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First approved therapeutic monoclonal antibody product in 1986 (Orthoclone, Kidney Disease)
By November 10, 2014, 47 monoclonal antibody with EU/USA Clearance.
At current approval rates by 2020 70 expected with a cap of $125bn

* Ecker et al, The Theraputic Monoclonal Antibody Market. mAbs 7:1, 9--14; January/February 2015;
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® MAbs and MAab-related products B Products approved, but subsuquently removed from market

Figure 1. Anrual approvals of monoclonal antibody products™? The
rurmiber of monoclonal antibody products first approved for commercial
sale in the US or Europe each year since 1982 is shown. The totals
include all monoclonal antibody and antibody-related products. Prod-
ucts approved but subsegquently removed from the market are denoted
in Blug; products currently marketed are denoted in green. 2074 total is
as of Novermnber 10, 2014,

60 ®m Recombinant proteins produced in
mammalian cell culture
(133 Kg produced in 2013)

50

® Full length monoclonal antibodies
produced in mammalian cell culture
(8,182 Kg produced in 2013)

8

B Monoclonal antibody conjugates,
fragments, and fusion proteins
produced in mammalian cell culture
(1,677 Kg produced in 2013)

B Recombinant proteins produced in
microbial fermentation
(8,497 Kg produced in 2013)

Sales (Billions USD)
g

~
o

® Monoclonal antibody products
produced in microbial fermentation
10 (102 Kg produced in 2013)

m All biopharmaceutical products
produced in plant cell culture
(189 g produced in 2013)

2008 2009 2010 2011 2012 2013

Figure 2, Sales of hiopharmaceutical products by product type. Total annual sales of biopharmaceuti-
cal products are shown as a function of product type. Note that recombinant proteins produced by
microbial fermentation include recombinant human insulin products which represent nearly 50% of
the sales and >90% of the material produced in this category.
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REGULATORY REVIEW winimize Portfolo () PHASE 2 Minimize Portfolio () PHASE 1
Baricitinib
systemic lupus erythematasus
Immunology
Small Molecule
New Indication .
PHASE 3 Minimize Portfolio
BTK Inhibitor
rheumatoid arthritis
Baricitinib
atopic dermatitis
Immunology
Small Molecul
NME
Immunology
Small Molecule

New Indication

Mirikizumab
Crohn’s disease

Mirikizymab

Ixekizumab

Large MalgStle
New Indication New Indication

Large Molecule

* Of the 53 therapeutic targets at Phase 1 or better,

e 21 are therapeutic antibodies

* 2 Mabs cover 6 indications (Tanezumab, Mirkizumab)

https://www.lilly.com/discovery/pipeline

e,



Table 1. Marketed therapeutic monodonal antibody products
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Original Company

BLA/MAA Reporting EU Year of First 2013
Brand name (INM) Applicant Sales Approval Global Sales ($M)°

