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Trastuzumab is the chemical name of one of
more than 30 monoclonal antibody drugs that
have been approved for clinical applications.

It was originally developed and
commercialized by Genentech (Herceptin®) for
the treatment of a specific type of metastatic
breast cancer, and was approved by the U.S.
FDAin 1998.

Trastuzumab was the first monoclonal
antibody targeted for a cancer-related
biomarker to obtain approval by the FDA.

Trastuzumab consists of two light chains, two
heavy chains, and has an ensemble of N-
linked glycans attached to Asn 297 of each
heavy chain.



Industry and regulatory experience of

Biotechnology and
Applied Biochemistry

the glycosylation of monoclonal

antibodies

Erik K. Read, Jun T. Park, and Kurt A. Brorson™

Division of Monoclonal Antibodies, Office of Biotechnology Products, Center for Drug Evaluation and Research,

Food and Drug Administration, Silver Spring, MD, USA

Abstract.

We surveyed 23 antibody-related marketing applications for
glycoform analytical and functional information. Our database
analysis shows a clear trend of increasing sophistication of
analytical methods used to identify and quantify glycans.
These have revealed a high degree of complexity and
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1. Introduction

The number of licensed therapeutic monoclonal antibodies
(mAbs) has been increasing over the past few years, with hun-
dreds more already undergoing clinical study for indications
for a variety of therapeutic applications, including cancer and
inflammatory diseases [1]. Most of these preducts are pro-
duced in conventional bioreactor-based mammalian cell cul-
ture [e.g., Chinese hamster ovary (CHO) or murine myeloma
transfectomas], although a few are produced by other expres-
sion systems (e.g., Escherichia coli) [2]. Therapeutic antibodies
must be demonstrated to meet applicable quality requirements
to ensure continued safety, purity, and potency to convince
regulators to allow marketing as a drug product. Part of the
demonstration of product quality is an intensive biochemical
characterization of the antibody itself, which includes a thor-
ough examination of glycan distribution and potential impacts
of glycoform on function [3]. This characterization is conducted
in two major stages, (a) a complete glycan distribution char-
acterization of reference standard or conformance lots of the
antibody glycoprotein and (b) abbreviated testing of all sub-
sequent batches to establish manufacturing consistency and

Abbreviations:  ox-gal, ex-galactosyl residues; ADCC, antibody-dependent cellular
oytotoxicity; BLAs, Biological License icatic CE. capillary is; CHO,
Chinese hamster ovary; CDC, complement-dependent cytotuxicity; exa, exoglycosidase;
MS, mass spectrometry; MaA, mechanism of action; mAbs, menaclonal antibodies; OP,
wligosaccharide profiling; GoF, G1F and G2F, outer arm non, meno or bi- 3-galactosylated
variant of core fucosylated biantennary N-linked glycans; FDA, US Food and Drug
Administration.
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heterogeneity of glycans attached to antibody products. The
nature of the complexity is influenced by product type and
expression system, and may be associated with functional
consequences in some but not all cases.

Keywords: glycosylation, monoclonal antibodies

comparability with the reference material. The tests used in
these analyses span a wide range of analytical methodologies,
which have grown more sophisticated over the years [4].

For the most part, glycans on commercial antibodies
are attached at asparagine residues at or near position 297
(N297) within the Fc portion of the protein [5]. Mammalian
cell culture-produced antibodies typically possess N-linked
complex biantennary structures, with heterogeneous levels
of terminal galactosylation and fucosylation of the core N-
acetylglucosamine [6]. To a lesser degree, terminal sialylation
and bisecting N-acetylglucosamine are also present. Although
these glycans do not directly impact the antigen-binding func-
tion of the antibody protein, they can impact effector func-
tions such as antibody-dependent cellular cytotoxicity (ADCC)
or complement binding and activation (also known as CDC
or complement-dependent cytotoxicity) [7]. Examples of doc-
umented impacts of glycosylation on antibody functionality in-
clude, but are not limited to, (a) an inverse correlation between
ADCC activity on core fucosylation [8], (b) an increase in CDC ac-
tivity with increased galactosylation[9], and (¢) a positive corre-
lation between anti-inflammatory activity and increased sialyla-
tion [10]. A subset of antibody-like products, Fc fusion proteins,
possesses more complex glycan distributions, including O-
linked glycans. Thus, glycoformvariation can impact the potency
or in vive distribution/clearance of therapeutic antibodies and
needs to be characterized and controlled. As part of glycan char-
acterization, the impact of glycan distribution on the product
mechanism of action (MoA; e.g., cancer cell destruction, down-
modulation of inflammatory activity) is commonly evaluated
by firms wishing to market antibody-based medicinal products.

