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Biotherapeutics innovation

peptides
mAbs

bispecifics (bsAbs, DART®s, BiTE®s)
ADCs

prodrug/carrier conjugates (albumin, PEG)
fusion proteins

messenger RNA therapeutics™
oligonucleotides (ssDNA, siRNA, mRNA)

CAR-Ts



ADCs
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Monoclonal antibody drugs
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Monoclonal antibody drugs in cancer therapy

● Effective for blood cancers
− e.g. Rituximab for B-cell 

non-Hodgkin lymphoma
● Limited effectiveness for 

solid tumors
− e.g. Herceptin for HER2+ 

breast cancers (20-25%)
− Usually require co-therapy 

with standard cytotoxic 
“chemo” drugs such as 
paclitaxel or doxorubicin
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Creating a “magic bullet”

Monoclonal
Antibody 

(mAb)

Small 
Cytotoxic 
“Drug” +
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Antibody-Drug Conjugate
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Antibody-Drug Conjugate

ADC

drug
“payload”

↖
↑

linker
drug-antibody ratio (DAR) = 6

Like a mAb drug
● Seeks out & binds to 

specific tumor cells

● Long half life

ADC advantages
● Non-toxic in circulation

● Delivers highly toxic 
payload to tumor cells

● Toxin released inside to 
“safely” kill cells
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ADC technology – how they function
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FDA approved ADC products

NEWS RELEASE: Aug. 19, 2011 (Seattle Genetics) 
FDA approves ADC to treat two types of lymphoma 
“The U.S. Food and Drug Administration today approved ADCETRIS 
(brentuximab vedotin) to treat Hodgkin lymphoma (HL) and a rare 
lymphoma known as systemic anaplastic large cell lymphoma (ALCL)”
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncementsucm268781.htm 

NEWS RELEASE: Feb. 22, 2013 (Genentech/Roche) 
FDA approves new treatment for late-stage breast cancer
“The U.S. Food and Drug Administration today approved Kadcyla
(ado-trastuzumab emtansine), a new therapy for patients with
HER2-positive, late-stage (metastatic) breast cancer”
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncementsucm340704.htm



S. Kaur, Land O'Lakes, ADC Bioanalysis, 07.18.13

Kadcyla® ADCETRIS® newer
engineered

designs



ADC diversity
linkers & payloads 
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32013 NBC meeting, ADC Bioanalysis Workshop, 18-May-2013   /  LCMS Assays for payloads and intact ADC’s   / Leo Kirkovsky (Pfizer) , Leonid.Kirkovsky@Pfizer.com

Payloads Used for ADC’s

Kaur et al., Bioanalysis, 5(2), 201, 2013

Pfizer

42013 NBC meeting, ADC Bioanalysis Workshop, 18-May-2013   /  LCMS Assays for payloads and intact ADC’s   / Leo Kirkovsky (Pfizer) , Leonid.Kirkovsky@Pfizer.com

Adcetris
Brentuximab vedotin

(SGN-35)
Seattle Genetics

Payload - Monomethyl
auristatin E (MMAE)

Cleavable payload

Examples of ADC’s and Linkers and Payloads

Kadcyla
Trastuzumab emtansine, ado-

trastuzumab emtansine
(T-DM1) 

Genentech
Payload – Maytansinoid (DM)

Non-cleavable payload

Inotuzumab ozogamicin
(INO, CMC-544)
and Mylotarg 

Pfizer 
Payload - N-Ac-J�Calicheamicin DMH

Cleavable payload

Maytansinoid (DM)

N-Ac-J�Calicheamicin DMH

Monomethyl auristatin E (MMAE)

Kadcyla®

ADCETRIS®
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Other payloads…

Pyrrolobenzodiazapine (PBD) dimers 

Tubulysin analogues
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New ADC conjugation idea: GlycoConnect™

Remon van Geel et al, Chemoenzymatic Conjugation of Toxic Payloads to the Globally Conserved N-Glycan of Native 
mAbs Provides Homogeneous and Highly Efficacious Antibody−Drug Conjugates, Bioconjugate Chem. 2015, in press
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New ADC conjugation idea: Fleximer polymers



ADC complexity
What should be measured?



S. Kaur, Land O'Lakes, ADC Bioanalysis, 07.18.13
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Heterogeneity challenge for bioanalysis
(Kadcyla® example) 12Pharmacokinetic Assay Strategy: T-DM1

T-DM1:  Trastuzumab with DM1 conjugated (1-8; DAR: 3.5)  -- serum

Total Trastuzumab: unconjugated Trastuzumab plus conjugated T-DM1 -- serum

DM1 with TCEP reduction of disulfide bonds – plasma

Linker-containing catabolites: MCC-DM1, Lysine-MCC-DM1

* X *
DM1 dimer

*
DM1

*
DM1-albuminOther 

DM1-S-S-X DM1 disulfide bound 
to antibody 

12

Total mAb (with or without drugs)

Conjugated “active” ADCs

“Free” drug (and other forms)



Standard ADC bioanalytical assays

Assay Technology

Total Antibody, DAR ≥0
Assess general mAb PK behavior—efficacy 

LBA (ELISA)

Conjugated Antibody, DAR ≥1 
Measure total ADC molecules—efficacy

LBA (ELISA)

Anti-Therapeutic Antibody (ATA) 
Detect immune response—efficacy & safety

LBA (ELISA)
and Cell-based NAb

Unconjugated Drug
Detect “free” drug—safety

LC-MS/MS



Adverse Events v3 (NCI CTCAE v3), except for cardiac troponin I elevation
and segmental wall-motion abnormalities (not described in CTCAE v3).

