitutive expression systems may al s
compensate the | ower peak expressi o(nL aonb seetr valc

202Rgpregstime expression during selection of

frequencyexpfrebsghg cell s, l'i kely by I-ievel ng
transgene expressidMal dai spng2d@8BecOngnet al .,
201.9)In |ine with this hiywhoaretsiisqggecrleodhalhy i the
expressiiomabe seilfcumvented bexpnegdddragmtii kedd
2018 i I |, overall applicability of pl acing t
systems remains | ow, dictated by the dominant

maxi mum eéxprse$s ength comparable to those reac
ii) use of an physiolo¢gWebklry &i Fesse@Wéiggedre, L
compl exxpooessed genetic componentsceavpeit estfra
promocdleaisali aagmge sour ce (Foetpet.Mtli s, 2020 1 mpl «
of genetic circuits for CHO bfiorf acpg plrii est,i @arss

at maxi mum expression.

Neverthel ess, the field of synt hvealiuca lodoiéosl ofgot
designingr cherghgeneti c circuilRisguire mMammaloisan C
biopduction capaciatni s met haseekpokssion machi |
physiological st-aépws ptoosvea rbd Goi flaascot noi réyicE aacl h. , n e2wdl Oy¢
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(@]
—

eated circuit can be desi gnedsifgonrals ppercoicfeiscs if

—

e final c el Whid raetarsaespioog-ek s pansiudessgene e
stameg dependeinnt eornveemd e lnow (transcriptiona
urs in eulkardyotseusr)f @eeqg.reGROPRODIr CGRMs ) Q. Xi e
sseneggeespddhd8pubapndatastl (mi |l |l isecexdsactell

o < =

O M T v

eGel | surface receptsorwhitchuss pmicmifd caensgordet

—+

rget (IDigkaonrndset. alUpon 2102dgand detecti on, rece
nf ormati onal change andviral|md cmenes denxgtaesrast b &

toamd nuclleusgyaeamheti c approachesichlsuade r ec

®® O O
O o< O 9 <oc cC

dogenous signaling pathways, such as CARs (

—+

e native T cell response Fumanebdi)hldti engs ol mit du
., 1996; Eshhan etsel addi®d®9®d8nal transgene e
omotors contendadgegnaoauwse nrtescppdnaeedl ement & aar «
ansd.neQ. Xie & FudSéenetgglek ,b20WS88Nn endogeno

d acti vanendt s¢ ontpowever, i mpedesti omsd ewenidien

~ T Q9
- = -

ntrast, synthetic or orthogonal approaches
|l 'y synthetic Rirganseclf MpCIl onef atStueeths ,s(yxQ 1e9ms
mmonly based on syntheplachdteht varceh(het.bgawi t

- 0O o
o S

o O O C

Fv, nanobtoadgase)d , i mycacel | ul ar (tDrBaDn & aursiept it @mn &
FKIRAB, dvWPa6sgOMor sut et al ., 2016)

O » o

To furekpand design -Dpposct¢cmuinptsyesstag npeovaimdoat dle r

|l ayer fordbrglgeme <circuit desi-lgmv Bliysnidliarect o ¢
transcription control c BN pAetfefrepeatnptte,. gt. heehyh maadmb |
ri bozymes, toehol d swisti RINAswi grRiNbeOr eRlNA A®mMSO T

apt ame®) X Notabl vy, aptamer s i tself may medi a
stabilizing RNA secondary structuraegse, aetg.seml
domai ns, or i nhi HiWi ediac@r &prFrucesEmiemggne st 2 0 M
RNAased gene switckoéeavciomhpi hammemed iead Fi boz)y
responsive aptamers embedded i n thAeugsiramdenr i @t
2010; Auslander Aptamérs, 2mhdl | and highly fol
considerable conformational change upon speci

with hammeohegmes riinndhuicceh ef-Ei eaenhgsetibozymes
responsive c-bevébiga@e bRNA
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1 General introduction
A Bacterium . Iéx.tei'nals,lgnal Mammalian cell B =
ATy AL ON-switch OFF-switch I I ) 1
Luxfor rTetR @932 2. Activatocfr %}ressor Of TelR r m}@
" e e OFF OFF o=
Laclor TetR @3 [~ () |JJX|0I'I’TEtR Lacl or TetR -
TRalenr PTG RNAi knci_ckdomirln
a
6} B I @ (ON-switch) TS
©