Over the past 25 years, almost 40 antibody products
have been approved for marketing by US Food and Drug
Administration (FDA). The licensure decision is based on infor-
mation submitted in the marketing dossier including the above
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6/10 top sellers; > 400 mAbs in trials
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Antibody Drug Conjugates
Single Domain Antibody

Fragment Antibody

alicheamicin
1368 Da

IgG Antibody
150 kDA

Regulatory Considerations for Antibody Drug Conjugates Sarah Pope Miksinski, Ph.D. 2013 DIA 49™ meeting
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HALO® BioClass Fused-Core:
Particle Design Improvements
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Solid Core

T~ Porous Shell

1k

* Low back pressure due to the particle design (solid core with a porous shell)

* No need for specialized HPLC equipment

* Not necessary to filter samples and mobile phase since frits are not as small as needed
for sub-2-um

* High resolution is maintained at high flow rates (flat C-term in van Deemter plot)
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Wide Pore SPP Can Fit the Needs for Protein Science

What is Needed for High Performance
Separations of Larger (Bio) Molecules?

Fab

£ -

* Pore Size must “fit” molecule size
Restricted diffusion limits efficiency and load capacity
Peak capacity effects by kinetic and retention properties

* Particle Geometry must Optimize Surface Area/Volume

Shell thickness determines diffusion path and Surface Area
Core Size (a determinant of particle size must match application needs)
Must have “right” size AND desirable particle distribution

* Chemistry/Conditions appropriate to Samples

Fab Image Regulatory perspectives on the manufacture and characterization of biotechnology products during pharmaceutical Development. Richard Ledwidge, Ph.D. FDA.gov

@nnvanceﬂmareria!srenhnnlnuu




Shell with 90 A or 160 A pores
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* ~300K plates/meter efficiency: Speed and High Resolution
® Robustness and Ruggedness for UHPLC Analyses

larger porosity 1 micron frits on the column inlet

Less likely to be plugged compared to 0.2—0.5 um frits used on sub-2-um
non-core columns

Lower back pressure (~20% ) than most commercially available non-core
sub-2 um columns

® 1000-bar pressure maximum

.
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Superficially Porous (Fused-Core®) Wide Pore Particles (400 A)

Wlde pore Halo 400 Protein Particles

Solid Core

Shell with 400 A pores 0.2 ym

* Low back pressure due 3.4 um particle diamater

* No need for specialized HPLC equipment

* Not necessary to filter samples and mobile phase since frits are not as small as
needed for sub-2-um

» Shortest practical diffusion path for high MW molecules (to maintain small C-term )
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0.10

0.08

0.06

Plate Height, mm

0.04

0.02

® Halo 400, 3.4 pm, 0.15 pm porous shell, k=4.3
O Halo 400, 3.4 ym, 0.20 pm porous shell, k= 4.5
¥ Halo 400, 3.4 um, 0.25 pm porous shell, k = 4.6
— Data fitted to Knox equation

Linear Mobile Phase Velocity, mm/sec
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Column: 2.1 x 100 mm HALO Protein C4 Mobile Phase A: water/0.1% TFA Peak Identities (in order):

Instrument: Agilent 1200 SL Mobile Phase B: acetonitrile/0.1% TFA 1. Lysozyme 14.3 kDa
Injection Volume: 2 pL Gradient: 28-58% B in 10 min. 2. BSA 66.4 kDa
Detection: 215 nm Flow rate: 0.45 mL/min 3. a-Chymotrypsinogen A 25.0 kDa
Temperature: as indicated 4. Enolase 46.7 kDa
5. Ovalbumin 44.0 kDa

30 °C 1 A 3 5

Time, min @ndvnucedmareriﬂlsrenhnnluqu



urface Functionality: Resolution/Selectivit

Sample: In order

1. Cytochrome ¢, 12.4 kDa
2. Lysozyme, 14.3 kDa
3. a-chymotrypsin, 25 kDa
4, Catalase, 250 kDa (4 x 60 kDa)
5. Enoclase, 46.7 kDa
6. Carbonic anhydrase, 29 kDa
i 7. B-amylase, 200 kDa (4 x 50 kDa)
C4 & 7
3.4 Hm 1 3 2
400 A _NJ 4 KJ l./"
0.0 0.5 10 15 20 25 L] 35 40 4.5 50
2
ES-C8 56
3.4 pum 1 1
400 A | i‘ 7
4 |
b i V.
o 05 1.0 1.5 2.5 2.5 4.0 35 4.0 4.5 5.0
2
E5-C18 55 7
3.4 pm 1 Ei‘ ' 1
400 A 4
M o h e JL_/J . -
.0 0.5 10 1.5 20 15 3.0 35 40 45 50
Time, min.
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Protein Separations: SPP compared to Totally Porous

Columns: 2.1 x 100 mm
Instrument: Agilent 1200 SL
Injection Volume: 1 pL
Detection: 215 nm

Flow rate: 1.1 mL/min

Mobile Phase A: water/0.1% TFA
Mobile Phase B: acetonitrile/0.1% TFA
Gradient: 23-52% B in 5 min

Peak ldentities:
Ribonuclease A
Cytochrome ¢

Temperature: 60 °C

30 1 HALO Protein C4, 3.4 um, 400 A
Pressure: 240 bar

18 0.0179

Absorbance, mAU

-2 T T T T T T

ook wh =

Lysozyme
a-Lactalbumin
Catalase
Enolase

0.0237

0.0175

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time, min
30 ; Totally Porous C4, 1.7 um, 300 A
26 1 Pressure: 570 bar

