Robust Bispecific Process Development and
Commercial Manufacturing Platform

Development and Characterization challenges leading to
Insights for increased understanding and control of
Bispecific Production

WCBP, CASSS Washington DC
January 28t 2020

Pedro Alfonso, Ph.D.
Janssen R&D




Bispecific Agents in Clinical Trials
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Overview Duobody® BsAb Technology

IgG1-A lgG1-B IgG1-AB

controlled
Fab-arm Exchange }— stable hinge
1 matched CH3 domains

F405L K409R

.'
< F405L ({\ z
One bioreactor bg 5

per parental mAb

* Bispecific Ab is made by exchange of parental mAbs that
contain complementary CH3 mutations IgG1

 K409R and F405L are destabilizing mutations in the CH3 E4051

interface

 The complementary mutations favor heterodimerization

Labrijn et al, PNAS 2013;110(13):5145-5150.

Gramer et al. mAbs 2013;5(6): 962—-973.

Frelilne fep.ties Disviclofp iz i Labrijn et al. Nature Protocols 2014;9(10):2450-63.



http://www.pnas.org/content/early/2013/03/08/1220145110.full.pdf
http://www.tandfonline.com/doi/pdf/10.4161/mabs.26233
https://eorder.sheridan.com/3_0/app/orders/4227/article.php

DuoBody® formation through cFAE is a robust process

 BsAb formation is typically greater than > 90%
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» Parental mAbs are generated separately followed by downstream in vitro Fab arm exchange

BioTherapeutics Development

Courtesy of Mark Chiu




Bispecific Process leverages Janssen mADb platform

Q0 —""

£

Parent 1

DSP ~ 70% yield

BioTherapeutics Development

—

Parent 2

Viral
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UF/DF

Formulated
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Parent 2

mADb

USP ~ 90% yield

AN NI N N

1 USP

Continuous or Freeze/Thaw
Virus Inactivation/Removal
No cFAE

Similar DSP train (no cFAE)
One set of PTMs and CQAs

AN NI N N

2 USP

Freeze/Thaw

Virus Inactivation/Removal

cFAE

Similar DSP train after cFAE
Two sets of PTMs and CQAs




BsAb Impurity Clearance is similar to mAb platform

BsAb

mADb

Reducing Agent HCP DNA Total Virus log
mAb 1 % mAb 2 % HM ng/mg pg/mg Clearance
A <20 <1.0 <2 1 <2 15.4
B <1.0 <1.0 <1.5 1 <2 > 18.3
C <1.5 <1.5 <2 3 <2 16.7
D <1.0 <1.8 <2 4 <2 16.3
E <1.5 <1.5 <1.5 40 <2 >15.3
F <1.8 <2.5 <2 <10 <2 17.8
G <1.5 <1.5 <1.5 1 <2 >21.4
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Kinetic mechanism of cFAE: 4 different steps

2- Dissociation 4- Oxidation
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1- Reduction 3- Association

Goulet. et. all, Kinetic mechanism of controlled Fab-arm exchange for the formation of bispecific immunoglobulin G1 antibodies, JBC, 2018
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Complete kinetic description of cFAE

reduction dissociation association oxidation
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Goulet. et. all, Kinetic mechanism of controlled Fab-
arm exchange for the formation of bispecific

Fluorescence resonance
energy transfer (FRET)”

Association of parental
MmADbs has a negative

AG value
AG = - RT In 2

AG = - 27.7 ki/mol

H bond equivalent
~5-13 KJ/mol
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Tm and Enthalpies of Fabs Arms in BsAbs are conserved
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Parameters controlling cFAE:
pH, reducing agent concentration, temperature, time

50 mM reducing agent 80 mM reducing agent
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Reduction step: pH Is key In hinge reduction chemistry

Thiolate attacks
disulfide bond

—®  [5-§-S] —We 5

£y S A

H,N - R- + LH-S-S-HL — LH-S- + H,N-R-5-S-HL

ReducingAgent mAb Fab Reducing Agent - Fab

Henderson-Hasselbalch Equation

pH [ST/[SH] = I0(H - pKa)

favorable

- 6 0.02
High pH : 0o
7.4 0.5
unfavorable 3 20

H,N - R- + H,N - R- —» H,N-R-5-5-R-H2N
S

Reducing agent  Reducing agent Dimerized Reducing Agent

Creighton, T.E., Disulfide bond formation in proteins, in Methods in Enzymology. 1984, Academic Press. p. 305-329.
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CFAE Is a robust process —
Minimal impact of HMWS (Dimer) on BsAb formation