—_

Abthrax {raxibacumals) Humian Genorme Sciences NfAR 2012 23
Actenra (toclizumab) Roche Roche 2009 1118 « Most of these are novel Mabs.
Adcetris® (brentuximaly ved otir) Seattle Genetics Takeda Pharmaceutical Co. 2011 253
,ﬂxlpnrc-ll)(d {Factor [X Fe fusion protein) Biogen ldec MAA 2014 MNom® : H : :
Arcalyst’ (rlonacept) Regereron Pharmaceuticals MSA 2008 17 ¢ H owever b 1osimi Ia 'S are Sta rtl n g to
Arzerra (ofatumumalky) Glaxasmithikline GlaxosmithKline 2009 17
Avastin (bevacdizumaly) Genentach Roche 2004 6,748 be a p p roved '
Benlysta (belimumals) Hurvian Genome Sciences GlaxoSmithKline 2011 228
Cimzia? (certolizurmnab pegol) UCB ucB 2008 780 —  FDA approved 1st full Iength mADb
Cyramza {ramucirumals) Eli Lilly and Co. MAA 2014 H H H H
Eloctate™ (Factor VIl Fe fusion protein) Biogen Idec i A 2014 Mof® bIOSI mi Ia rin 20 1 6 .
Enbrel' (etanercept) [P Pfizer 8,325 .
Entyvio (vedolizumak) Takeda Pharmaceuticals USA, Inc Takeds Pharmaceutical € NoNIE ° E MA a p p Frova I was in 20 1 3 .
Erbuitux {eetuximak) ImClone Systarms Mere 2004 1,926
Eylea’ (aflibercept) Regeneron Pharmaceuticals care Pharmaceuticals 2011 1,851
Gazyva (obinutuzumakby) Genentech Roache 2013 3
Hereeptin (trastuzumab) Genen Roche 1008 6,550
Hurnira (adalimumak) Laboratories Ahlbvie 2002 10,659
llaris (canakinumals) Mowartis Pharmaceuticals MNovartis Pharmaceuticals 2009 119
Imflectra® ' (infliximats [biosimilar]) Hospirs Hospira 2013 <1m
Kadeyla" (ado-trastuzurmaly ermtansing) Genentech Roche 2013 252 S
Keytruda {pembrolizumals) Merck & Co. MAA 2014 Mok®
Lermtrada {alermtuzumals) Genzyrme Therapeutics Samof 2013 3
Lucentis® (ranibizumaks) Genentech Movartis Pharmaceuticals 2006 4,205
Nplate? {romiplostim) Amgen Amgen 2008 427
Nulojix® (belatacept) Bristol-Myers Squilsb Bristol-Myers Squibb 2011 26
Orercia” (abatacept) Bristol-Myers Squilsk Bristol-Myers Sguibh 2005 1,444
Perjeta(pertuzamaly) Genentech Roche 2012 352
Prolia® (denosumak) Arngen Glaxosmith Kline 2011 824
Remicade {infliximaty) Centocor Mlerck & Co. 1008 8,044
Removab' catumaxomals) Fresenius Biotech MeoPharm Group 2008 5
Remsima® ! (inflikirmaly [biosimilar]) Celltrion Calltrion 013 <]m
ReoPro" {abeximal) Centocor MAA 1904 127
Ritusan {rituximalk) Genentech Roche 1087 7,500
Simponi/ Simponi Aria (golimumak) Centocor Ortho Biotech Merck & Co. 009 1,432
Simulect (basiliximalk) Mowvartis Pharmaceuticals MNavartis Pharmma couticals 1008 30"
Soliris {eculizumalka) Alexion Pharmaceuticals Alexion Phamnaceuticals 2007 1,551
Stelara (ustekinumaky) Janssen-Cilag International Johmson & Johnson 2009 1,504
Sylvant (siltuximals) Janssen Biotech Johrson & Johnson 014 MNohE
Syragis (palivizumalk) Abbott Laboratories Abbyie 1908 1,887
Tysabri {natalizumak) Biogen ldec Biogen Idec 004 1,537
Yectibix { panitumumals) Amgen Amgen 06 380 _J
Hgeva® (denosurmak) Armigen Amger 2010 1,030



B fE NI E TR
Protein Journey ‘

Originator Mab

Discovery-Non MFG Cell Line*

Stable Cell Line

Cell Line Development

Biosimilar

\

Media Optimization

“"Totality of Evidence”

Structural Analytics Sample Analysis

. CD Spectrum

. NMR

J

|

R=Protein Concentration

* Cell Line.

\

. Size Exclusion Chromatography (SEC)
. Analytical Ultracentrifugation (AUC) PK R=

Hydrogen/deuterium exchange (HDX)

Nonclinical

PD — Safety/Efficacy

) Clinical Safety

|

«  Work with a well established cell line (avoid

Allotypic variation)

+ Optimize media to avoid changes in
Glycosylation.