Maximum-tolerated dose (MTD) was defined as the highest dose level at
which no more than one of six patients experienced DLT during the DLT
assessment window. If a 100% dose escalation resulted in a dose level that
exceeded the MTD, then an intermediate dose level would be evaluated. Once
established, additional patients were to be evaluated at the MTD.

Pretreatment and Follow-Up Assessments
Interval histories were obtained, and physical and laboratory evaluations

were conducted at baseline and weekly during study treatment. Left ventricu-
lar function was assessed at the end of cycles 1 and 2 and every two cycles
thereafter; results were reviewed locally and at a central facility (treatment
decisions were based on local review). Tumor assessments were repeated every
two cycles and evaluated per Response Evaluation Criteria in Solid Tumors
(RECIST). Further details regarding pretreatment and follow-up assessments
and pharmacokinetic and other serum assays are available in the Appendix
(online only).

RESULTS

Enrollment, Disposition, and Determination of MTD
Twenty-four patients in the every-3-weeks cohorts, whose base-

line demographic and prior therapy characteristics are summarized

in Table 1, received a cumulative total of 238 cycles of T-DM1 at
doses ranging from 0.3 to 4.8 mg/kg. The number of patients
treated at each dose level and duration on study for each patient are
shown in Figure 2.

Three patients were treated in the 0.3-mg/kg cohort. Each of the
0.6-, 1.2-, and 2.4-mg/kg cohorts enrolled one patient, with no ob-
served drug-related grade ! 2 events in cycle 1. Two of three patients
enrolled in the 4.8-mg/kg cohort experienced dose-limiting grade
4 thrombocytopenia, prompting exploration of an intermediate
dose level—3.6 mg/kg (as prespecified in the dose-escalation
schema). After six patients were treated at this dose without DLT, 3.6
mg/kg was declared the MTD, and the cohort was expanded to a total
of 15 patients.

Study treatment was ongoing for three of 24 patients as of April
13, 2009. Fifteen patients withdrew from the study because of progres-
sive disease, two because of their physician’s decision, and four be-
cause of AEs (grade 4 thrombocytopenia in two patients at 4.8 mg/kg,
grade 3 pulmonary hypertension in one patient at 3.6 mg/kg, and
grade 3 muscular weakness in one patient at 3.6 mg/kg [not consid-
ered related to study treatment; the patient had developed progressive
metastatic disease in the brain]).

Pharmacokinetic and Immunogenicity Analyses
The pharmacokinetics of T-DM1 were nonlinear across the

range of doses tested in this study (Fig 3, Table 2, and Appendix Table
A1, online only). A two-fold increase in dose from 1.2 to 2.4 mg/kg
resulted in approximately a four-fold increase in maximum serum
concentration (Cmax) and an eight-fold increase in area under the
serum concentration-time curve. Mean clearance at doses of 0.3 to
1.2 mg/kg ranged from 21.2 to 27.8 mL/d/kg, while clearance at
doses ! 1.2 mg/kg was lower (6.9 to 12.9 mL/d/kg), consistent with a
longer terminal half-life. T-DM1’s volume of distribution, 60 " 13.6
mL/kg at MTD, approximates the physiologic blood volume, similar
to human immunoglobulin G antibodies. The half-life of T-DM1 at
the MTD was 3.5 days.

Systemic clearance of T-DM1 was more rapid than clearance of
total trastuzumab (Fig 3; Appendix Table A1), which was similar to the
rate of clearance expected for unconjugated trastuzumab.23 At the
MTD, clearance of T-DM1 was 12.9 " 3.4 mL/d/kg, and clearance of
total trastuzumab was 3.3 " 2.7 mL/d/kg. The terminal half-life for
total trastuzumab of 12.5 days in cycle 1 is likely an underestimate
because of limited sampling (# 5 half-lives) over 21 days (Appendix
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Fig 3. Mean levels of trastuzumab-DM1 (T-DM1), total trastuzumab, and DM1
over time are shown for patients after the first dose of T-DM1 administered at the
maximum-tolerated does of 3.6 mg/kg. Standard deviation is shown in error bars.

Table 2. T-DM1 Pharmacokinetic Parameters for Different Dose Cohorts in Cycle 1

Dose
(mg/kg)

No. of
Patients

Cmax ("g/mL)
AUCinf

("g $ d/mL)
Terminal t1/2

(days) Vss (mL/kg)
Clearance
(mL/d/kg)

Mean SD Mean SD Mean SD Mean SD Mean SD

0.3 3 9.1 2.7 14.5 3.5 1.3 0.1 36.53 8.3 21.2 4.7
0.6 1 13.3 24.5 1.3 43.8 24.5
1.2 1 20.3 43.0 1.3 51.6 27.8
2.4 1 76.3 331.0 3.2 31.7 7.1
3.6 15 74.3 20.1 295.2 65.4 3.5 0.8 60 13.6 12.9 3.4
4.8 2! 133.5 7.8 693.5 38.9 4.6 1.8 43 12.2 6.93 0.4

Abbreviations: T-DM1, trastuzumab-DM1; Cmax, maximum serum concentration; AUCinf, area under the serum concentration-time curve from time zero
extrapolated to infinity; t1/2, terminal half-life; Vss, volume of distribution, steady state; SD, standard deviation.

