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Optimising Bioproduction using ZFNs

Enhancing traits of the host / producer cell line at the level of the gene
¢ Growth & viability
e Glycosylation
« Sialidation
* Auxotrophic selection
* Removal of contaminating / copurifying endogenous proteins
« All of the above...

Permanent genetic modification = predictable performance
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Zinc Finger Nucleases

57 -AATCCTGTCCCTAgtggccCCACTGTGGGGT-3”
37 -TTAGGACAGGGATcaccggGGTGACACCCCA-5"

ZFN sites are spaced by 5-7bp
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Zinc Finger Nucleases Perform Site-Specific DNA

cleavage: The first step in genome modification
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Genome Editing Using ZFNs: The Process
ZFNs

=

Repair off Repair off extra- Error-prone Error-free
sister chromatid chromosomal template repair repair

Targeted Mutagenesis
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ZFN Drives NHE] to Produce Mutations

Target DNA

Y O8O0 ZEN cuts

SOP-A
cuts again ? J
correct incorrect
repair NHEJ repair
\g %
S804

Mutant site no longer a substrate for ZFN
binding/cleavage (likely a favored outcome)
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Work Flow for ZFN-Mediated Gene Knockout

Design, build and validate ZFNs

!

Transfect ZFNs into cells

!

Dilution clone

!

Screen clones by PCR-based methods

!

Confirm mutant genotypes by sequencing
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CHO DHFR Knockout:
Ditferent Genetic Changes but Same Phenotype

ZFN ZFN
ACGGAGACCTTCCCTGGCCAATGCTCAGGTACTGG

WT ACGGAGACCTTCCCTGGCCAATGCTCAHQGTACTGG DHFR gene

exon intron

ACGEACACETTCCCENCGCCARTGCTCAGGTACTG

Clone 14.1 , cceacaccTTCccCTGGAEEAATGCTCAGGTACT

acGcicacarTdadrecdEdE AAT EC TCAGE T ALY

Clone 14.2 - crcaceT. ... CAGGTACTGG

TCCCAGAAT. (38bp deletion) ..GCTCAGGT

Clone 1.4
ong 2 GCCCATACA. (302bp deletion) . .CTGTTAA

WT DGdd 1.43

WT DG44 141 142 -

DHFR s DHFR o
TEIE oo s e e—

GS-.‘-

7 /418 clones were biallelic mutants (1.6%)

8
SIIEI\SAA Where bio begins”
Santiago et al., 2008, PNAS, 105(15): 5811



DHFR Knockout in CHO Cells
Knockout at DNA = Protein = Phenotype

1.8
! —B-WT CHO -HT
=. 14 =i—Clane 14/ #HT
2 1.2 —=—Clane 14/ -HT
= =s=Clane 142 $HT
E 1.0/ o Clone 1472 -HT
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F 04
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(1]
0 1 2 3 4
Culture Period (Days)
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ZFNs Target a Catalytic Domain in FUTS

[ DVAX
[ ZFNs

|
Ju
SN

Cel-I assay

U0 CCTRm

Fut Motif 11
E W i L D T D D F

B ke

AGAGTGTATCTGGCCACTGATGACCCTTCTTTGTTARLAGGAGGCARRGACARRGT
TCTCACATAGACCGETGACTACTGGGARAGANRACALATTTCCTCCEGTTTCTGTTTCA

o

Malphettes, et al., (2010) Biotech. Bioeng. 106, 774-783

SIGMA Where bio begins™

Life Science




1.CA Selection Identifies FUTS KO

Clones
FUTS -/- KO

cells * FUTS +/+

(adherent) cells (non-
ALIVE adherent)

DEAD
LCA-lectin
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I.CA Selection Enriches for FUTS-/- Cells

W - 431 Can dilution clone directly
from the enriched pool

1T 2 3
Cel-l assay
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Replica Plating Identifies FUTS-/- Clones
without Exposure to LCA

96-well plate
Clones
(14 days)
+ LCA / \ .
(& serum) Replica plating
Q@ O
Q@ O
Q@ O
Q@ O
Q@ O
Q@ O
LCA survivors are FUT8-/- Select FUTS8-/- sister clones

(18 hours)
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Genotypes of LCA-resistant FUTS-/- Clones