18 - 0.0190 0.0212

Absorbance, mAU
=

4.0 4.5 5.0

0.0304
0.0260

-2 T T T T T T

0.0 0.5 1.0 1.5 2.0 25 _ 3.0
Time, min

4.0 4.5 5.0



2.1 x 150 mm columns; 0.
A —-0.1% TFA in water; B- 0.1% TFA in AcN

N
[¢1]

12.61

Column: HALO 3.4pum C-4 400A Column# QUJ1358

Sample: Intact 4 (SiluMab Lite)
Injection: 2plL

Average W50% (2 injs): 0.0532 min
Average Rt (2 injs): 12.598 min

_(1)01

8.5 9.0 9.5 10.0 10.5 11.0

N
[¢1]

Absorbance, mAU (280 nm)

Column: 1.7pm C-4 300A Column#1160-05
Sample: Intact 4 (Silumab)

Injection: 2plL

Average W50% (2 injs): 0.0693 min
Average Rt (2 injs): 12.941 min

12.93

8.5 9.0 9.5 10.0 10.5 11.0



HALO BioClass Columns for Characterization
of Monoclonal Antibodies (mAbs)

Applicable HALO Particle
BioClass Column Size

Monoclonal Antibody Characteristics Technique(s)

Purity, impurities, post-translational

AP . Reversed-phase LC-MS HALO Protein C4 400 3.4
modifications, molecular weight
Identity, purity, impurities, Reversed-phase LC-MS . )
site-specific modifications RPLC-UV O L A 1L 2R
i ition, link il b HALO Glycan 90 2.0,2.7
(sequence, composition, linkage, HILIC-FLD yca .0, 2.

branching)
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HALO® BioClass Fused-Core:
Mobile Phases for Improved Protein LC/MS
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Mobile Phases for Protein and Peptide LC/MS

Successful LC/MS depends on Stationary Phase, Mobile Phase and
Instrument fitness to task

* TFA is the acidic mobile phase modifier of choice for protein and peptide
separations, showing good peak shape and high column efficiency

* Formic acid (and acetic) has been widely adopted for LC/MS applications, with
(mostly) reasonable LC performance and excellent MS compatibility

* TFA is widely considered a bad choice for LC/MS, largely due to ESI suppression
(low signal), and perhaps due to background problems, and system persistence
after use

* The vast majority of protein LC/MS examples use FA or TFA

@aﬂvauceﬂmaIeriaEsrenhnnluuu



Mobile Phases for Improved Protein LC/MS
Properties That May Help

Initial selection and testing indicated some candidates with promise:

Share required features of volatility, lower pKa, but variable protein solubility

FA HOAc TFA DFA 3FPA

3.8 4.8 0.3-1.6 1.3-1.4 3.1
CF,

K o) H3C\~’/O |=3ch HcmYO o

OH OH OH OH OH

formic acid  acetic acid 2,2 2-trifluoroacetic acid 2,2-difluoroacetic acid  3,3,3-trifluoropropanoic acid

@nﬂvanceﬂmareriﬂlsrenhnnlnuu



Improving Retention and Peak Shape Using Ammonium Formate

Column: Halo Peptide ES-C18, 4.6 x 100 mm; Flow rate: 2.0 mL/min; T=30 C;

0.1% TFA

0.1% Formic Acid

mAU @ 215 nm

Concentration

0.1% Formic Acid/20 mM NH, Formate
pH

lonic strength

| 5 10 15

Time (min)

A: Water/acid modifier; B: ACN/0.1% TFA or Formic Acid

Gradient: 1.5% to 26% B in 15 min.; Injection: 8 uL (800 ng) of synthetic peptides S1-S5

Synthetic Peptide
Retention Standards:

S1 RGAGGLGLGK-Am
S2  Ac-RGGGGLGLGK-Am
S3  Ac-RGAGGLGLGK-Am
S4  Ac-RGVGGLGLGK-Am
S5 Ac-RGVVGLGLGK-Am

TFA Formic Ammonium | AF/FA
0.1% Acid Formate
0.1%
0.013 M 0.026 M 0.020 M 20 mM AF
26 mM FA
1.8 2.7 c.7 3.3
26 mM 4.4 mM 40 mM c. 44 mM

McCalley, D. V., Effect of buffer on peak shape of peptides in reversed -phase high performance liquid chromatography. J Chromatogr 2004, 1038 (1-2), 77-84.
Schuster, S. A.; Boyes, B. E.; Wagner, B. M.; Kirkland, J. J., Fast high performance liquid chromatography separations for proteomic applications usinglF6used-

Core®silica particles. J Chromatogr 2012, 1228, 232-241.
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__—Ammonium formate as an additive fo

Column: 0.2 x 50 mm Halo Peptide ES-C18; Flow rate: 9 puL/min; Gradient: 2 - 45% B in
15 min; Mobile phases as shown; Sample: 2 pL (3 pmol) apomyoglobin digest.