!Excludes partial pharmacokinetics data for one patient because of early withdrawal from the study.

Phase I Study Trastuzumab-DM1 in Patients With Breast Cancer

www.jco.org © 2010 by American Society of Clinical Oncology 2701
Information downloaded from jco.ascopubs.org and provided by at PPD INC on January 2, 2014 from 198.178.147.1

Copyright © 2010 American Society of Clinical Oncology. All rights reserved.
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Pharmacokinetic data
(Kadcyla® example)

← Total mAb

← Conjugated
“active” ADC

← “Free” drug
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LBA Assays for ADCs are More Complex 
than LBA for mAb Therapeutics 

S. Kaur, AAPS, San DIego, 11.04.14  11 

mAb Assay
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LBA Assays for ADCs are More Complex 
than LBA for mAb Therapeutics 

S. Kaur, AAPS, San DIego, 11.04.14  11 

mAb Assay

Total
Antibody Assay

Conjugated
Antibody Assay
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Characterize Ligand Binding Assays with Individual DARs  
Identified in Plasma to Evaluate Assay performance 

• Used individual DAR controls from plasma to test with ELISA ligand binding reagents 
• No single anti-Drug mAb reagent in conjugate Ab assay appropriate for all DARs 

  Anti-STEAP1 ADC Purified DAR 

Assay  0 1 2 4 6 

 
Total Antibody ELISA 
(% recovery)1 
 

88 
 

78 
 

86 
 

92 
 

92 
 

Conjugated-Antibody ELISA 
(% recovery) 1 NA 

 
11 
 

102 
 

99 
 

64 
 

1 Based on expected nominal concentration of individual DARs spiked into serum 

specificity
issue
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ADC bioanalysis using LBAs

Advantages
• Traditional approach – the gold standard

• High throughput and low cost per sample

Challenges
• MD expensive and time-consuming

• Potential interference from soluble target
• Reagents may show variable response to DARs



ADC bioanalysis
LC-MS/MS alternatives



Alternative ADC bioanalytical assays

Assay Technology

Total Antibody, DAR ≥0 LBA (ELISA)

Conjugated Antibody, DAR ≥1 
Measure of conjugated antibodies only

LBA (ELISA)

Antibody-conjugated Drug, DAR ≥1 
Measure of conjugated “active” drug load

Affinity capture LC-MS/MS 
(requires cleavable linkers)

Total Antibody, DAR ≥0
Most convenient for non-clinical

Affinity capture LC-MS/MS

*

*

**

**
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Total-Antibody 
Due to DAR 0  

 
Detection reagent  
(Biotin antigen/SA- 
HRP or Biotin anti-
CDR/SA-HRP) 

ADC (carrying 1 or 
more drugs) 

Capture reagent  
(anti-drug mAb) 

Develop Appropriate PK Assays: 
Hybrid Binding LC-MS/MS & LBA Conjugate Assay Formats 

 

Linker cleavage/ 
ADC digestion step 

ADC and  
Endogenous 
IgG 

Capture by  
Protein A (resin) 

LC-MS/MS detection of 
released drug 

Due to DAR Changes  

S. Kaur, AAPS, San DIego, 11.04.14  

Antibody-
Conjugated
Drug Assay

Conjugated
Antibody Assay

Conjugated
Antibody Assay

Conjugated
Antibody Assay



Ab-conjugated drug AC-LC-MS/MS assay
Inter-assay accuracy & precision
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Total mAb universal AC-LC-MS/MS assay
(non-clinical applications)

Anti-hFc
antibody

mAb
target

Trypsin
Peptides

LC-MS/MS

Magnetic
bead

1. Generic affinity capture
● Anti-human Fc
● Protein A or G

2. “On-bead” processing
● Typical chemistry steps:

- Denaturation
- Reduction
- Alkylation
- Trypsin digestion

3. LC-MS/MS Detection
● Human IgG peptides
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Unique human mAb peptide choices
(non-clinical applications)

The amino acid sequences of the mAb 4 vari-
able regions differed from the variable regions 
of the three mAb analytes. However, these dif-
ferences were not expected to impact the per-
formance of mAb 4 as an IS for quantification 
of mAbs 1, 2 and 3 because all of the surrogate 
peptides investigated in this study were located in 
the constant regions of the light and heavy chains 
(table 1). Based on these considerations, it was 
anticipated that mAb 4 would be proven capable 
of serving as a universal IS for quantification of a 
diversity of human mAb analytes, regardless of 
their variable region sequences. A similar concept 
has recently been reported by Li et al. [12].