Epigenetic activator

: . Nucleus
Epigenetic repressor @

Ca Control of expression with natural receptors

Forced
dimerization
RTK
OW \e ( lon
Membrane CAR GECR channel
Cytoplasm e *J
Forced
expression
Slgnal transductlon
second messenger surge
(for example, cAMP or calcium)

Nuclear factor () ¢——7 - .
(endogenous) ¥ Semi-synthetic g

C:) =~ [Transgene] User-defined gene

\expression

Eplsome @ .
ﬂ‘

Genome -

[ [Endogenous gene

transcrlptlon
* Migration

« Cell differentiation
Cell activation

Nucleus

Da Toehold switch (bacteria only)
Synthetic hairpin

TR T
Pathway—specnﬁc%

O: shRNA oF

Cb Orthogonal signalling with engineered receptors

Notch ligand or
cell surface antigen

Extracellular domain (1)

Chimeric
combinations

(wild-type Notch or ‘°‘77
single-chain antibody) ‘
—
(2) Notch Cleavage site = ’U
transmembrane | %\ |
s @ eV @
® Syn.the_tic Y-secretase B-arrestin d NS ;
transcription | ) )
factor

Nuclear translocation l
(5]

as

‘:? [~ [Transgene gRNA @

: Cos

" - expression

F ﬂ of multiple
foal — 10 gRNAs

O

Episor}lé‘

Multiple CRISPR targets (genome or episome)

Db Ligand-inducible conformation change

Universal feature

masking RBS Competitive RNA < ABP Small molecule
Rcbosome displacement Py
BeS Q RNA aptamer
Tf'(SJ)QIGZFri?lA Conformational change B Conformational change
AUC’ 5&8&\ Signal conductor
I OFF: sealed E l ON: open
OFF  mRNA of the « Conformational change ON guide region hx;:;'a guide region Restored gRNA-
target gene * RBS unmasking gRNA g guided Cas9 activity
Aptamer
Fi guro8c hematic illustrations of dynami ctoeli lkeseng
i nduci bl e expression systems based ohetpPRNAkaswot ict
for tight gene expression control. c) Surface
recemediated signaling. c®owaostltieaen ei ghesymighegia
pat hways. Orthogonal signaling are based on synth
host signaling. d) RNA switches regulate mRNA
| i g-amdnpsoi ve r i bo zAyBnre a@ltianmieiry g protein; CAR,
gRNA, guide RNATenhR, nhedkepoendldibherepresser,seldddeRF
| actose operon reprecsosuoprledGPrOaR:e@@ opor; o tTERKM s v B € i
tobacco etch . Repruisntpeaodt@racHi e nd Fussenegger
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Over the vyears, r e g uhlaast ebde egne neex teexnpdreeds shiyo ns p at
and achieved wunprecedented complex )andenapel
bacteri a, which either d&lilgdatr citoardanld eyt 10 4idan)
col orceicstegdBien et ,amul)t 29 kgeakt eddr UWQAR circui ts, r

and magniahtdeaedcAfR T cel(lH.acS.i vhit yetanal .i,i i23022)e
bi ocomputer implants, treating(&egmedi abetaés,
Roger et al ., 2013; Whi lXe et heits acll.e,ar2l0yl 6i)ndi cat
of dynamic cell engineering tools for optimiz

regul atory circuits have demonstrated benefit
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13. Blexgtener aetlilonenge nfe@mti 1 g