100

Relative Abundance

El)

P N R S =)
o © © & © © ©

A: 0.1 % Formic Acid

B: 0.1 % Formic Acid/10 mM Ammonium Formate

9.27 9.56
B 752.42 100 752.35
3 NL: 8.04E5 10.28 NL: 5.18E5
= BasePeak F: ITMS + G ESI 804.58 9 Base Peak F: ITMS + ¢
5 Full ms [300.00-2000.00] 13.95 ESI Full ms [300.00-2000.00]
3 908.93 80 10.63
3 . 804.51
— o 70
E g 13.35
i | © s
A 690.43
£ 50
2
£ 40 8.42
© 704.49
© 30 ‘
20
274 5.75 927;;9 10 247 533 7.97 16.54 19.49
E 1266.39 704.39 ) 1127.67 1549.90  684.20 94313 1617.64
T T T T T T T e T T T T ™t 0 LI B B B B B B B R R s B B | LI LA e
0 2 4 6 8 10 20 2 4 6 8 10 16 18 20
Time (min)

DJ_Halo_stem_ ApoMyoglobin_3pmol_2 051710_100517170709 #1914-1933 RT: 12.23-12.33 AV: 5 NL: 5.78E4
F: ITMS + ¢ ESI Full ms [300.00-2000.00]

DJ_Halo_stem ApoMyoglobin_3pmol_AF_1_051810 #1945-1971 RT: 12.79-12.95 AV: 11 NL: 6.88E4
F: ITMS + ¢ ESI Full ms [300.00-2000.00]

100 754.09 100 754.52
90 90
80 80
3 8 70
g 5
4
£ o0 £ o0
2 50 2 50
e e
£ 40 £ 40
& 30 & 30
20 20
10 395.19 503.34 780.69
= 941.18
JEN l ) lﬂ5—1—5-8l} 4.871.72 96989 1231.28 150856 163189 1831.49 1992.69 39519 49421 69002 " 1037.00 1232.29 1506.56 1604.58  1833.39 1963.06
I B A e o e e B I e e I B e B L B N S R e o e e e e e S
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
m/z m/z
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Column: 0.2 x150 mm HALO Peptide ES-C18;

flow rate: 4 L/min; gradient: 2-45% B in 85 min; A: 0.1% formic acid/water; B:
acetonitrile/0.1% formic acid; maximum pressure: 320 bar; sample: mixed protein
digest (5 pmol total of transferrin, carbonic anhydrase, and apomyoglobin

Relative Abundance

100 NL: 4.86E6

95 Base Peak F: ITMS + ¢ ESI
Full ms [300.00-2000.00] MS

25 3020  40.01
910.25  864.39

10 29.78
5 1223 921.56

60.25
1574.92

56.25
1037.46

50.73
942.26

709.96
P T AJ‘\U'A AAANI RRAR
0 20 40

Improved Proteomic Analysis

75.92

1664.47

62.46
1569.45

81.40
1319.51

JOHNSON ET AL / AMMONIUM FORMATE

TABLE 7

Proteomic Results from Canine Prostate Carcinoma Analysis Under Various Chromatographic Conditons for Each Mobile-Phase Modifier

Column Flow rate Experiment Protein Matched Pepti‘dc Sp-cx:tra\.’[:mptide
length {mrm) (pL/min) time {min) Mobile-phase modifier 1Ds MS/MS spectra IDs i)
50 9 | 0.1% FA 44 455 196 232
50 9 | 0.1% FA, 10 mM AF 2] 697 255 273
150 4 140 0.1% FA 70 1142 359 318
150 4 140 0.1% FA, 10 mM AF 118 2028 538 3.77

“Resules for each mobile-phase modifier generated from duplicate sample analysis with protein and peptide identifications v alidated wsing a 5% false discovery rate.
"Total mumber of database-maiched M5/MS specira, divided by the total number of pepiide identifications for each condition from triplicate sample analysi.

TABLE &

Analysis of the 61 Proteins Commeonly Identified Using Both Mobile-Phase Modifier Conditions from LC-MS/MS Analysis Canine Prostate
Carcinoma Using a 0.2 > 150-mm Column

Mobile-phase modifier Average peptide 1Ds/protein’ Average spectral count/ protein 1D° Single-spectrum protein 1Ds’

0.1% FA (o] 20.71 3
0.1% FA, 10 mM AF 9.64 28.56 1]

*The number of peptides identified from the &1 commeon identification proteins, divided by the number of comeman prosein identifications.
The total number of databasematched MS/MS spectra from the 61 common identification proteins, divided by total of comman protein identifications.
“Protein idemtifications from only one single M5 MS spectra after application of 2 5% fake discovery rate.