Wild—type LEGARSTETATCTEECCR = GECRL LR TR L ST LET
Clons 1—& P " —"—"—"—"—"—"—"—"—"—"————— g} e RLLSTRRS
Clons 1-B AGAGTETATC TGO CACTGATZACCCTTCOTTT —————— AR GEAG AR MR TR R ST
Clonse Z-—R LGRS S TATC TS AT T AT G A - e ———— Lo LER TR L TR RET
Clons Z-—B AGAETETATC TGO CACTGATZAC———————— —— — ————— — —— — —— — — — — — — — AR ETARERG
Clonse 3-—3 AGACSTETATCTEECCACTEGAT A D ——————— AL TA A A AR R R R TR RS
Clone 2-—B

Clons 44— ASARSTSETATCTGZCZCACTGATGRACZCOTTCTTTT ————— AR SGACS AR AR CRR L CTRRG
Clons 4-EB AGAGTETATC TEGECCACTGATGACCCTTT —————— SRR AR R SR AR ST
Clone &6—R LAGAGCETATC TGECCACTGATGACC T T - ————————— TR A AR L TR L L =T R ET
Clons ©—B ASARSGTSETATCTGEZCACTGATGACCCT T —————— ———— AL SGASS AL LGR AR A ETARG
Clones T-—2 AGAGTETATC TG CACTGATZACCCTTCOTTTSTTA——————— =S AR R TR R ETAERS
Clonse T—B AGACGTETATC TG C A TGATGACCCTTC T TT ST TATTA S D SEAC LR L ST nET
Clons 8- ASARSTSETATCTGEZZCACTGATGRCZCOTTC T T —————— AR SERAS RLLSTRRS
Clons B8-B LGAGTETATCTEGECCACTGEGATGRA———— (=188 ) ————— AR GEAG AR MR TR R ST
clons %9~ ———/——————F—F———————————————————————————————— SEACGE AL LR R L L TR ST
Clone 29—B AGAGCTETATCTEGEC CTGEATGACCCTTC (+ 274 TGT T AR R GGAGGCALAGAC AL ACGTARG
Clons 11-—& REGAGTETATCTEEC crearsrArCCCTrTTYCOTrTT7TY o7 ————— —————— — — ——— — — — — GTRAS
Clonse 11-B AGACETETATC T A T GAT AT T T T T ST T I T A AR R A A AR R GT A RGT 0
Clone 12Z—-A ASASGTSETATCTGEZCZCACTGATGA ———————————————— — — — — —— — — — — — — — Lo STRRES 3-5/6 Of(jCNWeS
lons 12-B @ ———————————— LAGTARARG are FUT8-/-
Clone 12-—-2 L AT AT T s A T AT T T T T T T T AT A A AL AR A R L ST DT
Clonse 12-EBE (25 Of 711)
Clons 14-—-&R rASASGTSTATCTSGEFCZCACTGAT—— T —— —————— — — — — — — — — — —— RTARARCETARRG
Clonse 14-B AGAGTEGTATC TGECCACTGATGACCCTTC T TTGTTATTAR LGS LR L ST nET
Clone 15—&A AGACGTETATCTGECCACTEGATZRACCCTT——————————— et