Finished Good
Packaging
Distribution

This may be applied to

R=Similarity to Reference

A
[ |

Formulation
Upscale
Bulk Processing

therapeutic protein -

} - i- Non-denaturing Electrophoresis

Immunogenicity -

R=Similarity to Reference

Manufacturing Upscale (Downstream)

Cell culture process

D—»A—»D D—)- —— > ' H;H
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Drug substance

] 4
B M S

Several Several Wiral Chromatography Centrlf ation \-5__ -
filtration steps  chrorratography inactivation filtration
. seps
-

Purfication process

Figure 1. Gverview of the manufacturing process of a biolegic in a mammalian call culture system. The manufacturing process
consists of a cell culture process and a purification process. The cell culture process & initiated bty expansion of a single vial of cell stock
o culure flask, after which it is sequentially subcultured to larger bioreactors. In this process, optimized cell culture conditions such as
Temperature, agitation rate, csmolality, pH, concentration of CG; and glucose concentration are tghtly maintained, as these conditions
are critical to the quality of biclegics. The supernatants are harvested and further purified through several steps of chromategraphy, filtra-
tien and viral inactivation in the purification process, which alse have potential toinfluence the quality of biologics.
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q ﬁ Quality Considerations in Demonstrating Biosimilarity of a Therapeutic Protein
r Product to a Reference Product. Guidance for Industry. FDA, April 2015.

“"The three dimensional conformation of a protein is an important factor in its biological
function. Protein generally exhibit complex three-dimensional conformations (tertiary
structure and, in some cases, quaternary structure) due to their large size and the rotational
characteristics of protein alpha carbons. The resulting flexibility enables dynamic, but subtle,
changes in protein conformation over time, some of which may be absolutely required for

functional activity.” “...... at the same time, a protein’s three-dimensional conformation can
often be difficult to define precisely using current physiochemical analytical technology.”
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Antibodies to Light Chain (Abl-Abya-Abu)

W)
7%

 Polyclonal Antibodies (Pab) are raised against
30 amino acid peptides from the amino acid
sequence of target therapeutic Mab.

30aa epitope
H Individual peptides to raise
— ! Polyclonal antibodies. Antibodiesto Heavy Chain Fab Antibodies to Heavy Chain Fab
E—— (Ab7-Ab12, Ab18-Ab22) I - . I (Ab7-Ab12, Ab18-Ab22)
]
Saa Overlap e |‘ l I |
mAb Amino Acid Sequence = ‘ I =)
Antibodies to Heavy Chain CH2 1 | |
and CH3(Ab23-Ab34) | Antibodies to Heavy Chain CH2
« Selected Pab’s are used to create an array against I H3  and CH3(Ab23-Ab34)
the structure of the Mab. With a reference molecule I 1 1 I
providing a figerprint of the properly folded Mab. Distribution of the 34 Antibodles

In the Antibody Array

Distribution of the 34 pAb: pAb 1-12 (variable region);
pAb 13-34 (constant region)
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The initial product offering consist of Sandwich ELISA based arrays, allowing the generation of unique
therapeutic Mab signatures.

2
1.8
Streptavidin 16
HN C_C NH Horse Radish
Peroxid 1.4
Oxidized TMB qoxiaase -
c B Avastin
Biotinylated o 12 H Campath
HzNNHZ Anti-human IgG Lj‘? m Erbitux
Antibody N 1 W Herceptin
T™MB \
O B Humira
0.8
m Rituxan
Therapeutic 1 Synagis
\ 0.6 ynae
Protein
Anti-peptide
Antibody

Ab1 Ab2 Ab3 Ab4 Ab5 Ab6 Ab7 Ab8 Ab9 Ab10 Ab11

Variable Region Antibodies
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Testing PCA ELISA Detection |Sensitivity Resolution
Condition
Temperature Stress Yes 0.1% (5 ngimpurity in 5 | Epitope-based, 3-6
ug testing sample) Amino Acids
Low pH Yes High Epitopes
High pH Yes High Epitopes
Oxidation Yes High Epitopes
Glycosylation Yes High Epitopes
Aggregation Yes High Epitopes
Bioassay Difference Yes High Epitopes
Light Stress Yes High Epitopes
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The most significant difference in the variable region was seen at Ab6 suggesting a correlation
between this site and the decrease in bioactivity ( the more unfolding the higher the signal)

1.300

1.100

mStd ®MablControl = Mab1 Stressed

0.900

0.700

0.500

0.300

Ab6 is close to light chain
CDR3 22% Bioassay Activity
Decrease

0.100 -

AB1
AB2
AB3
AB4
ABS
AB6
AB7
AB8
AB9
AB10O
AB11
AB12

-0.100
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FcyRllla binding result: 64% Decrease

1.300

1.100

0.900

0.700

0.500

0.300

-0.100

| Std

H Mab1 Control

= Mab1 Stressed

0.100 -

AB13 AB14 AB15 AB16 ABl17 AB18 AB19 AB20 AB21 AB22 AB23

1.300

1.100

m Std

0.900

B Mab1 Control

= Mab1 Stressed

0.700

Major Conformational Change

around the Glycosylation Site.