Despi tgeentekreadcess adbfc and dynamapprcedthesngi nkee
compl exity observed i n bi ol ogi cal net wor ks
genotpyhpeenot ype rehiagiioches hs pch Bepeomahkg.in th
of CHO bi odfeascctraorbiiensy, t he function of genes re
have escaped geneti d Mconltr oNur,me 28h@diestmsc dr i -

chr omosomalariaosntsahbainltsatiye agur eemort al i zed cel | I
cell s, reapi di agcumut ati onaroibawmde &i n cl onal p O
(Fr yte ad . , 2016 ; Lewis et al ., 201 3; Thar mal i
Notably, these mutations mostly accumul ate in
fitness, such aq LWMWT sard20dBRI e this genomic
explain the capacity of CHO <cells tacadaptet

predictions-pbénagteynpd ypel ati onships aoe otbét e
pending on the e¢(prmgelishBEed@uttirearmnrsgznet al . , 2 (
1.®uring devel opmentvefn a sdd@ nxided| &l pald avyn@e r an ¢
prodeteivamt phenrmndrypeesne(iexpression, gro

aracteristics)t,hadmodirwis¢pwanldi adgapgtoati on pat hw

o O O N
® o " O o

t ween transge(n@r awn de th.datip go €2a0nlt8l)y, ubhcel oprrioncge

—+

self i nduces random DNA methyl ation ptadtern
|l one d(i Weirmsguryy e.t ilatl t he2debhkelyy establ-i shed
erived cel l | i nes asnhdo wp heegndoat bvyeprgseintoymi a s t he
Bandyopadhyay et al ., 2019; Derou,azanctr eagdeag:
ubcl donesgnot reduce( Kdiet péle.nonenla8; Pil broug
t al .T,hazOnla8 ;i ngam. etnat ead20R8¢ping the cellu
nd stable across cell l i ne deveglBopmanteti naplr.c
eichtinger et al.,. 2016; Grav et al ., 2018)

m & ® »u —~ o O

Cel | engineering efsf omt & ydged ni evpeariyl yo fd ebpeonndo gi c a
with high,fddhcaenlcy esnt egr at i pgne noef cmurlctuiiptlse,
knock¢Wt s Mar x Con286f6agentviyrnronment al conditions
during enrichment of cells carrying desired e
of cl onal cel |l l i nes, resulting in substanti e
effort® ¢eal ICH YWeemamatviaoal |y in theiceblbtkcamea
experi ment @Hansaecht oes. aAppl i2c0alt7i)on of such <co
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1 General introduction
consequently [iinnsitteeadd arnedg u iarteiso n d ibsect rw eneinn g
genotpyhpeenot ype rel ationships (i.e. engineering
cel |l strains, cel | cl ones, environmentaanld con
contdeexppendentat i ¢ Hamises et. Glv.e,hie2®t axtabl e na
establ i shing gpehneerroatly pgee nroetlyaptei mao sséyispise neanmtpiicr iicna
into the numer ous dynami c cellul ar processe:
engiinegr strBaeagv eisl.farbdhn@a gt ent -t emhonol ogi es re
increasingatyhemdtiineall mmodel swbhf m&yYO®abi ef accar
predi ctpiroondsu dotmit vt il tesyse cekny i n e e rAidndg ttiaorngadhtd sy utg hp g
gene perturbatdmablse€€R e RhiGas®nol ogy, ai d in
gener al benefipbiealot ygpeeno rr gAh®at imonsihntpesrresti ng
comparison of -whiasmacarl| B8crfetlad h0 gher ant il
compared to CH&O0ce Iplgd ,€c Bida.hel.d B0 C=twvi ah. CHD96&2) | s
omicechnol ogy, may additionall yRpabved2@ak2ada: i BRa
et al ., 2022)
Chinese hamster
al e |
CHO-K1
ATCC CHO-K1 | t
(Puck, ECACC
ATCC ceL-61) | | (85051005 l l
CHO-S
{cGMP banked)
{Life Technologies,
CHO-K1/SF Sultmel
(ECACC
93061607) L l
CHO protein free CHO DG44 co101

(ECACC 00102307) (cGMP banked)

(Life Technologies,
A1097101)