The stable isotope-labeled mAb 4 preparation 
used in these studies was first evaluated with 
respect to potential contamination with un-
labeled antibody. Such contamination can result 
in IS-derived peak area responses in the SRM 
transitions used to monitor the analyte surrogate 
peptides, which in turn may impact the LLOQ 
that can be achieved for the assay. As shown in 
Figure 1, no significant (i.e., ≤20%) IS-derived 
surrogate peptide analyte response was observed 
in the analyte SRM transitions. mAb 4 was also 
evaluated with respect to consistency of the stable 
isotope-labeled peptide peak area response across 
analytical runs. Supplementary Figure 1 shows 
plots of stable-labeled peptide response versus 
injection cycle for two representative surrogate 
peptides. Response consistency for these, and all 
peptides evaluated in these studies, was similar 
to what is typically observed in small-molecule 
LC–MS/MS assays.

The most critical performance metric for an IS 
is how reliably the IS tracks the analyte through-
out bioanalytical extraction and LC–MS/MS 

ana lysis. Accuracy and precision data described 
below demonstrate that mAb 4 performed well in 
this regard across all three mAb analytes. 

�� Quantitative evaluation of light & heavy 
chain dual universal peptide candidates
A single LC–MS/MS assay was developed to 
simultaneously quantify all but one of the light 
and heavy chain candidates described above. 
Light chain peptide candidate LC-3 exhibited 
poor analyte peak shape and variable reten-
tion time under the conditions that facilitated 
acceptable chromatographic peak shape for all 
of the other peptides. Therefore, this peptide 
was removed from consideration for these stud-
ies. LC-3 may still be considered a viable candi-
date; however, optimization of chromatographic 
conditions would be required. 

Three human mAbs 1–3 were evaluated in 
separate method performance evaluation runs 
using this assay. mAbs 1 and 2 contained the 
human IgG1 constant region; mAb 3 contained 
the IgG4 constant region. The light chains of 
all three antibodies contained the N-constant 
region. Representative matrix blank, IS-spiked 
matrix blank, and LLOQ chromatograms for 
two representative peptides evaluated in these 
studies are shown in Figure 1.

The goals of the three method performance 
evaluation runs (one run for each mAb analyte) 
were to: evaluate the performance of the individ-
ual peptide candidates vis à vis calibration curve 
ranges, QC accuracy/precision data and assay 
sensitivity; identify the most promising light 
and heavy chain candidate peptides based upon 
their individual performance; and combine the 
most promising light and heavy chain candidates 

Table 1. Amino acid sequences of universal peptide candidates.

Peptide Sequence Human heavy chain subclass

Light chain candidates†

LC-1 TVAAPSVFIFPPSDEQLK NA 
LC-2 SGTASVVCLLNNFYPR‡ NA
LC-3 VDNALQSGNSQESVTEQDSK NA
LC-4 DSTYSLSSTLTLSK NA

Heavy chain candidates

HC-1 TPEVTCVVVDVSHEDPEVK‡ IgG1
HC-2 FNWYVDGVEVHNAK IgG1
HC-3 VVSVLTVLHQDWLNGK§ IgG1, IgG4
HC-4 GFYPSDIAVEWESNGQPENNYK IgG1, IgG2, IgG4
HC-5 TTPPVLDSDGSFFLYSK IgG1
†All light chain peptide candidates are in the constant region of the N-class.
‡Peptide quantified as the S-carboxymethylcysteine derivative.
§Peptide HC-3 was previously identified as a universal peptide [7].

Bioana lysis of human monoclonal antibody protein drug candidates  | ReseaRch aRticle

www.future-science.com 1367future science group

Michael T Furlong, Song Zhao, William Mylott, Rand Jenkins, Mian Gao, Vendana Hegde, James Tamura, Adrienne Tymiak & 
Mohammed Jemal, Bioanalysis 2013, 5(11), 1363−1376.  

VVSV→

SGTA→

TTPP→

TVAA→
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Total mAb Method Performance Evaluation (MPE):
calibration standards and batch acceptance QCs

Run ID CAL 1 CAL 2 CAL 3 CAL 4 CAL 5 CAL 6 CAL 7 CAL 8 QC 1 QC 2 QC 3
(µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL) (µg/mL)

1RBFE2-A 0.0492 0.0946 0.191 0.859 3.05 11.4 41.7 48.7 0.148 1.46 35.2
0.0509 0.105 0.203 0.835 2.98 11.4 39.0 50.7 0.144 1.39 34.6

2RBFE2-A 0.0538 0.096 0.217 0.802 3.02 12.5 42.7 49.8 0.151 1.49 35.9
0.0473 0.0971 0.194 0.805 3.01 11.6 37.5 48.5 0.140 1.51 36.8

Theoretical 
Concentration 0.0500 0.100 0.200 0.800 3.00 12.0 40.0 50.0 0.150 1.50 37.5
Mean 0.0503 0.0982 0.201 0.825 3.01 11.7 40.2 49.4 0.146 1.46 35.6

%C.V. 5.51 4.78 5.87 3.25 0.892 4.28 5.99 2.06 3.33 3.48 2.62
% Bias 0.579 -1.82 0.545 3.13 0.437 -2.27 0.548 -1.15 -2.98 -2.40 -5.04