Clons 15—-B AGAGTETATC TG CACTEGATZRACCCTT T ————— ———— — et

Clonse l1l&—Ln AT ETATC TG A TEGAT A —— —— —————— — ———— ==

Clone 1&—B AGACGTETATC TGO CACTGATGACCCTTCTTTGT T T ——AR G

Clons 17—-RA AGACGTETATCTGECCACTEGATZRACCCTT————————— — et

Clons 17-EB AEAETETATC T C A TEGATG A ————————— — — ——— —— — — — — — — — — — — — — —

Clone 18-—-&A AGACGTETATCTGECCACTEGATZRACCZCZTTCT T TT—————— AL SSRASS IR L CR TR A TR
Clons 18-B AGAGCTGTATCTGECCACTGATGRACCCOTTCTT——— (687 ) — ———GGCRALAGRACRLECTARG
Clons 15%—n AT ETATC T A TEAT G OO T TC T T TS T TATTAR DG L Lo TR
Clonse 19—-B AGAGTSGTATC TGO CACTGATZACCCTT-————— - ————— SELAGCECRALRLER TR L ETRRS
Clons Z0—-&A AGAGTEEFTATCTOCCACTG—m T ——— — ————— — — — —— SCRARARCRCRRLSTRRS
Clons ZO-B LALEAGETETATC TG CRACTGATGRAC——————— ———— — — — — —— — — — — — — — — — — — — — LA GETRRGT
Clons Z21-—R2 AEASTETATCTEECCACTGATGACOCO S ——————— — —— — — — — — — — — — —— — — — — — — — — — — — — — =
Clons Z1-B AGAEFTEEFTATCTOECCRACTZATZRACCZ.—————m—— — ——— — — —— — — ——— — — — — — — — — — — — — — ]
Clons Z4-—-L AGEA T ETATC T A T AT A T T T T T T TAT TR A GEGAEEC AR AN CGR AN R ET A RGET
Clons Z4-B AT S TAT T s A T AT A T T o T T T S T T T —— AR A S oA A SR A R ST A RET
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Phenotypic Assays for FUTS-/- Cell Lines

B Unstained Futg -
£ Hrp-LCA &
o - £} |
40 : ] E ;
20 ild-type T
PPl PaCagttax Intensity (log10
-------- WT, no F-LCA
— WT, + F-LCA

— Afut8, + F-LCA

-~ HRP-LCA
FITC-LCA
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Antibody Production from Transiently
Transfected CHO FUTS8-/- Clones

|I” AT

2 E5 E9 E11 F3 FS F6 F9 G2 G4 G5 G6 G9 H4 H5 HiI(Q
FUTS™ clones |;:a|;|ecn}t

2
=2
1

15 -

Secreted Antibody, pg/mL

(in DHFR-/- background)
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Antibody from Transiently Transfected FUTS-/-
Clones 1s Non-fucosylated

60 - mruTst’t
mFUTS” E9
FUTS" H4
< 40- wFUT8” H5
£ mrUTs”’ 5
2
=
=T
20 -

Man5 Man6 [GO] |GO-F| Man7 |[G1] |G1-F| Man8 [G2] |G2-F

3 Fucosylated glycoform :
3 Non-fucosylated glycoform (m DHFR-/- baCkground)
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Growth & Viability of FUTS8-/- Clones

4
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Integrated Viable Cell Count:
HR »s ZFN-Derived FUTS8-/- Clones
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Agoregates:
HR »s ZFN-Derived FUTS8-/- Clones
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Fucosylation:

HR »s ZFN-Derived FUTS-/- Clones

50 - m HR-derived FUTS"
m ZFN-derived FUT8”

- ZFN-derived FUTS”
€ m ZFN-derived FUTH"/'
g . m ZFN-derived FUT8”
z
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Non-fucosylated glycans (in DHFR-/- background)
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Productivity:
HR »s ZFN-Derived FUTS-/- Clones

Dav 3

5 m Day 7
" mDay 10
m Day 14
1-
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HR- derwed
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(in DHFR-/- background)
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Summary of FUT8 Knockout Study

ZFNs produce FUTS8-/- in 3 weeks at a frequency of 5% in the absence of
any selection.

Alternatively, populations of ZFN-treated cells can be directly selected to
give FUT8-/- pools in as few as 3 days

Compared to wild type production CHO cell line, ZFN-derived FUT8-/- cell
lines

« Had similar or better growth profiles

* Were equally transfectable

* Produced equivalent amounts of antibody during transient transfection

Antibodies stably expressed in these FUT8-/- cell line clones
« Completely lacked core fucosylation
* Had otherwise normal glycosylation pattern
* Had equivalent titer and specific productivity distribution to wild type clones
— Up to 4x higher than commercially available CHO FUT8-/- line
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Glutamine Synthetase Knockout in CHO Cells
Enhancing Selection

Problem:
* Endogenous GS expression reduces effectiveness of rGS as a selection
marker

* Need to add GS inhibitor (MSX) to increase stringency of selection

Solution:
« Knockout endogenous GS
¢ Cells become completely auxotrophic for glutamine

* Producer clone growth & survival absolutely dependent on GS marker
expression (level)
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Glutamine Synthetase (GS) Knockout in
CHO Cells