Fi gdrnbi ver ggefnc@HO cel | Il i nes
i solation oMo&€HDTI dthovi ess et al

over

(Production cell line)

ti me

(2013)

by accumul

4 2



1 Gener al i ntroducti on

Il n contrast to rather simple prokaryotic cell
hi gher complexity with multicetldandnsaaoricpmpamalm:
transl ati onapr ot @kirlsdsa gnagarod Fel | awi ng2®h&) publ i
CHO cell genpokmeM.i nWRrOh 1& Ha gl @socnael2ed 1hgt abol i ¢
(GEMs) based on flux balance analysis (FBA) ¢
genotype witfi guad &t PW@Xe k et al PublRRiO2HMed i n =
i CHO1766 model representsgrtcvet f i arsd ppare o ednptied
(Hef zi et. Molr.e, spCkIa) ically, the applioewdn FBA
bi ochemical relationships between genes, prot .
to humh&nseg et ial). ,ap2p0lliee)d known physicochemic
bal ance and ther mady nbmamhed ruesd nmstcroucti on and
(King et ,aliij)2us®2)YX an objective function, i
optimized, in (Rebstaé&ePhdnmndnaeparso 2wWcltli)on of ery
l gGi@guRAds a ne€HOILIt766 cogtdwphepdhenhot ypes and
CHO c,elilmspl ying the enorheles zpoeeentail al, @0 1GE Ms

This model has sinddey lreedn niemdc rbegmeinntcal udi ng i)
enzymes, such as turnover numbers and mol ec
constrained FBAXe@i €EHQOAUPRIYNG)) 210M2t0e)g p&fcii hgyectpicm eaa
and secretory machinenYyudemamaez(ie€CH@AY O 484X B &)
and removaelndofr edaeccatd ongYd o CaHtO2,219ilnyd) 2 @2 @ mbi nat
updated reactions from i CHO2291 withCHbg)4d4gecr
(Strain et Ndnet h2e0l2e3s)s , GEiMsf aameey sand | ddadmi nahret
descripti ¢yKEolf aeshi,ahas 20y ) st i | | poorly pred,]
Pearson correlation bel ow( Ri. 6helalnad ethgalneer 2 b
2023)This is further reflected by their | ow se

when compared to a |list of empirically validat
(Robinson et al ., 2020;ThEiongepenadéncy 20R 1 &
emul ates overall cellular reality and may be
steasdywyt e or conditionally ocnpacitfiive, c slulcthl aa s

(Richelle iit) aconti2®O@2®)t o i ntegrate mechani st
in i CHO2291, which included -derecrsielrte ke toalyl umaat
e.g. protein sghthekineg, fold)ngybtrd framewor |
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measurements to calibrate cellular flauxprdamd i
(Gopal akrishnan et al ., 2024)
A  Genome-scale B Stoichiometric ¢ Metabolic
Reconstruction Matrix Network
Gene | Protein Reaction gle /-1 0 0 0
gop] 1 -1 0 O
HK1 Hexokinase |glctatp=>gép+ adp f6p 01 <IN O
Mathematical Metwork
Glticse 6 . representation fipl 0 0 1 -1 representation
@ | | T @| 0001
fru gip| 0 0 0 1
PFK Phoiri)::s; <0 | fepratp=>fdpradp ap| 1 01 0
ALDO | Aldolase | fdp<=>glp+g3p adp\ 1.0 10
- o O
¥ 8 k]
= b O
System
rEpresentationl
Output
metabolites
Strain E s | Prediction of
Design >
_
Cellular Biomass
metabolites System components
Metabolic In silico Metabolic
Engineering Predictions Model
Fi gur26chematic il lustration of -mcagleener @a¢ o nwsotrrkufclt
Consolidation ofpratreciatk howms gsawnéhin the cellular
description of all known reactiesesepstbhiansovobi ahnhen
on the stoichiometric matri x. d) System represen
(metabolites consumed by the <cell) and outputs (
secreted metabolitashhased Adddliwngi scconshe phenotyp
knockouts or metabolite changes can be predicted.
engi neRepmignt e@ufiremrez & Lewis, 2015)