194 IOURNAL OF BIDMOLECULAR TECHNIQUES, VOLUME 24, ISSUE 4, DECEMBER 2013

Schuster, S.A, Boyes, B.E., Wagner, B.M., Kirkland J.J. Fast high performance liquid chromatography separations for proteomic applications using Fused-Core® silica particles. 2012
J. Chromatogr A, 1228, 232— 241.
Johnson, D.J., Boyes, B.E., Orlando, R.C. The Use of Ammonium Formate as a Mobile-Phase Modifier for LC-MS/MS Analysis of Tryptic Digests. 2013 J. Biomol. Tech., 24, 187-197.
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-A-—-Q“":.. AUV \ 10

dl'at

C
Gradient: 5 - 60% B in 20 min; Mobile phases as shown; Sample: 5 pL (250ug).
15 x10,000,000)

TTICE 10mM DFA (A), 10mM DFA 80%ACN (B) L. Asp-Phe ,

2. Angiotensin(1-7)amide
10 2 4 9 3. Tyr-Tyr-Tyr
DFA improved d 6 4. Angiotensin(ll)
MS sensitivity! 5. Neurotensin
1 6. Angiotensin(1-2)human

0.5] 7. B-endorphin

W 8. Sauvagine
0.0 9. Mellitin

0.0 2.5 5.0 7.5 10.0 12.5 15.0 175  min
15 x10,000,000)

S TIC(+)

| 10mM AF/0.1%FA (A), 10mM AF/0.1%FA 80%ACN (B)
1.0 o

2
4 5
0.5] 1 6 7
3
\"

0.0 — —

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 min



Mobile Phases for Improved Protein LC/MS

1,000,000)

MS (TIC)

40.0

2.1 x100 mm 35.0
Protein 400 C4 %00

25.0
20.0
15-55% AcN 30 min 50
100
50

0.35 mL/min; 50°C  oo!

TFA 0.1%

UV (280 nm)
L

R M 6.0

8.0

E 7.0

5.0

U 3.0

2.0

0.0

25 pmol each protein

R - Ribonuclease
U - rec. Ubiqutin
L — Lysozyme

FA 0.25%

M - apo-Myoglobin

E — Enolase
Nexera LC system

MS-2020 Single Quad
400 — 2000 m/z 3 pps

DFA 0.1%

3.8 kV ESI

3FPA 0.1%

R

A { A A

00 25 50 75

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5min 0.0 25 50 7.5

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 min
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100%
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80%
70%
60%
50%
40%

— 30%
20%
10%

0%

Mobile Phases for Improved Protein LC/MS

PW,,, Mobile Phase Relative to FA

Peak Area (TIC) Mobile Phase Relative to FA

B

—

[ o I

3FPA DFA

TFA

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

B ApoMyoglobin

O Calmodulin _

O Carbonic Anhydrase
O Ubiquitin o
i
T o
B ‘VV
I
3FPA DFA TFA

MS and LC performance for 10 mM of each acid modifier relative to 10 mM Formic Acid.
3FPA = 3,3,3,-trifluoropropanoic acid, DFA = 2,2-difluoroacetic acid
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Mobile Phases for Improved Protein LC/MS

803.15
21+ 1%g5 75
22+ 18+
008 15
23+ 7 -—
10 mM FA “1080.50 qavg =19.49
24+ 20+ 16+
13115
25+ L 1304.95
T i
26+
141350  1541.95 1696.15
EB%I’ 12L+ 1+ 10+
L -
400 500 1000 1200 1400 1600 1800 2000
80315 miz
19+
i 18+
1060.40
16+
22+ 17+ 1131.10 -
10 mM DFA - 150 Oavg = 18.11
1211.85
23+ 14+ T3
1413.70
24+ 12+ ‘51412*5 1696.20 158435
+
25+ l 10+
2% L B
400 600 800 1000 1200 1400 1600 1800 2000
miz
04280 1060.55
18+ 17+ 16+
19+
20+ 13115
15+ =
10 mM 3FPA s U = 17.48
21+ 14+
13+
22+
1413.65
24+ 12+ 1542.00 1606.25
- 5+ 11+ 10
37+ 273683 | L l 1 L
400 600 1000 1200 1400 1600 1800 2000
89320 miz
19+
80825 | 04270 406040 =
10mMTFA %% |eer wow Qavg = 17.05
998.15 14+ 13+
17+ 3
22+
1413.65
23+ 12+ 1542.05 1695.95
11+ 10+
555.00 253]‘* L l 1850.9.
i i, i -
400 600 800 1000 1200 1400 1600 1800 2000

miz

apo-Myoglobin
MS spectra average
lonization state

N
i=149; * Wi

qav = N
g i=1Wi
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Mobile Phases for Improved Protein LC/MS

Halo Protein C4 0.3 mm ID x 100 mm PeekSil Capillary Column; 0.68 uL StemTrap
33-45% AcN in 20 min; 8.0 yuL/min, 50°C; Orbitrap Velos Pro (60,000 Res) 500-2500 m/z
+3.8 kV/ HESI Il ESI, 325 °C Desolvation capillary

a-hbg (15125.9 amu)