Start codon ATG ZFN9372/ZFN9075

v v
> > > > »5>

Exon1 Exon?2 Exon3 Exon4 Exon5 Exoné Exon7
o =
= X
T 5 = -
E 1 = =
E E — —
o o
L2 Lo
= =
e £ £ T &=
UoN N NN

400
350

250

200 GS ZFNs show particularly high
150 gene disruption efficiency
(25% by CEL-I assay)

:[ Untransfected

== 100

2 50
%NHEJ: 26% 24% 25% 25%

25 CHO-K1 CHO-S
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Western Blot shows Loss of Glutamine Synthetase

Expression
WT A2 A3 A5 Bl B2 B3 B4 WT KA9 KA4 KA12 KA2
GS =P M
@y GS —>' .

= _
DHFR == = = s s e == @b = DHFR —p‘d R

CHO-S Clones CHO-K1 clones

(B4 and KA2 are in-frame deletions of 27 and 6 bp respectively)
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Glutamine Synthetase Knockout in CHO Cells
Enhancing Selection

Externally validated platform improvement (in proprietary hosts)
* Decreased timeline by 8 weeks to tox material (Pfizer)
« 8xincrease in clones over 2g/l (Lilly)
* Non-producers almost eliminated (Lilly)
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Targeting Multiple Genes 1n the Same Cells

ZFNs ZFNs ZFNs
—> [ —— 1] e—
2KO

OO. M

WTGS ! °u3.
GS — & CG\JI No=s @ Fucose

DHFR -
GS FeeE . PSLogHax
B_Tubu”n e ——— e WT, no F-LCA

GS = glutamine synthetase
DHFR = dihydrofolate reductase
FUT8 = al,6-fucosyltransferase

— WT, +F-LCA
—— 14C1, + F-LCA (+1/+4)
—— 35F2, + F-LCA (D4/D5)

All three biallelic knockout events were obtained at
frequencies of >1% without the use of selection
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Reducing Apoptosis in CHO Cell Culture

Bak and Bax activate the intrinsic apoptotic pathway by promoting
mitochondrial permeability
» Stress response

Overexpression of Bcl2 / Belx can block Bak and Bax oligomers...but
* Further metabolic stress during production?

Alternate solution: Knockout both Bak and Bax

Bak/Bax )
A s oligomerization N\'IE'L
|

29
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Work Flow for Bak/Bax Double Gene
Knockout in CHO Cells

Design, build, validate ZFNs

!

Transfect cells with Bak ZFNs

-

Isolate Bak -/- clones

-

Transfect a Bak -/- clone with Bax ZFNs

-

Isolate Bax knockout clones

!

Bax / Bak expression profile

!

Phenotype analysis
SIGMA Where bio begins”
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Genotypes of Bax and Bak Mutant Alleles

Gene Clone Allele  Sequence
ZFH-L ZFN-R
L v w I Qg oD®g & & W

BAX  wild-type N.A. CCTCUGAGAGCEGE IGCTTGTCTGEATCC AAGACCARGFIGECT Ryt agacsecttagtect tatcacactttagactagtggttotcagact Lact
BAX 1-5 13bp A ccroceAcAGCEECTBCTIGTCT-—-—-—--—-——-GGCTEGCTEGgtgagacacot tagt ect tgt cacact ttagactagtggt tetcaaact teat
BAX B8H6-47 46bp A CCTCOGAGRBCEECTBITTETCTEEATE Cmmmmm = === == mmm e agactagtggttcteaaacttect
BAX EBH6-71 6Bbp A  ccroccacacceeoTaTTETC aact test
BAX 8HG-97 295 bp W B e e e R e aaagoasataca