I n eamhcef predicti ve-dantdre!| me amaniisnt i ¢ under st a

processes at pl ay, gener eperetstierntatamn apre &lein
identification of genes, pat hways, and mechar
bi ol bgpcdBeoxk et .al ., 2022)
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1 Gener al introduction
Pooled CRISPR screen Arrayed CRISPR screen
Model e——
Cell lines, primary cells, organoids, ~ Cas9-expressing /- A Cas9-expressing cells
model organisms (in vivo screens) cells in bulk r\_; ///" in separate wells
Perturbation CRISPR gRNA library Cells perturbed in
CRISPR knobckout.dl_n_terference, separate wells )
activation, base editing, YT
prime editing 'W'@E,‘w '@ ' g;‘rlizrbed ’@:'ﬁzlm , ;;;\:,_.\“,".\
. e B @Q in bulk Py r W L
Chall ~ Cells chall di t Il
Ceﬁsj::/?\?aland proliferation, ‘/ e ﬁ @ (fng:a;pelzgjthlgfﬁﬁzgaewe )
drug treatment and resistance, % @
virus/pathogen infection, =
metabolic challenges Cells challenged in bulk @7 —_—
(for example with a drug) =
@&
;ng:’n;zgitng—based counting ggg{:ﬁeﬁ;\;ichmentl Molecular phenotyping
f gRNA fi ies,
gin%le—cel[%ql\lll:zgqejencing, gRNA '%T -“-“ D
multi-omics profiling, imaging ﬁ @ sequencing ‘:“ ® N Il Knockouts
'@ —_— o ..
E =
log, (fold change) -%
Fi gur3ERI SPR screens in forward geneti cs. Pool ed
enri chment of variants based oneai bhnol(ogigaal veh
enri chment (positive screen) indicates that t he
bi ol ogical chall enge. I n arrayed screens differe|
all owing complex nréeazdometng keyWomadpé eti on i n espon
gRNA, guide RNA, CRIg3PRN toe ygsphocpretd d n drreopneilee gr i nt ed
frdock et al (2022)
CRI SPR technol ogmpl iduiet w,0 eftfsi cs ency, and f | e
forward genetics-samateal nowrgegame on( Jiinnegku aesti
201.Zhe CRI SPRItCamNssyts of the Cas9 nucl ease
DSBs atefpireed genomic | oci-guude nBNAyhohetiacg
(Cong et .Bbo|l e@0CR) SPR screens typicallyy intr
(i . e. SgRNASs) via nt enteckeprlesab i nvga c Coéasi S ulrJe.
Consecutively, the ©pool Dbr peepuedbedt acteildms
bi ol ogical <chall engoeuwndcerggo dphuygsitoc a&latanemdar) gt i c
SsgRNA frequency of surviving or enriched cell
original frequencphenantdy e tree lgaetniodnyphei ps. I n
screens separate each perturbation in an indi

for

perturbat.

compl ex

oMNn,s

fussd ingn Cafs

readoad ss eétghuaetnBceegdoon dt cbasesfuocalk i bo:

functionall y-riepacetsiswa
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or t-aatnisvator domains enabling another di mensi
and CRI SPR activdtAilem,asroodppdaKoaadel, pa2On et al

Il n general, pool ed CRI SMHRlesdrneeerrsr owiatthh oge rcame
and very recentdeyscrfiibresta pptt u ddad#t® olmi o fTehcet ofrii re
CH&GBpecsfgRBNA | ibrary wasl (deisoinggneet i &lo.l2l0@wi0adg
tunicamycine treatwmemtessp sBheulhatdoER i dent.i
engineering targets which substantially incre
( Xi ong et .dlIn. ,a 290i2Mil)eagOx pt e dHO gc el | s u-nder w
thioguanhGneti(®&at ment after l entiviral SgRNA
HPRT1 gene i s -l sreamgii(silraerftczamne® eHovadvernd Gtd y)at
oftfarget Cas9 activity and phenotype (VMorn @adnon

et al ., 2017; Tyictkpc RtV CEINn.t,ega®it9d9)on of sgRNAs
Cas9 expression is strongly prefefdedHovEIrmle
202Hyperosmotic treat ment 0&6@® s m@sm/ok d)a tt eRdNrAiv
wobble wuridine modification, regul ation of m

procef6SesH. Kim.etl ndleres2023) vy, upon FRandf i ce
PNPmAband besxAbsesag cell s, reveal ed significant
but unchanged speci(fS.c H.r okdiunt te tWha yeRRgy edh@XH)a s
no described function as of SPRv,s cermgpemss ifzd rn gd e
unknownf geati on r eNRitsi oknnsominp st,poFsiom@ et d ihiypoXxe
the purine degr(akdraetniiotns kpya.tehhvwoaayil ne 11&B&l)s i n