0.500 -

0.300

0.100 -

-0.100

AB24

AB25

AB26 AB27 AB28 AB29 AB30 AB31

@A}aysﬁdge
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Ab15,16: LC Hinge Region; Ab17,18:HC, Fv-Fc domain
Ab24:. HC Hinge Region.; Ab25: HC Glycosylation Site.
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As low as 0.05% epitope exposure can be detected and quantified

MFI (Median Fluorescence Intensity)

100000

10000

1000

8M Urea-RTX

ug/mL % Spiked
0 0
0.02 0.05%

. 0.04 0.10%
0.08 0.20%
0.20 0.50%
0.40 1%

q 0.80 2%

. 1.60 4%

:

0.01 0.10 1.00 10.00

ug/mL of 8M Urea-treated RTX (in 40 ug/mL Untreated-RTX)

—e—pAbl —e—pAb2 —o—pAb3 pAbd —e—pAb5 —e—pAbb —e—pAb7

—e—pAbS8 —e—pAh9 —e—pAbl10 —e—pAbll —e—pAbl2 —e—pAbl3 —e—pAbl4d

—o—pAb15 pAbl6  —e—pAbl7 —e—pAbl8 —e—pAbl9 —e—pAb20 —e—pAb21

—e—pAb22 —e—pAb23 —e—pAb24 pAb25 pAb26 pAb27 pAb28

—e—pAhb29 pAb30 —e—pAb31 -—e—pAb32 -—e—pAb33 —e—pAb34
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mAb Name Trade Name Composition IgG Class Sales
(S billions)
Bevacizumab Avastin Humanized mAb I[gGl 7.0
Cetuximab Erbitux Humanized mAb I[gG1 2.3
Alemtuzumab Campath Humanized mAb IgGl 0.7
Rituximab Rituxan Chimeric mAb I[gG1 8.6
Adalimumab Humira Human mAb IgGl 16.1
Trastuzumab Herceptin Humanized mAb I[gGl 6.9
Palivizumab Synagis Humanized mAb IgGl 0.5
Infliximab Remicade Chimeric mAb IgGl 10.2
Etanercept Enbrel Fc¢ Fusion Protein IgG Fusion 9.1
Erythropoietin EPO Human protein Non-mAb 3.4
Pegfilgrastim Neulasta Human protein Non-mAb 4.6
Denosumab Prolia Human mAb IgG2 3.0
Ranibizumab Lucentis Humanized mAb IgG1 Fab 4.3
Golimumab Simponi Human mAb IgGl 2.9
Ustekinumab Stelara Human mAb IgGl 2.5
Aflibercept Eylea VEGFR-1-Fc IgG Fusion 5.9
Fusion Protein
Somatropin Genotropin Human Growth Non-mAb 5.2

etc.

Hormone
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CT-P13 A EBMEYHHIZS: FDA 12325 HRY PCA #iE. ® CELLTRION

" oure B Antibody Array Oata Showing Epitopes Exposed by 7 Lotz each of L5 Remiads, CT-F13,
ard EJRemicade w=irg 2 Polcloral 5=m