HDA50FA331043in30 9 4 1ul #483-493 RT: 853-8.67 AV: 11 NL: 3.29E5
- T: FTHS + p ESi sid=10.00' Full ms (500.00-4000.00]
4

50mMFA g, =16.99

80000000 ACId Modiﬁer

>, B-hbg i
wfud 70000000 8.59 90 paty
— . 80
) so000000 50 mM FA 9.67 g 70 e
o 50000000 g“
G) 2 50 1984.483
wd 40000000 2 .0
&
C 30000000 03
203 1500 4834 88
20000000 103 | : Z-l
i I 1
10000000 300 1000 1200 1400 1600 2000 2200 2400
mz
o T T T T T T T T T T T T T T T T T HDa10DF AS043in30. O 4 Tul 140905172658 #736-747 RT: 12.90-13.05 AV: 12 NL: 201E5
T: FTMS + p ESI si4=10.00 Full ms [500.00-4000.00]
80000000 & =
hb i 10mM DFA  q,,, = 15.44
- 100 # e
a-hbg .
90 & =
60000000 10 mM DFA B h b 803 €, st
- 703 g o
50000000 g'I 297 8 P 6815
3§ 603 2=
40000000 g 503
2n w2
30000000 g
€ 3
20000000 20
10 151550
10000000 | i Y " . ] L . . "
800 1000 1200 1400 1600 1800 2000 2200 2400
Cha T T 1 mz
Hba10DFASOFA3043in30 § 4 1L #851-862 RT: 14621478 AV: 12 NL: 1.9385
T: FTHS + p ESI 5id=10.00 Full ms [500,00-400
e 10 mM DFA/50 mM FA  q,,, = 15.60
100 b
70000000 a h b o
10 mM DFA/ e .
-hb »
50 mM FA B-hbg in
14.67 H
40000000 g 50
Z 40
30000000 &€ 5 83.531
=22
20000000 659733
223
10000000 ; " ]
1800 2000 2200 2400
0T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
Time (min)

@nﬂvancedmareriﬂlsrenhnnlnuu



0 - 'y A
Column: «150-mm - HALO Protein C4 4064

Detéction: 280 nm

Temperature: 80 °C

Flow rate: 0.3 mL/min

Gradient: 28-38% ACN/0.1% acid as indicated in 15 min
Sample: 2 L of Intact SILu™ Lite SigmaMAb - 0.5 pg/pL (H,O) ~ 150 kDa

\Va
407gG4.Icd Ch1 (280nm)
357
307

259 .
Ret. Time

6.504

Width(50%)
0.340

0.1% Formic acid

207

157

Tailing Factor Area
3.013 259376

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0

407 gG6.1cd Ch1 (280nm)
357

307
Ret. Time

9.758

257

20 0.1% Difluoroacetic acid 0.075

Width(50%)

Tailing Factor Area
1.221 290603

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 min

Vi
407gG8Icd Ch1 (280nm)

35] Ret. Time
30] 13.449

25 0.1% Trifluoroacetic acid

Width(50%
0.084

Tailing Factor Area
1.045

253075

15.0 16.0 17.0 18.0 19.0 min
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Reduced mAb Chain Separation: MP Effect

Reduced SiluMab
2.1 x 150 mm HALO Protein C4; 30-35%B; 40min ; 0.2mL/min; 80°C
20.0

17.54

A: 0.5%FA/20mM AF

125° B: 0.5%FA/20mM AF 45IPA/45ACN
10.04

75
5.0 4
25
0.0

20.0
17.54

A: 0.1%DFA
B: ACN 0.1%DFA
10.0

7.5
5.0 4
254
0.0

20.0 ]
17.5

A: 0.1%FA
B: ACN 0.1%FA

10.04
7.5 4
5.0
2.5 4
0.0

12.5 15.0 17.5 20.0 225 25.0 275 30.0 32.5 3?.0 37.5 min
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LCMS Analysis of mAb:
Intact, Component (LC/HC), Digest
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Column: HALO Peptide ES-C18, 2.1 x 150 mm, 2.7 pm
Mobile Phase A: 0.1% formic acid/10 mM ammonium formate
Mobile Phase B: Acetonitrile with 0.1% formic acid
0.4 mL/min; 5—40% B in 60 min.; 60 °C; 50 uL of 2 ug/uL

reduced and alkylated, trypsin digested Herceptin

Absorbance (215 nm)