Acceptance criteria: ±25% for the LLOQ and ±20% for all other levels 
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ADC bioanalysis using LC-MS/MS

Advantages
• Standard approach for small molecules

• “Direct” detection of molecules or fragments

• High sensitivity and selectivity/specificity
• MD relatively rapid; universal methods possible

• Data complimentary to LBAs
Challenges

• Complex and expensive instrumentation 
• Lower throughput and higher costs per sample



	
���������

through falling snow
a spring breeze
blows

—Kobayashi Issa (1818) 



ADC biotransformation
characterization needed
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ADCs Can Undergo Biotransformations In Vivo: 
Analytes & Assay Standard Curve May Differ 

Analysis of small molecule drug transformations in vivo is well established 
– Absorption, Distribution, Metabolism and Excretion (ADME) by LC-

MS/MS. (E.g., cytochrome P450 induction/inhibition, metabolic profiling, plasma protein 
binding and P-gp transporters) 

 

Analysis of protein or ADC transformations in vivo is challenging 

Small catabolites/metabolites 
E.g., Drug, linker, linker-drug  

Intact antibodies  

Adducts 

Metabolites/ 
catabolites 

Complexes with 
Antigen and other antibodies 

Reference Standard 

Metabolites/catabolites 
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ADC characterization needed

Because:
• Drug-antibody (DAR) distribution in vivo is dynamic 

• Drug payload can prematurely deconjugate
• Higher drug-loaded species undergo faster clearance

• Standard bioanalytical assays don’t detect post-dose 
changes in DAR distribution

• PK-PD modeling may be incorrect

• Catabolism/metabolism-related changes may impact 
efficacy and/or safety



LC-MS ADC characterization

Assay Technology

Drug or drug-linker metabolites
Which species exist and are important?

LC-MS/MS

Catabolites (ADC or mAb)
Which species exist and are important?

Affinity capture LC-HRAMS

DAR Distribution
Assess ADC stability (in vitro / in vivo)

Affinity capture LC-HRAMS
or HIC

Critical reagent DAR specificity
Assess LBA reagents

Affinity capture LC-HRAMS
or HIC
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Major focus on DAR distribution

To:
• Evaluate ADC reference and dosing material

• Assess stability-related changes in vitro
• Assess biotransformation-related changes in vivo

• Evaluate critical reagent specificity (for LBAs)

Results are generally qualitative or semi-quantitative



Affinity Capture-LC-HRAMS
workflow courtesy of

Keyang Xu, Genentech

ADC characterization
Drug-Antibody Ratio (DAR)
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Affinity Capture LC-HRAMS allows direct 
measurement of intact ADC changes

153 MUC16 ECD on the streptavidin beads. The beads were gathered
154 and washed twice with 400 ll of HBS–EP buffer. A KingFisher 96
155 magnetic particle processor (Thermo Electron) was used to mix,
156 wash, gather, and transfer the paramagnetic beads.

157 Affinity capture, deglycosylation, and elution of ADCs

158 Approximately 50 ll of plasma or serum samples was added to
159 a square-top 96-well plate containing 400 ll of HBS–EP followed
160 by the addition of the ECD-modified paramagnetic beads described
161 above. The plasma/serum samples could be blank plasma/serum
162 (Bioreclamation or Lampire Biological Labs) spiked with three
163 anti-MUC16 TDC standards (DAR 0, DAR 1, and DAR 2) at known
164 concentrations or unknown study samples. Site-specific conjuga-
165 tion of a humanized anti-MUC16 mAb to the antimitotic
166 and cytotoxic drug monomethyl auristatin E (MMAE) via the
167 maleimido-caproyl–valine-citrulline–para-amino-benzyloxy car-
168 bonyl (MC–vc–PAB) linker [21] at engineered cysteines introduced
169 on each heavy chain was performed at Genentech. The structure of

170the TDC is shown in Scheme 1. Detailed description of the drug
171conjugation can be found elsewhere [7]. The plate containing both
172samples and beads was covered with an aluminum seal and incu-
173bated at room temperature for 2 h with gentle shaking to facilitate
174affinity capture of the target TDCs using MUC16 ECD. The beads
175were isolated and washed twice with 400 ll of HBS–EP and subse-
176quently transferred to a plate containing 300 ll of HBS–EP, 32 ll of
17780 mM sodium phosphate buffer (pH 7.5) (J.T. Baker), and 4 ll of
178peptide N-glycosidase F (PNGase F, ProZyme). The plate was cov-
179ered with an aluminum seal and placed in an incubator (New
180Brunswick Scientific) overnight at 37 !C, and the shaking speed
181was set to 300 rpm. Following overnight deglycosylation of the
182captured ADCs, the beads were isolated and washed twice with
183500 ll of HBS–EP and then twice with 500 ll of water. A final wash
184was done with 500 ll of 10% acetonitrile in water to ensure that
185nonspecific plasma proteins were effectively removed. The beads
186were then transferred to a plate containing 50 ll of 30% acetoni-
187trile in water with 1% formic acid for elution. The ADC elution
188was performed by gently mixing the beads at room temperature