= Native Parent A
- HMWS Splked Parent A

A

1 15% Native (<5%)*
2 Native (<5%)* 15%
3 15% 15%
4 Native (<5%)* Native (<5%)*

100% -

1 2

HMWS
Parent B: Native

0% -
Parent B: 15%

HMWS

m %Monomer

BioTherapeutics Development

W %Bispecific

3 =

Parent A: Native Parent A: 15% Native Parent A: Native

Parent B: 15% Parent B: Native
HMWS °

%Purity by cSDS NR

Rao and Capaldi

Parent A 290,936 ND
Parent B 294,112 ND
Bispecific 292,524 292,555

72\

Parent B HMWS

Parent A Monomer

Yy

¥ ;:;/——r\ :'%f-/ ¥ (N (/
) k\

BSAb HMWS BSAb Monomer

Minimal impact of HMWS (Dimer) on BsAb formation

Parental HMWS entering the cFAE reaction were not observed in the product of the cFAE

Parental mAbs containing HMWS entering the cFAE reaction resulted in the formation of both
bispecific monomer and bispecific dimer, suggesting parental dimer can reduce and later recombine
as bispecific dimer without dissociating into monomer

The cFAE is a robust process that has minimal impact from the presence of HMWS on the formation

of intact formation of bispecific

PHARMACEUTICAL COMPANIES OF
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Insights in cFAE mechanism to enable control:
Oxygen Is not limiting at manufacturing scale

Reduction
—
_mAbl+mAb2 '+ RSH ! BsAb Formation
° 100 1:[ . NR- cSDS
] o s ey I o,
o - - | ) ! = 95% BSAB
()] 80 1
o = Q0 N !
<] ? 9 . I
Load/ @) 60 X (:bd)
Diafiltration ) ‘ | .
Buffer Permeate 8 40:¢ ﬁ'}: _iq“ :: , — - &
> ;:4 : ! Buffer Exchange =
@ 2 70 A | 0,
—/ w . : ! removal
~— (@] B AL .| 8 . 91% BsAb
N> N> Time (hours)
Air saturation or depleted oxygen during cFAE yields > 90% NR-cSDS BsAb
p” s+ R=SSS-R = R-S 4 TSR g . . .-y . _ -
thiclate disulfide thiolate disulfide Oxyg e n IS n Ot I I m Itl n g at Scal e — M O re O ptl O n S
/,‘ R-S + R-S1+ = R-S-S-R + HO 2 ' . o .
. Multiple pathways to achieve disulfide formation of a DuoBody® BsAb
2::5:: ent |~ =S=R4 o~ S-SR & R=S-S-R +pn e Oxygen
Hal” - N 3] independent . . . .
\ : . Oxygen and free metals are not critical for DuoBody® bispecific Ab formation
I N R + @ — H;N’\/S"‘s/\/"“‘“ + H,0| [4]
= . Robust manufacturing with wider bispecific design space.
A~ e N +  H 5]
‘thiolate . Wider design space increases the ability to fit different manufacturing plant configurations
R-S = R-§  + . [l providing flexibility to the Janssen Supply Chain (JSC) enhancing our ability to deliver
% MAB thiol % MAB thiclate new drugs to patients

fohmonfohmon

Bezila, Sobkow, Rao, Cohen O
Cressman, Li, Capaldi Janssen )'
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Key Challenges for DuoBody® Characterization

Bispecfics have similar properties as parental antibodies.

d Confirm DuoBody identity and purity
»High resolution MS analysis

d  Confirm DuoBody structural integrity
»NR peptide map for disulfide linkage analysis
»Fab and Fc integrity analysis
»Free thiol analysis
» Thermal stability analysis