associated with inc(&asedtcall, p20OLBjeration

However neghtliee and positive seledtependebt ecerl
survi val have resulted in sub(sTisahnetrinaila ki nesti ga!
Tzel epis et al ., 2016a;hely. aWaenrgarest@afaibciodl@ il d al
i n a bi opcrooncteesxsti nagnd commondg ¢t ddor enlodg v aretv efad r t|
(S. H. Kim et al., 20244h©;stR.adC. clLelnl esturavii.v,al2 0a
correlate with prodruicgMavlittayi si ne tCHQ .b,i 02f0a2c3t;o On
al ., .20b8)prevent enri chment of | ow producer
require more sophisticated selectioni ptedswr ¢
increased productivity of bsAb were enriched |

transiently associat edhomodddnpttihree ceBpeacaallayx ee:

4 6



1 Gener al i ntroducti on

2003; S.etH.alKi,mTh®24)t udy revealed consistent
upon KO of MCAF and SETDB1l, which are (bR wjdiitna
et al ., 200 3; H.. Wauwnrgt heddr ,aflt hMCARP 08Hnhd SETDB1
mar kedly i mproved bsAb/ mAb transgene mMRNA an

cultivati on.
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14Ai m of this Study

This study aims at addressing the challenges
anti bodicehs ,ofwher unique themapehtidc byp plsii nagt ic
| g-based antDesopiitees. i ncreasingly sophisticate
engineering, such as targeted integration wh
producerfdeaxndvely decreasesrekacanbapkbednoptryppi
the devel opment of CHO biofactories stildl req
predilkhowleedge about the Dbiological mechani s

pkenotypes feaschle manufacgering.

This tahermssi sto | everage thteicprhineli ope,s iofe.syn
engineering using standardized biol ogipcakvepah
manufacturi ngf c@d@bbi ot areastoir o eslh u kFleedsiedanr n cy c |
are employed to investigate and eleitmirmateen etihtd
T cell bi specific antibodies. These ar agriioarail

knowedby prediction of orthol ogous gene func

Second, to uncover previously unknown genes ¢
CRI SPR screening is usedphenocthyaprea crteslra tzieo ngsehni
produeudemes. Results are validated across c¢l on
bi oprocesp, sicmdiiecating the reliability of the

underlying factors contributi nagr g oc lpdhzeandbitt ygpi c

genomi c bfaoscotdeseagge comaeipng widely empl oyed

devel opment , andTbascatteempeéar th. reveal -wheth
t@el one phenotypic diversity in CHOsbbpéatt dt
di sruptive bottleneck and founder effects. Ov
engineering options in the context of isogeni
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21Pr ocol-Uyasgie@e o3| ut-Boaygedases are Responsi
Hydroxylysine Modi fi-Cealtli oBii o e cTihfeira pMairt a «cl

Produced by Chinese Hamster Ovary Cell s

Niels *BaM&rco *Bo&tebhen Papadaki, Tanja A. Le
Hubert bketgeen Guy Georges, Vincent Larraillet
Hillringhaus, Annette Vogt , SP mo o o |-A yasgi elne d e2r
Oxogl ut &riotxey g&nases ar e Relgdoongsiyblyei nfeor MobdR
Ther apeQetBicspTeci fic Monocl onal Antibodies Proc
Cel,Fsontiers i n Bi oengi ne¥oli mme 2a0b2i4 2B ilalitlelcttOrBo

https://doi.org/ 10. 3*3 8PN ddd oaeu t2l0@Rrds 1c4dmt4rO0i8b ut

Aut hor contribution:

Il desi gned, performed, and analyzed all experin
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Procollagen-lysine
2-oxoglutarate 5-dioxygenases
are responsible for
SR-hydroxylysine modification of
therapeutic T-cell bispecific
monoclonal antibodies produced
by Chinese hamster ovary cells

Niels Bauer'?!, Marco Boettger, Styliani Papadaki?,

Tanja Leitner?, Stefan Klostermann?®, Hubert Kettenberger?,
Guy Georges?’, Vincent Larraillet?,

Dino Gluhacevic von Kruechten?, Lars Hillringhaus?,
Annette Vogt!, Simon Auslander* and Oliver Popp'*