350 375 400 425 450 47.5 min



___—HALC

um Peptide ES-C18 250 x 0.2mm (2x column in-series)
Thermo Orbitrap Velos Pro/Dionex Ultimate 3000 UHPLC

m/z=939.9473 Da, Tol.=10 ppm, ?RTm= RT: 47.05, ITMS, CID@35.00, z=+2, Mono m/z=939.9473 Da, MH+=1878.8873 Da, Match Tol.=0.6 Da
46.55-47.55 min w0 ] —_—
DIQMTQSPSSLSASVGDR 107563
XIC ™1 Light Chain
_ 116269
g g 500 -
ERLE ém, 691.41 by, v
£ 300 4 - .
s | 1 357.21 ys* [M+2H**-NH;-H,O burt . 1514.84
200 533.27 by 922.28 18066 12 -
34y731 s 25230 Ibe-H,0 e 2= }é}.xz b
100 A 699.38 532.87
446.20 P
0 - - . . - 0 “ ‘.l | J}l m“ m" ‘\.n T n\‘ il}‘unll |.“| . . .
Time [min] mz
100 E BPC("') 5uL injection of 3 pg/ulL Trastuzumab tryptic digest
%0 - A =0.1% DFA, B = 0.1% DFA in ACN
80 47.05 Loading Pump: 2%B @ 10uL/min
3 E NC Pump: 5-55%B in 182min @ 3uL/min, 60°C
g7
S60 -
Ke) ;
<50 -
S
540 4
© |
&30 -
20 7
i I
0 | - LL .LLA_ ~ . ael Ve,
10 20 30 40 50 60 80 90 100 110 120 130

Time ngin)




Column: 2.1 x 100 mm HALO Protein C4

Instrument: Shimadzu Nexera
Injection Volume: 1 pL
Detection: 280 nm

Mobile Phase A: water/0.1% TFA Sample;wO.S mg/mL IgG2-B treated with 100 mM
Mobile Phase B: 80/20 ACN/water/0.1% DTT in 8 M Guanidine HCI at 50 °C for 35 min.
TFA

Gradient: 33-40% B in 10 min.

Flow rate: 0.25 mL/min

Temperature: 80 °C

35000 - 5500 -
2000 -
30000 -
1500 -
1000 -
25000 - HC
500 -
g 20000 - 0 -
f=
2
% -500 T T T T |
g 15000 6.5 7 7.5 . . 8 8.5 9
s Time (min.)
2
]
3
< 10000 - LC
5000 -
0 — o,
1 3 4 5 6 7 8 9 10
-5000 - Time (min.)

Schuster, Wagner, Boyes, Kirkland (2013) J. Chromatogr. 1315, 118.



Absorbance @ 280 nm

LC3; 23,203
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LC = light chain
HC = heavy chain

HC1; 50,539

HC2; 50424
HC3; 50,668

HC4; 50,680
HC5; 28,862

75 10.0 12.5

1366.0

1451.6

1546.7 1655.6

Temperature: 80°C
Detection: 280 nm

Column: 2.1 mm ID x 100 mm HALO Protein C4
Flow rate: 0.4 mL/min.

A: 0.5 % formic acid with 20 mM Ammonium Formate
B: 45% AcN/45% IPA/ 0.5 % formic acid with 20 mM Ammonium Formate
Gradient: 29-32% B in 20 min.

Sample
Preparation

IgGs were reduced and alkylated
by sequential treatment with 10
mM DTT, 15 mM iodoacetamide,
then quenched with an additional
10 mM DTT, all in 6 M guanidine
HCI/20 mM Tris-HCI buffer at pH
7.8. Reduced and alkylated IgG
solutions were buffer exchanged
into 0.1% TFA using VivaSpin
(Sartorius Stedim Biotech,
Goettigen, Germany) centrifugal
concentrators with 5 kDa cut-off
HY polymeric membranes. The
reduced and alkylated IgGs were
adjusted to 2 mg/mL protein in
0.1% TFA and stored at -25 °C
until use.

MS Conditions: Shimadzu LCMS-2020, ESI +4.5 kV, 2 pps, 500-2000 m/z

Schuster, Wagner, Boyes, Kirkland (2013) J. Chromatogr. 1315, 118.



Reduced, and Alkylated Trastuzumab Analysis

mV

Reduced & Alkylated HEAVY CHAIN
HALO Protein C4 2.1x150
3.4pm 400A

10pL

LIGHT CHAIN

W

-

O P N W & U1 OO N 0 L

10 15 20 25 min
Reduced Trastuzumab 1mg/mL in 0.1%TFA, 0.2mL/min, gradient 28-34% in 40 min, 80°C, 280nm, Mobile phase A:
0.1%DFA, B: 0.1%DFA in ACN
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100
FoY=

1280nm Herceptin Reduced 1 Herceptin Reduced
9 E LC HC 1mg/mLin 0.1% TFA | 1mg/mLin 0.1% TFA TIC MS
87 HALO Protein C4 80 - HALO Protein C4
7 2.1x150_3.4pm 400A JH143402 10.3x150mm 3.4um 400A
] Shimadzu Nexera UFLC | Orbitrap Velos Pro
67 A: 0.1%DFA 60 _| Dionex Ultimate 3000
5 B: 0.1%DFAIn ACN 150 1%DFAIn ACN
4 7 53%4 %B in 40 min @ 0.2mL/min, 129-35%B in 40 min
] 10pL injection 40 - 4pL/min, 75°C
3 ’ HL iy 72uL injection
21 ]
1 20 ]
07 ] -
R [ — I — I — I — I — U 0 L5 L e L sy B
5.0 100 150 200 250 300 350 (min) o 5 10 15 20 25 30 35 (min)
HEAVY CHAIN T:SIO:TMS + p ESI sid=60.00 Full ms [400.00-2500.00]
Thermo Protein Deconvolution 50764 .19 i HEAVY CHAIN
1007 Manual Respect (Isotopically Unresolved) ol Resolution 15K
90 ]
] 50603.38
70 30
60 2]
50 E
- €<160.8> g
40
- 15
30
- 10
20
10 H J t 5
0] . . . . . e e OO SN
50400 50500 50800 50700 50800 50900 %000 1300 1400 1800 1800 2000 2200 2400
m/z

Mass




Relative Abundance
B.8.8.8.8.3.8.8.