BioTherapeutics Development




BsAb Identity and Purity by UPLC - High Resolution MS

; UPLC-Reduced MS Analysis Verifies Chain Composition
BsAb UPLC-Intact Mass Analysis Y P
s, LCmAb 2 n
14820902 wf BSAD e | oo om0 - f HemAb2 §OSE
O D, o coy '\-"(,') o | | LCMab1 v
oY= G0/GO || soer - 1 T
< 5 g ] Go/A - GO/GO | P G1/G1, . a0 || I Aglyco HC fi Il Aglyeo HC
- § “1G0/Aglyco -2GleNac _1GleNAe s coles 2 i I mab1 \
'*_ 20 nanana e WTROBITE e e | [‘ J = | { A e i
A ;L\n Y Al e ol _/ 'ﬂ o S
147000 147200 147400 147800 1 148000 143200 142400 C mAb 1
148884Da — mAbL e I
100+ ’ : =
GO/GO | ™3 10G1 mAb 1 G0/GO - Q\ e !
148882Da | *] GU/GL gy yet ™™ : o | aglyco He Lemab 1
O ) E B GO/G0  GO/GO - GL/G1, 2 | mAb 1 M
2 |§ »CGU/Aglyco -2GlcNac -1GlcNAc || '*°p™° GO/G2 & B "
‘?: | 204 wrsroes VBATEINT 14808351 I| [{ o gh=
M a ’ ! ; R T ; - L mab 2
147800 147800 148000 148200 148400 143800 148300 145000 149200 m.
&/ L] mAb 2 .
. 147537Da = Qe 0 = |I' oxidized |
GO0/GO wf IgGl mAb 2 Go/Go < > =] HC mAb 2 | Aglyeo HC
147536Da |3 1 corct y | ol Tmabz
i w . GO/GD GO0/GO i T ) | u \ -f-’/
AT T ™™ TP rr S T S

UPLC-Intact Mass Analysis Quantifies Residual Parentals and

Relative Quantitation of Glycoforms by Intact Mass Analysis o
Q Y Y Y Other Impurities

70%
60% - BsAb Process LC mAb 2 Intact BsAb Tn{?c:'r-ﬁsbAlh_ Intact mAb 2 | Intact mAb 1 LC mAb 1
Intermediates | (23252 Da) | (148209 Da) (1249 ,’I Da) | (148882 Da) | (147537 Da) | (23238 Da)
24971 Da)
509 ® GO/aglycosylated
® GO/GO — 2GIcNAC 2
40% -
= GO/GO — GlcNAC 1xDPBS 0.2% 95.0% ND 2.6% 1.9% 0.3%
30% B G0/GO FAE VIN 0.3% 90.8% ND 4.9% 3.4% 0.5%
20% | = G0/G1 FAE 0.4% 92.0% ND 4.1% 2.8% 0.7%
4% ® G1/61 or GO/G2 UF/DF1 DV_6 0.6% 90.8% ND 4.6% 3.2% 0.8%
UF/DF1 DV_8 0.7% 87.4% 3.1% 4.6% 3.1% 0.9%
BsAb mAb 1 mAb 2

* Quickly identifies all impurities in one assay

Comparable glycoform profiles were observed among DuoBody and parentals . ] ) o
+ Quantifies relative abundance of all impurities by UV & MS

Jingjie Mo

e
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Structural Integrity Characterization

= Non-reduced Peptide Map - confirm disulfide bond linkage and detect
disulfide scrambling

= Fab/Fc Mass Analysis - detect potential LC swapping

* Free thiol analysis — measure free thiol content Fab 1’ Fab 2"

= DSC — evaluate thermal stability %?_ﬁ;é

A
§—8 s
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BsAb Structural Integrity Characterization

All 10 Disulfide Bonds Were Confirmed
Theoretical Disulfide Bonds in BsAb

Structeral Regios | Disulfide Boad Peptide TR.!_F;J Inﬂg}.\i“ mw&:iﬁtl m&f}ﬂw
Vi 4008 HCUE2HHCIESE) — 100.8 B4 B 0.02
mAb1 mAb2 Va3l HC2C22/HCCHE) o3 340248 10241 0.03
Vy Vi J - VymAb1 o e 1353 S1852 Bress 0.03
-V mAb1 Lo 126049 12604 0.00
\CH 1 CH? o - VymAb2 Hizge ey 133.4 45478 H54 8 0.06
Ve - VumAbz o HCUCECIC o - — — 0.02