!Large Molecule Research, Roche Pharma Research and Early Development (pRED), Roche Innovation
Center Munich, Penzberg, Germany, “Gene Center and Department of Biochemistry, Ludwig-
Maximilians-Universitat MUnchen, Munich, Germany, *Data and Analytics, Roche Pharma Research and
Early Development (pRED), Roche Innovation Center Munich, Penzberg, Germany, *Special Chemistry,
Roche Diagnostics, Roche Innovation Center Munich, Penzberg, Germany

We present a detailed mass spectrometric analysis of three 2 + 1 T-cell bispecific
monoclonal antibodies (TCB mAbs), where an unexpected +15.9950 Da mass
shift in tryptic peptides was observed. This modification was attributed to the
occurrence of 5R-hydroxylysine (Hyl) using a hybrid LC-MS/MS molecular
characterization and CRISPR/Cas9 gene deletion approach. The modification
was found at various sites within TCB mAbs, with a conspicuous hot spot motif
mirroring a prior observation where Hyl was mapped to the C,1-VH Fab domain
interface of 1gGs. In contrast to the preceding report, our structural modeling
analysis on TCB mAbs unveiled substantial differences in the orientation and
flexibility of motifs in immediate proximity and across the artificial Cy1-VL cross
Fab interface and upstream elbow segment. Utilizing a hybrid database search,
RNAseq, and a CRISPR/Cas9 knockout methodology in Chinese hamster ovary
(CHO) production cell lines, procollagen-lysine, 2-oxoglutarate 5-dioxygenases
(PLODs) were conclusively identified as the catalyzing enzymes accountable for
the 5R-Hyl modification in TCB mAbs. To quantitatively inhibit Hyl formation in
TCB mAbs, the activity of all three Chinese hamster PLOD isoenzymes needs to
be depleted via CRISPR/Cas9 gene knockout. Moreover, our investigation
identified cell culture iron availability, process duration, and clonal variability in
CHO cells as elements influencing the levels of Hyl formation in TCB mAbs. This
research offers a solution for circumventing Hyl formation in therapeutic
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complex mAb formats, such as TCB mAbs, produced in CHO cell culture processes,
thereby addressing potential technical and biological challenges associated with
unintended Hyl modification.

KEYWORDS

T-cell bispecific monoclonal antibodies, Chinese hamster ovary cells, hydroxylysine,
CRISPR/Cas9, post-translational modification, mass spectrometry, metal cofactor

Introduction

Most recombinant generic monoclonal antibodies (mAbs) and
novel, complex mAb-derived formats approved or under clinical
investigation for the treatment of diverse therapeutic purposes are
produced by mammalian Chinese hamster ovary (CHO) cells
(Wurm, 2004). Innovative, complex mAb derivatives, such as
T-cell bispecific (TCB) mAbs, exhibit potential therapeutic
efficacies by orchestrating T-cell cytotoxicity toward pathogenic
cells (Figure 1A) (Augsberger et al, 2021; Turlaro et al,, 2022).
CHO cells, as the most prominent representative of mammalian
expression systems, are preferred over other hosts due to their ability
to grow in suspension at large scales in serum-free and chemically
defined media and their capacity to produce high quantities of
recombinant biotherapeutic proteins required to meet clinical
demands. Importantly, CHO cells have demonstrated the ability
to produce recombinant proteins with correct protein folding and
human-tolerant post-translational modifications (PTMs), which are
essential for clinical applications (Kunert and Reinhart, 2016).
Significant investments in developing robust production strategies
and metabolically balanced media formulations have enabled
processes with high vyields and product quality, as well as
substantially improved batch-to-batch reproducibility (Birch and
Racher, 2006). Despite the implementation of rigorous control
strategies in the production of biologics, these proteins still
exhibit minor variations that arise from both enzymatic functions
and non-enzymatic chemical reactions during the production
process. These micro heterogeneities include N- and O-types of
glycosylation, cysteine modifications, carbonylations, oxidations,
glycation, isomerizations of aspartate, and variations at the
C-terminal lysine (Geist et al., 2013; Luo et al., 2012; Raju and
Jordan, 2012; Gramer, 2014). In recent studies, an unanticipated
modification of lysine hydroxylation was detected in various
recombinant proteins produced by CHO cells, including tissue
plasminogen activator (rtPA), soluble and chimeric CD4 receptor
variants, the Del3a toxin from a marine cone snail, somatostatin,
and IgGl monoclonal antibodies, all of which are present in
significant quantities (Table 1) (Molony et al, 1995; Aguilar
2005; Andrews et al, 1984; Xie et al, 2016). The
hydroxylation in the recombinant IgG1 mAb has been identified