2.4 IMWARAMOGEMICITY RESLLTS

241 Antibody &ray Study O US Remicade M CT-P13 O EU Remicade

Antibody array technology or Protein Conformational Amay (FCA) & a technique for @mparnng 11 Light Chaim Heavy Chain

structural differences among similar molecules such & monoclonal Antibodies (mAb). The ELISA consists A450 0.5 - |EDR1||EDM|[ED“| | | |Gum| FER1| |m“| !
of a pool of 24 pAbs, each mEed azgaimt ashort segment of the linear mAb peptide sequence. Together, 0 _.m_-_-_-_-’_-_.’_l_.
this owerlapping series of peptides covers the entire peptide sequence of the mAb and were the mAbto Ab1 Ab2 Ab3 Ab4 Ab5 AbE AbY AbBE AbS Ab10 Ab11 Ab12
exit in @ linear or denatured state, each of the 34 pAbs would give astrong signal in the ELISA. W ith a 3 1 Light Chain Heavy Chaln

correctly folded mAb, most of the epitopes are buried and are not stronely remenzed by the pAbs. A4S0 24" I I ngencgulnn
Difference in intensity of the responses for each pAb reflects the exposure of the epitope Ab detects. 11

Thts technique showed CT-P13, EJ Remicade, and U5 Femicade were consistent with resard to epitope 0 Ab13 Ab14 AB15 AB16 Ab17 Ab18 Ab19 Ab20 Ab21 Ab22 Ab23
exposure and higher order structure (Figure 54). One batch of US Remicade [CIMPS016FP1) s howed 1 - ey chain

devigtions gt some epitopes around the hinge region and in the overlapping region of 2549275 3a and ' ﬂl:ﬂ:u:’ﬂﬂ'%n slte |

Ad50 0.5 -
272-292 aa of the HC, suegestings licht unfolding inths region. 4-—‘,—.,—.—“,—-,—‘,—_,—*—-,—-
-u .

AbZd4 Ab25 AbZ6 Ab2T Ab2ZE Ab29 Ab3I0 Ab31 Ab3Z Ab3I3 Ab3d4
* Notes differences between US & EU Remicade C.0R: Cio mphe = nta ity dhete rmining region

production and CT-P13. HOS similarity between CT-P13 (Biosimilar) and its originator

manufactured in the EU & USA.

*CT-P13 (infliximab biosimilar) BRIEFING DOCUMENT FOR THE ARTHRITIS ADVISORY COMMITTEE, MEETING
DATE: February 9, 2016.

FDA Advisory Committee Briefing Document, February 9, 2016, Page 1 of 349 (pgl79)
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Monoclonal antibody higher order structure analysis by high throughput protein

conformational array BriStOl-MYCrS Squbb

Yuanli Song (2, Degiang Yu (2, Mukesh Mayamf, Nesredin Mussa, and Zheng Jian Li

Biclogics Process Development, Bristol-Myers Squibb, 38 Jacksan Road, Devens, WA, USA

ABSTRACT
The elucidation of antibody higher order structure (HOS) is critical in therapeutic antibody development. Since HOS determines the protein
bioactivity and chemo-physical properties, this knowledge can help to ensure that the safety and efficacy attributes are not compromised. Protein
conformational array (PCA) is a novel method for determining the HOS of monoclonal antibodies. Previously, we successfully utilized an
enzymelinked immunosorbent assay (ELISA)-based PCA along with other bioanalytical tools to elucidate the structures of antibody aggregates. In
this study, applying a new multiplex-based PCA with 48-fold higher throughput than the ELISA-based one
. The PCA analysis of antibody

molecules clearly demonstrated significant differences between IgG1 and IgG4 subclasses in epitope exposure and folding status. Furthermore, we
applied small angle X-ray scattering to decipher mechanistic insights of PCA technology and validate structural information obtained using PCA.
These findings enhance our fundamental understanding of mAbs’ HOS in general. The PCA analysis of antibody samples from various processing
conditions also revealed that antibody aggregation caused significantly higher exposure of antibody epitopes, which potentially led to a “foreign”
molecule that could cause immunogenicity.

. Our study demonstrated that high throughput PCA is a suitable method for HOS analysis
in the discovery and development of therapeutic antibodies.