Biotinylated target 
antigen, e.g., ECD

Wash

Plasm
a w

ith AD
C

s

Incubate @
 20-25 oC

Deglycosylation, Wash

Magnet separation

El
ut

e

Inject onto
LC-MS Biotin-Target 

Antigen

mAb

Magnet

ADCs

Streptavidin Coated 
Paramagnetic Bead

: streptavidin coated paramagnetic bead, : biotinylated capture probe, 
: antibody or antibody drug conjugate (ADC)

: proteins, peptides and other species in plasma

A

D C

B

Fig.1. Schematic of the affinity capture LC–MS method to analyze ADCs in plasma or serum. (A) Biotinylated target antigen (e.g., ECD) is immobilized on paramagnetic
streptavidin beads by incubating at room temperature. Excess reagents are washed away. (B) The modified beads are then incubated with plasma/serum containing ADCs at
room temperature to enable the capture of ADCs by target antigen. The inset depicts the immunoaffinity interactions between target antigen and the antibodies. (C)
Deglycosylation is subsequently performed. Following extensive washing to remove unbound and nonspecifically bound proteins, beads are isolated by magnetization. (D)
The ADCs are then eluted from the beads and injected onto the capillary LC–MS system for analysis.

Characterization of intact antibody–drug conjugates / K. Xu et al. / Anal. Biochem. xxx (2011) xxx–xxx 3

YABIO 10293 No. of Pages 11, Model 5G

25 January 2011

Please cite this article in press as: K. Xu et al., Characterization of intact antibody–drug conjugates from plasma/serum in vivo by affinity capture capillary
liquid chromatography–mass spectrometry, Anal. Biochem. (2011), doi:10.1016/j.ab.2011.01.004

189 for approximately 15 min. The beads were then removed and dis-
190 carded. Approximately 40 ll of the supernatant was transferred to
191 a 96-well injection plate (VWR Scientific Products) using a multi-
192 channel pipette (Rainin Instrument). The plate was covered with
193 a silicon sealing mat and centrifuged at 3000 rpm for approxi-
194 mately 5 min at 2–8 !C before injecting onto LC–MS.

195 Capillary LC–MS system

196 The ADC samples (10 ll) were injected onto a polymeric
197 reversed phase PLRP-S capillary column (0.3 ! 50 mm, 5 lm,

1984000 Å, Varian) using an HTS PAL autosampler (LEAP Technologies)
199with a cool stack set at 4 !C. The column temperature was main-
200tained at 70 !C using a Column heater (Keystone Scientific).
201The LC separation was conducted using an Express LC-100 liquid
202chromatography system (Eksigent Technologies) at a flow rate of
20315 ll/min. Mobile phase A was water with 0.1% formic acid, and
204mobile phase B was acetonitrile with 0.1% formic acid. The gradient
205condition was maintained at 0% B for 2 min, ramped to 40% B in
2067 min, kept at 40% B for 1 min, increased to 50% B in 0.5 min,
207retained at 50% B for 1 min, returned back to 0% B in 1 min, and
208finally equilibrated for 2.5 min before the next injection (for a total
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in vitro ADC plasma stability244 species, the method was extensively characterized using anti-MUC
245 16 TDC standards (DAR 0, DAR 1, and DAR 2) to mimic situations
246 that may occur in vivo.
247 Anti-MUC16 TDC standards were spiked into rat plasma at vary-
248 ing concentrations (with a total TDC concentration of 30 lg/ml) to

249generate mixtures of known compositions for affinity capture and
250subsequent LC–MS analysis. Fig. 2A shows a representative TIC of
251the TDC mixture from affinity capture LC–MS. The retention time
252window (!9.0–10.3 min), representing the LC elution of the TDCs,
253was selected and the corresponding mass spectrum was extracted
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Fig.4. Drug release in a plasma stability study of anti-MUC16 TDC in vitro. An aliquot of 100 lg/ml anti-MUC16 TDC (DAR 2) was incubated in plasma from different species
and buffer control (PBS with 0.5% BSA) at 37 !C for up to 96 h. Samples were collected at different time points and analyzed by affinity capture LC–MS. Representative
deconvoluted mass spectra are shown here for the anti-MUC16 TDC in cynomolgus monkey plasma at 0 h (A), cynomolgus monkey plasma at 96 h (B), rat plasma at 96 h (C),
human plasma at 96 h (D), and buffer control at 96 h (E). Minor components due to incomplete deglycosylation were observed and labeled as ‘‘^’’. Peaks labeled as ‘‘⁄’’ are yet
to be identified structurally and not included in calculations. Percentage DAR values shown refer to relative ratios.
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245 16 TDC standards (DAR 0, DAR 1, and DAR 2) to mimic situations
246 that may occur in vivo.
247 Anti-MUC16 TDC standards were spiked into rat plasma at vary-
248 ing concentrations (with a total TDC concentration of 30 lg/ml) to

249generate mixtures of known compositions for affinity capture and
250subsequent LC–MS analysis. Fig. 2A shows a representative TIC of
251the TDC mixture from affinity capture LC–MS. The retention time
252window (!9.0–10.3 min), representing the LC elution of the TDCs,
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Drug release in a plasma stability study 
of anti-MUC16 TDC in vitro. An aliquot 
of 100 μg/ml anti-MUC16 TDC (DAR 2) 
was incubated in plasma from different 
species and buffer control (PBS with 
0.5% BSA) at 37° C for up to 96 h.!