et al,

by a +16 Da mass shift and is comparable to the other hydroxylated
proteins in a Xaa-Lys-Gly (XKG) consensus sequence via a tryptic
fragmentation and liquid chromatography-mass spectrometry
approach (Xie et al.,, 2016).

In nature, enzymatic hydroxylysine (Hyl) formation by lysyl
hydroxylases is a vital upstream key element in extracellular matrix
reconstitution by crosslinking pro-collagen and collagen-like structures
by O-glycosylation (Pornprasertsuk et al., 2004; Schegg et al., 2009).
Pro-collagen protein Hyl formation in humans is facilitated by

Frontiers in Bioengineering and Biotechnology

procollagen-lysine, 2-oxoglutarate 5-dioxygenases (PLOD) in the
endoplasmatic reticulum (ER), which belong to the enzymatic class
of 2-oxoglutarate (20G) oxygenases (Markolovic et al, 2015). In
humans, three genes, namely, PLODI, PLOD2, and PLOD3, encode
for protein lysyl hydroxylases, which catalyze the 5R-Hyl formation in
pro-collagen and collagen-like proteins. For PLOD2, two splice variants,
namely, LH2a (PLOD2A) and LH2b (PLOD2B) exist, where LH2b
differs from LH2a by incorporating the small exon 13A (Valtavaara
et al, 1997). The variety of PLOD gene products and splice variants
suggest different layers of regulation in (patho)physiological processes;
however, the role of the diverse gene products and splice variants is not
fully understood yet (Qi and Xu, 2018). In mammalian systems, for
example, a multiprotein complex containing the lysyl hydroxylase
PLODI and the proline hydroxylases P3H3 and P3H4 is responsible
for the hydroxylation of C5 of lysyl and the C4 prolyl residues in pro-
collagen a-chains, respectively, which subsequently triggers the accurate
assembly and crosslinking of collagen fibrils (Heard et al., 2016).

Facilitating the enzymatic oxygenase activity, PLOD enzymes
require Fe*' as a cofactor and 20G. In a sequential binding
mechanism of the first 20G, the substrate, and then oxygen, an
active ferryl intermediate is formed by oxidative decarboxylation of
20G. The ferryl intermediate finally reacts with the substrate,
leading to hydroxylation. The proteinogenic substrates represent
a generic XKG consensus sequence that targets the activity of
oxygenases to specific protein surface features. PLODs differ
from the other mammalian lysyl 20Gs of the Jumonji domain-
containing (JmjC) protein family, like JMJD4, JMJD6, and JM]D7,
due to differences in their subcellular spatial localization, respective
downstream control mechanisms, and in generating isobar yet
structurally different Hyl products: 5R-Hyl (PLODs), 5S-Hyl
(JMJD6), 4RS-Hyl (JM]JD4), and 3S-Hyl (JMJD7) (Markolovic
et al., 2015; Markolovic et al., 2018).

The presence of the Hyl moiety in proteins alters their
physicochemical properties since the additional hydroxyl group can
cause local changes in hydrophobicity and charge and can act as an
accessible active group for subsequent modifications like glycosylation
[reviewed by De Giorgi et al. (2021)]. Such alterations have the potential
to act as intended or unintended signaling modulators in biological
systems and may induce undesirable complexity in the technical
development and production of therapeutic proteins. Since Hyl
residues are utilized for crosslinking in collagens, the accidental
aggregation and/or neoepitope formation of Hyl in modified
therapeutic proteins poses a risk to protein stability and
functionality. For example, this may modulate target protein binding
efficacy, increase the efforts required for analytical characterization and
purification ~ process  development, and, ultimately, trigger
immunogenicity in patients. In addition, Hyl can be targeted by
lysyl
deamination, releasing ammonia and the strong oxidizing reagent

oxidases to form hydroxyallysine through oxidative
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