Relative Abundance

oL B

=

Herceptin: Infusion

mmmMmm@mmmm
mz

+53

+52

+51

100
80
60
40
20

T 0

Manual RESPECT

Isotopically unresolved

Min Adj Charge: 3-6
Noise Rej: 95% confidence

Rel. Abund Thres: 2

Mz Range 1.8 - 4.0
Output range: 147700-148800K

Mass tolerance: 20ppm

Target mass: 150k
Charge state range 1 to 150
Peak model: intact protein

GOF/GOF G1F/GOF G1F/G1F or
(G2F/GOF)
1482191 148383.5
148056.6
G1F/G2F
148547.5
GO/GOF
147911.9 1481727 148378.4 148507,
T 1 T T | T Tm“ T ‘ T _.ﬁ"h_ T T T
147800 147900 148000 148100 148200 148300 148400 148500 148600 148700
Mass
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0 - 19.92

NL:
1003 5.25E7
1 Intact miz=
90 1800.00000-
soé Trastuzumab :\‘AOSOO‘OOOOO
1 2ug/uL
70 7
g 60%
3 501
540
e
30
20 %
10 é k&\
0 I L — LI B — \H
0 5 10 15
Time (min)
Manual Respect (Isotopically Unresolved)
100 o
%07 148216.5
80
707 148379.7
60 -
501 148051.3
40 148542 .1
30 —_
20 T €165.1> |||€163.3> ||[€162.4>
10
0- T T T '|l L T J L|' T T T
148000 148200 148400 148600
Mass

T:FTMS + p ESI sid=80.00 Full ms [400.00-4000.00]

100 4
90
80 -
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50 *;
40 o
30 -
20
10 W w
0:\\\\\\\\\\\\\\\\\\\\ |\\\I\\\\\\\\\\\\
1600 1800 2000 220 2400 2600 2800 3000 3200% 3600
T:FTMS + p ESI sid=80.00 Full ms [400.00-4000.00]
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80 2968.77
3 2854.50
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1 2sas30|| l[286086 290110 2916.78 2975.16
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m/z



DEGLYCOSYLATED TRAS

2904,3337

100

50 2689.3979

22342913 2947.8125

2000

2500 3000

m/z

3300.2361

3457.3433

NL: 3.33E7

3500 1 2

145168.8

RT(min)

T T T
136000 138000 140000
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142000 144000 146000 148000
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150000
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A

HALO 3.4um, C-4, 400A

Column: 2.1 x 100 mm; Flow rate: 0.35 mL/min; Mobile Phase A: water/0.1% DFA; Mobile Phase B:
acetonitrile/0.1% DFA; Gradient: 28-38% B in 10 min; Injection Volume: 1 uL (2 ug); Temp: 75 °C

\/

uVv
80000

1 UV Abs 280nm 1
750004 73 bar

70000 3
65000
60000

55000

so00,  trastuzumab 2

45000
40000 L'
350007

30000 \ / \

25000 ) MN\
20000- J
15000

[
2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00 5.25 5.50 5.75min

Trastuzumab compared to 3 other mAbs in development



Relative Intensity

Deconvoluted Intact Trastuzumab
ﬂ 148223.3 -

148218.2 148389.9 o 10
148062.0 Y @ 148375.7 .
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Observations for mAbs and Subunits

Clear that TFA is not REQUIRED for higher resolution separations
DFA Appears to be a reasonable alternative
ESl is moderately reduced with DFA, in line with other proteins
With Higher Resolution LC and MS:

e What Are We Separating??? Is More is Better???

IH

How much of the deconvolution results are “actua
e Need to track LC resolved peaks to actual structures

LC/HRAM MS is permitting evaluation of structures that are resolved, but
many biotherapeutics exhibit structures not completely resolved.

Protein heterogeneity (eg., glycosylation) observed by LC/MS of proteins or
subunits, is not fully appreciated without component analysis.
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Conclusions

e Bottlenecks in protein LC/MS have been improved by newer application-
directed SPP material developments.

e A wider range of useful operating conditions could take advantage of
improvements in column and MS capabilities. Some suggestions are made.

e Effort will be required to understand retention and resolution of larger
proteins and fragments. This is already the case for common current MP
additives. Understanding variant resolution will require top-down, middle-
down and bottom-up approaches.

® The range of HALO Fused-Core materials continues to expand, with an
expanding range of surface chemistries.
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