*Monoclonal antibody higher order structure analysis by high throughput protein conformational array. Y.Song et al, MABS
2018 Jan 9, 1-9.
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Figure 14: (Fig 5)(A) PCA data of mAb5 samples from upstream process development. Samples were collected during the
cell culture on Day H-6, H-4, H-2, and H as labeled (Day H is the harvest day). The error bar is the standard deviation from
two repeats. (B) PCA data of mAb5 samples from downstream process. Samples collected include ProteinA Elution (PAE),
Virus Inactivation (VI), Cation Exchange Elution (CEX), and Anion Exchange Flow-through (AEX). The error bar is the

standard deviation from two repeats.

we revealed structural differences between different antibody molecules and antibody structure changes affected by various processing
conditions
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Consequences of anti-drug antibodies

Loss of efficacy

Insulin
Streptokinase
Staphylokinase
ADA

Calcitonin
Factor VI
Interferon alfa 2
Interferon beta
Interleukin-2
GnRH
TNFR55/1gG1

Denileukin diftitox

HCG
GM-CSF/IL3

Various monoclonals

Enhancement of efficacy
Growth hormone

Neutralization of
endogenous protein
Epoetin
Megakaryocyte-derived growth
factor (MDGF)

General immune effects
Allergy
Anaphylaxis
Serum sickness, etc

None

From Wim Jiskoot, NBC, Seattle, 2009
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1. 3 antibodies used: IgGs from human plasma; Herceptin, Rituxan.

2. 6 different conditions tested: no treatment; 8 M urea-induced unfolding; Heat
treatment; Oxidation; Higher pH (pH 9.5); Lower pH (pH3).

3. Three antibody levels tested: 100 pg/mL; 10 pg/mL; 1 pug/mL (mimic the levels in
the human blood during actual treatment).

4. Positive and negative controls: PBS will be used as the negative control to
determine assay background and base-line cytokine levels, LPS stimulation will be
used as a positive control for measuring cytokine release. Urea (screen at 3
different concentrations) will be tested as the vehicle control for urea-induced
unfolding.

5. Plasma samples from the whole blood incubation are analyzed with HSTCMAG384-
PX21 High Sensitivity Human Cytokine Assay kit from MilliporeSigma (measuring
21 cytokines simultaneously) on a Luminex FlexMap3D Analyzer.

6. Human Whole Blood Cytokine Release Test (n=5) (Preliminary analysis of 11
selective cytokines from the 21 cytokines measured)
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B Plate 2 - Background
4 - Control
a || High pH
33— ) | - Low pH
E ] L i :’ Oxidation
2— Bl ssc
B :’ Urea
1—
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The HOS of Human serum-derived IgGs are stable in high pH (pH9.5) and oxidation,
Changes at different region with low pH (pH 3.0) and heat treatment (55°C, O/N).
There is general unfolding in 8 M urea but refolding is very fast.
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Cytokine Release (ave of 5 donors): PBS, LPS, Urea, and Human IgG-treated (plate 1)
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Only 11 of the 21 cytokines measured was shown here.
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The HOS of Herceptin is stable in high pH (pH9.5). Changes at different region with

low pH (pH 3.0), oxidation and heat treatment (55°C, O/N). There is general unfolding
in 8 M urea but refolding is fast. Low pH and urea-treated sample has saturated signal
but this HOS change is reversible, epitope exposure resumes normal when pH is back to 7.4 .
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The HOS of Herceptin is stable in high pH (pH9.5). Changes at different region with
low pH (pH 3.0), oxidation and heat treatment (55°C, O/N). There is general unfolding
in 8 M urea but refolding is fast. Low pH and urea-treated sample has saturated signal.
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Cytokine Release (ave 4 donors): PBS, LPS, Herceptin-treated (plate 1 + plate 2)
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Only 11 of the 23 cytokines measured was shown here.
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The HOS Changes at different region with high and low pH (pH 9.5 and 3.0 respectively),
oxidation and heat treatment (55°C, O/N). There is general unfolding in 8 M urea and

refolding is slow. »
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The HOS Changes at different region with high and low pH (pH 9.5 and 3.0 respectively),
oxidation and heat treatment (55°C, O/N). There is general unfolding in 8 M urea and
refolding is slow.
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Herceptin zu DIQMTQSPSSLSASVGDRVIITERASQDVNT----- AVAWYQOKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLT ISSLOPEDFATYYBOORY TTPPTFGOGTKVEIKRTVAAPSY
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Cytokine Release (5 donors): PBS, LPS, Rituxan (Plate 2)
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Only 11 of the 23 cytokines measured was shown here. 35
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IC3b Concendrations after 30 min nocubation
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