Monkey_0h

Monkey_96h

Rat_96h

Human_96h

Buffer_96h

Xu K et al, Anal. Biochem, 412, 56–66 (2011)



348 corresponding to these minor peaks are yet to be identified. How-
349 ever, the impact of these minor peaks on the calculation of relative
350 TDC ratios was minimal. Trace amounts of TDC with incomplete re-
351 moval of N-linked carbohydrates were also detected.
352 To accurately characterize the drug release from ADCs in vari-
353 ous plasma matrices in vitro, it is critical to make sure that there
354 is minimal impact from the matrices on the method performance.
355 To investigate matrix effects, a mixture of three anti-MUC16 TDC

356standards spiked into rat, cynomolgus monkey, or human plasma
357was analyzed and compared with that in PBS buffer with 0.5%
358BSA by affinity capture LC–MS. The results were comparable, as
359shown in Fig. 5A, which suggested minimal matrix-induced
360differences during the process. Comparison of the recovery of
361anti-MUC16 TDC standards from plasma versus serum of rat and
362cynomolgus monkey also showed no significant differences
363(Fig. 5B).
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Fig.6. Drug release observed in a multiple-dose toxicokinetic study of anti-MUC16 TDC in vivo. Anti-MUC16 TDC (DAR 2) was administered to cynomolgus monkeys
intravenously once every 3 weeks for a total of four doses. Three dose groups at 6, 10, and 20 mg/kg were evaluated. Deconvoluted mass spectra of the TDC species of a
representative animal receiving the first dose of 6 mg/kg anti-MUC16 TDC show the drug release from DAR 2 to form DAR 1 and DAR 0 with time: (A) 1 day postdose; (B)
7 days postdose; (C) 21 days postdose.
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intravenously once every 3 weeks for a
total of four doses. Three dose groups at
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Deconvoluted mass spectra of the TDC
species of a representative animal
receiving the first dose of 6 mg/kg anti-
MUC16 TDC show the drug release from
DAR 2 to form DAR 1 and DAR 0 with
time: (A) 1 day postdose; (B) 7 days
postdose; (C) 21 days postdose.
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Conjugation site influences linker stability
and therapeutic activity of ADCs

Shen B-Q et al. Nature Biotechnology, 30(2), 184–191 (2012) 



Hengel SM et al. Anal. Chem. 2014, 86, 3420–3425. 

in vivo ADC (reduced interchain S-S) characterization

Figure 7. Summary of mass 
shifts and peak asymmetry 
observed in cysteine-linked 
ADCs in vivo. Detection of odd 
loaded species at masses higher 
than expected was attributed to 
modification at the deconjugated 
drug-linker sites, specifically 
cysteinylation, and observed 
asymmetry in the deconvoluted 
data over time is hypothesized 
to be a consequence of 
increased sample heterogeneity 
due to in vivo modifications, 
including hydrolysis.
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Non-cleavable ADC with site-specific catabolism

(PEG6-C2-MMAD), a potent analogue of the antimitotic agent Dolastatin 10 [22], attached to
specific sites across the anti-M1S1 C16 antibody (Fig 1a and 1b). To evaluate linker-payload
stability, we performed comparative in vitro plasma stability assays by incubating conjugates in
mouse plasma, purifying them and comparing their drug-antibody ratio (DAR) to that of
untreated conjugates. Unlike the cleavable Aminocaproyl-valine-citrulline-p-aminobenzylcar-
bamate (C6-VC-PABC) linker [21], the non-cleavable PEG6-C2-MMAD-derived conjugates
remained stable across most of the sites tested over a 4.5 day incubation period in mouse
plasma, with both the transglutaminase linkage and the Amino-PEG6 linker intact. However,
we discovered a position-dependent degradation of the C terminus of MMAD (Fig 1b,
Table 1), initially observed by hydrophobic interaction chromatography (HIC) as a decrease in
retention time of the ADC following plasma exposure. We subsequently identified the degrada-
tion by mass spectrometry as a loss of 186 Da, which is consistent with the hydrolytic cleavage
of the C-terminal dolaphenine residue of MMAD (Fig 2a and 2b, Figs a and b in S1 Fig). In
contrast to the cleavage observed in mouse plasma, the degradation of the MMAD C terminus
was minimal to undetectable in rat, cynomolgus monkey, and human plasma in vitro under
the conditions studied (Fig 3). Because HIC analysis showed a relatively low, but consistent,
degree of MMAD cleavage in the rat plasma, we wanted to verify the identity of the low abun-
dance metabolite. The degraded subpopulation of the C16 Site A-PEG6-C2-MMAD conjugate
purified from rat plasma was enriched using HIC, and analyzed by mass spectrometry. MS/MS
analysis of tryptic peptide containing the MMADmetabolite revealed the expected fragmenta-
tion, confirming that the cleavage in rat plasma is identical to that seen in mouse plasma (Figs
b and c in S1 Fig). The conjugates with the lowest and highest stability in mouse plasma, Site A
and Site I-PEG6-C2-MMAD, respectively, were then selected for a comparative in vivo stability
study in the mouse. The loss of the C-terminal residue appears more pronounced in vivo in the
mouse at the positions tested, as shown by HIC and mass spectrometric analysis of conjugates
purified 4.5 days after injection in mice (Table 1, Fig a in S2 Fig).