HENC83PHENES23) - =

'S—5 ‘s‘\@ — C, (mAb1 or mAb2) ’ {: = :5;::" ::«:.I‘:: ™2 830 s 0.03
.“:,;:QF G - LC-HC (mAb1 or mAb2) - eromicane {emsaenian® {rcamnan L] w [ oen | wew [ oo
— CH; (mAb1 or mAb2) peo 408756 08768 0.08
cHzr chz - CHZ [mAb1 or mAbz) Vi 4005 LCUHCIIFLCLCEHS) - - -~ o0
- CHa [mAb1 or mAbZ) 13 707834 078.40 0.06
Cﬂ;r- -?Cﬂg - Hinge 1261 sasa S5 0.06
G - Vi 9541 LCHC2IHLCHE) o~ . - e
BsAb 10 unique disulfide bonds . Licnsicicion i e resse [ 0.03

NR Tryptic Peptide Map of BsAb * High mass accuracy MS and MS/MS give unambiguous peak assignments

150000

Mass Analysis of Fab, Fc shows no evidence of LC Swapping

On i |
y & ph &

Cleave Cleave

(HNE) {HNE) FabmAb2  FabmAb1 Fc BsAb
v 48092 v 47357 v 52795

50000 —: T
x | |

WL W V0 LN WO [

0

60
Time (min)

50
140000
120000
100000
80000
60000
40000
20000 | 1.1 !

BsAb

uAl

HNE: Human Neutrophil Elastase T DETEC

L ) L B e |
115 120 125 130 135 140

Time (min)

Jingjie Mo
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Free Thiol Analysis of BsAb and IgG1 Parentals

Mean Free

SH/Protein
(mol/mol)

BsAb, Lot M1D03-14 0.26 0.8%
mMADb 2, Lot M14D012 0.13 0.4%
mADb 1, Lot M1D23-14 0.19 0.6%

* SH% = mean free SH per protein / 32 * 100%

 Observed free thiol values for BsAb and IgG1l parentals mAbl
and mADb2 were typical for Janssen IgG1 products.

Jingjie Mo
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DSC Analysis of BsAb and Parentals In
Formulation Buffer

. mADb 1 mADb 2
s.o /\5 A ;;3""'?'!,I
UZ{ . & ‘ & /\ ' I
24 \ “1 \‘ // I'I:
Temperature (°C) ’ ) euTemper::ure cc) ‘ | Temperature (“?}
Tml(°C) | 716 Tml (°C)| 72.6 .10 67.9
AH 4.6E+5 AH 7.0E+5 AH 2 1E+5
Tm2 (°C) | 81.0 T.2 (°C)| 80.7
AH 2.2B+5 AH | 4.4E+5

« DuoBody inherited T,,s from both parentals.

Jingjie Mo
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Structure—function of symmetrically and asymmetrically

modified BsADb

V 1 mM Peracetic Acid Y
Oxidation

mAbl mAbl +
Met Oxidation

mAb2 +

mAbl Met Oxidation

BsAb

%

mAbl + mAb2 +
Met Oxidation Met Oxidation

+

mAbL +
Met Oxidation

mAb2

[ Purification

Y

[ Characterization ]

—
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AU

AU

0.30
0.25]
0.20+
0.15'3
0.10
0.05
0.004

0.30
0.25
0.20
0.15
0.10
0.05

0.004

BsAbl
8.0

mAbl || mAb2

6.00

6.00

18
8.00
Minutes

BsAbl

8.00
Minutes

10.00

119.0

10.00

Adam Evans et al. mAbs 2019

Post-FAE Material

BsAb2 BsAb3
7.8
7.9
| fi
‘ | |
mAbl || mAb2 mAbl || mAdb2
66 || 89 72 || 89
600 800 1000  6.00 800  10.00
Minutes Mnutes
Purified Final Product
BsAb2 BsAb3
7.8
,- 7.9
! \
| |
|
|
[ | [
" 600 800 1000 600 800 1000
Minutes Minutes