M & 5 G Q B

BAK wild-type N.A. aghaTGACAGT GCTGOCAMCCARGECCTGARA A TECCETCTERACAAGCAC A CCTCT LOTAGECAGGACT BT GATGACTOCCCETOCCCT I T gt
BAK BHb6allele A 28bp A | agsercacacts CTEEACARGEACCAGETCOT OO TAGECAGEACT GTEATGACTCCCNCT OCCCTTO TRt
B.l’q K 8]‘[6 a]]ﬁ]ﬁ B ] D b é. agGGTGRCAGT GCTELCARCCARGGED CATCTGGACARGGACCAGGTCCT COTAGECAGGACT GTGATGACTCCCCCTCCCCTTCT Gt
BAK 8D4allele A 19bpA  ageereacactecTeooazcoracs ACAAGGACCAGGTCCT CCTAGGCAGGACT GTGATGACTCCCCCT CCCCTTCTIG E
BAK 8D4alleleB 19bp A agocTarcAGTGOTEOCARCEARGS ACARGEACTAGCTCCT OO TAGECAGGACTGTCATGACTCCCCCTCOCCT IO TG gt

BAX mutants made on BAK-/- 8H6 clone background

SI@MA Where bio begins”
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Analysis of Bax/Bak Protein Expression

= = BAXA
i BAX A clones i clones
AN EEIRNE SN
BAKA/ABH6: + + + + + + + +  BAKAAS8H6: - + + +

23 -

17 -
14 -

/'

Western antibody
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Bax/Bak KO in CHO Cells Inhibits Staurosporine-
Induced Apoptosis

4000 =
3500
3000
2500 -
2000 -
1500 =

1000 -
500
D [ ] [ ]

BAX A BAX A BAX A
wildtype BAKAA  BAKANA  BAK A/A
8H6-47  8H6-71  8H6-97

—H

HH

Caspase Activity
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Viability and Viable Cell Density in Shakeflask

Scaledown Model of Large-scale Bioreactor Culture

Days

Viability, %

Davs

u .
m WT CHO o

Viability, %

Davs

Days

Bak/Bax knockout

33C
BF@ D3
Stauro @ D3

33C
BF@ D3
NaButy @ D3
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Stable Pools of BAX- BAK/- CHO cells Produce Higher Levels
ot Recombinant Antibody

Antibody concentration, ng/ml
&

0 5 10 15 20
Days post-splitting
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Polyploidy is Not a Barrier to ZFNs

BAX 19g13.3
tetraploid

Spectral Karyotyping of A549 cells

36
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Tetraploid BAX Knockout via Single ZFN Treatment
in Human A549 Cels

AGGAAGTCCAATGTCCAGCCCATGATGGTTC TCATCAGTTCCGGZACCTTGGTGCACAGGGZCTETGS wt
AGGAAGTCCAATGTCCAGCCCATGATGGT——-TGATCAGTTCCGGCACCTTGGTGCACAGGSGCCTGTGSE -2

AGGAAGTCCAATGTCCAGCCCATGATGGTT————-TCAGTTCCGGCACCTTGGTGCACAGGGCCTGTGE 4
AGGAAGTCCAATGTCCAGZCCATZATG——————— TCAGTTCCGGCACCTTGGTGCACAGSGCCTSTGG ~/
AGGAARGTCCAARTGTCCAG———————————————— ——— — — TCCGGCACCTTGGTGCACAGGGCCTGTGE 19

Upper limit of detection

wild type 228.74
4 of 4 (clone C4)
4 of 4 (clone F6)

4 of 4 (clone G6)

3of4

20of4 213.14

10of4

0.00 50.00 100.00 150.00 200.00 250.00

pg BAX / ng Total Protein

SIGMA Where bio begins”
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Summary

ZFNs are an efficient method for targeted optimisation of bioproduction
cell lines

* Growth

» Selection

* Glycosylation / sialidation
* Interfering proteins

Single-treatment complete gene knockout
* No selection
* Polyploidy not a barrier

Externally validation in bioproduction process

Broad cell type utility
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What Next for ZFN-Based Cell Engineering...

Product Quality/Stability
 Sialidation consistency
« Sialic acid type (humanised)

Interfering Host Cell Proteins
* Endogenous molecule targets
» Co-purifying host-cell proteins

Targeted Integration
* Hot spot identification & targeting

SIGMA Where bio begins”
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FUT8 Knockout in CHO Cells

Highly Efficient Deletion of FUT8 in CHO Cell Lines
Using Zinc-Finger Nucleases Yields Cells That
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Reducing Apoptosis in CHO Cell Culture
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ZFN-Driven Targeted Gene Knockout
CHO DHFR

Targeted gene knockout in mammalian cells by using
engineered zinc-finger nucleases
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