6.00

BsAb4

1.7
Ii
mAbl || mAb2
6.6 ",_ 8.9

8.00 10.00

Mnutes

BsAb4

800  10.00

Minutes

6.00

Robust assembly of BsAb in presence of Oxidized Fab Arms

—
janssen )'
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Structure—function
modified BsADb

of symmetrically and asymmetrically

- M254 Oxidation - -
Duobody Combination (Peptide Map) Fc Binding Assay
Mass (Da) 8 Mass (Da) —_—
23057 +3 Oxygen +3 Oxygen L Einal
37 24019 Description mAbl mAb2 mAbl mAb2 Product FcRn FcyRI FcyRII FcyRIII
Control [
BsAbl ( BsAbl Native Native 3.8% 3.0% 5.7% 100% 100% 100% 100%
Mass (Da) 23875 23900 23925 23050 23075 24000 24025 24050 24075 24100 24125
24018 BsAb2 Native Oxidized 3.8% | 99.9% §| 56.4% 44.4% 97.6% 94.3% 102.1%
‘ 24004 |\ 8
BsAb2 (1
mAb] Chain ﬁ gl - .
Oxidized [\ BsAb3 Oxidized Native 99.9% | 3.0% 57.6% 54.3% 120.2% | 89.7% 106.4%
Mass(Da) 23§75 23000 23925 23950 23975 24000 24025 24050 24075 24100 24125
21957 BsAb4 Oxidized Oxidized [ 99.9% | 99.9% § 99.4% 8.6% 128.6% | 112.6% 125.5%
( ' 24067 8
BsAb3 f i *Binding is normalized relative to control
mAb2 Chain | |
Oxidized f | I\
Mass (Da) 23875 23000 23025 z;zjsblialnﬁ 24000 24025 24050 ’rm: 24100 24125 . T .
B  Asymmetrically oxidized BsAb 2 & 3 bind — 50% of the
i 24067
BsAbd g " 8 FcRn vs the control BsAbl
mAbl + m.i\blﬁ I |
Chains [ | [ |
Oxidized | I . . . .
_ W S 1 ET— « Experimental support for 2:1 FcRn:1gG binding ratio
Mass (Da) 23875 23900 23925 23950 23975 24000 24025 24050 24075 24100 24125

 FcRn can bind independently to either chain.

—
janssen )'
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Adam Evans et al. mAbs 2019
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Outline

= cFAE Model development
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Modeling cFAE Chemistry:

« Optimizing Process Parameters

« Finding the target and MORs

« Limiting the Number of experiments
« Avoiding unnecessary experiments
* Reducing development time

« Monitoring and Investigating

« Using the model to investigate failed

batches

BioTherapeutics Development




cFAE model considerations and outline

controlled Fab Arm Exchange (cFAE) Predictive Model

= = =
" Parame ter 1 5 o o =]
ixed Mode T
Parame ter 3 52 = 8 s s c
. . . Parame ter 4 28 20 20 20
Parame ter 5 A S a S R
L O 0 (=] o o0
Parame ter 6 s ad = 3 a 3

Q
Parame ter 7 o E E E

Parame ter 8 o

culate | [ Expor cel

- Experimental Data
- Lab & Manufacturing
Scale | ==
» Mechanism of Action | =
 Kinetic Forms | T — s
 Linear/Non-Linear behavior T e

A € > P Q =~ B

Bispecific (Reduced)

%
®
@
he]
o
0,
A
e
%
g
N
o
2

I

Interactive web based app uses =25 parameters to
predict BsAb reformation of disulfides

Amin Salehi
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Using cFAE model to guide design space selection

MOR Selection

Bispecific Formation Yield (%)

Predictive modeling

, , uses over 25

Parameter 1 S I T T T parameters to narrow
optimized conditions
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Key Messages

 Controlled Fab arm exchange (cFAE) is a robust process
 Leverage existing mAb platform & yields: 2 cell lines & USP
 CcFAE understanding is key to manufacturing control

« BsAb characterization supports correct assembly and
Structure/Function

« CFAE modeling optimizes development and design space

« DuoBody® technology is translated into a robust
manufacturing platform for Janssen BsAbs

BioTherapeutics Development




Thank You
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