Since the catabolic process in mouse plasma removes only a small portion of the MMAD
payload, we were interested whether the degradation product retains its cytotoxic activity. To
assess that, we performed in vivo stability experiments by injecting selected PEG6-C2-MMAD

Fig 1. Stability studies of site-specific non-cleavable ADCs. a) Positions of conjugation sites on an antibody. b) Structure of the PEG6-C2-MMAD non-
cleavable payload conjugated to the glutamine tag on the antibody, and its cleavage product. The glutamine residue is shown in blue. c) Structure of the
PEG6-C2-Aur3377 non-cleavable payload conjugated to the glutamine tag shown in blue.

doi:10.1371/journal.pone.0132282.g001

Stability of Non-Cleavable Site-Specific ADCs

PLOSONE | DOI:10.1371/journal.pone.0132282 July 10, 2015 3 / 14

Magdalena Dorywalska et al, Site-Dependent Degradation of a Non-Cleavable Auristatin-Based Linker-Payload in Rodent 
Plasma and Its Effect on ADC Efficacy, PLOS ONE | DOI:10.1371/journal.pone.0132282 July 10, 2015
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Magdalena Dorywalska et al, Site-Dependent Degradation of a Non-Cleavable Auristatin-Based Linker-Payload in Rodent 
Plasma and Its Effect on ADC Efficacy, PLOS ONE | DOI:10.1371/journal.pone.0132282 July 10, 2015

A comparative in vivo efficacy study confirmed that the position-dependent C-terminal res-
idue clipping in certain PEG6-C2-MMAD conjugates results in a reduced potency in the
BxPC3 mouse xenograft tumor model. Following a single intravenous dose of 10 mg/kg, the
ring clipping-sensitive Site A-PEG6-C2-MMAD conjugate showed a strongly reduced in vivo
efficacy as compared to the stable Site I-PEG6-C2-MMAD or to the degradation-resistant Site
A-PEG6-C2-Aur3377 (Fig 4d). As a negative control, we used the NCC Site F-PEG6-C2-M-
MAD conjugate which is expected to retain most of the intact payload at the relatively stable
Site F while in circulation, but it is not expected to bind to target tumor cells (Fig 4d).

To assess whether an enzyme indeed might be involved in the C terminus degradation of
PEG6-C2-MMAD in rodent plasma, we carried out a series of inhibition assays using the sensi-
tive Site A conjugate as substrate. Pre-incubation of mouse plasma at 65°C for 1 hour elimi-
nated the C-terminal cleavage of PEG6-C2-MMAD (Table 2), suggesting that a heat-sensitive
hydrolase is likely responsible for the degradation process. To classify the putative enzyme, we
conducted a series of protease inhibition assays in mouse plasma. Among the protease inhibi-
tors tested, only Pefabloc, mainly a serine protease inhibitor [24], resulted in a complete inhibi-
tion of MMAD C-terminal clipping (Table 2). Addition of 3,4-Dichloroisocoumarin, a serine
hydrolase inhibitor [25], resulted in partial inhibition of C-terminal MMAD cleavage
(Table 2). Other serine protease inhibitors tested (Leupeptin, Antipain, Chymostatin, Aproti-
nin, and Benzamidine [24, 25]) had no effect on the MMAD degradation (Table 2). Among
inhibitors against cysteine-based hydrolases (E64, Leupeptin, Antipain, Chymostatin, and N-
ethylmaleimide [24, 25]), only N-ehtylmaleimide resulted in a reduced MMAD C-terminal

Fig 2. Mass spectrometric analysis of non-cleavable conjugates. The Fig labels represent experimentally observed masses for conjugates before (upper
panel) and after (lower panel) in vivo exposure. a) Intact mass deconvolution of C16 Site A-PEG6-C2-MMAD conjugate. The metabolic products of the DAR 2
species show a mass loss from either 1 x 186 Da (one payload) or 2 x 186 Da (both payloads). b) Intact mass of C16 Site I-PEG6-C2-MMAD conjugate. The
metabolic product shows a 186 Da loss from one of the conjugated payloads. c) Intact mass of C16 Site A-PEG6-C2-Aur3377 conjugate. The in vivo exposed
conjugate shows no mass shift compared to the untreated compound.

doi:10.1371/journal.pone.0132282.g002

Stability of Non-Cleavable Site-Specific ADCs

PLOSONE | DOI:10.1371/journal.pone.0132282 July 10, 2015 5 / 14

Fig 2. Mass spectrometric analysis of non-cleavable conjugates

Non-cleavable ADC with site-specific catabolism
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Engineered ADC (DAR4) in vitro plasma stability
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LC-MS ADC characterization and beyond

Assay Technology

Drug or drug-linker metabolites
Which species exist and are important?

LC-MS/MS

Catabolites (ADC or mAb)
Which species exist and are important?

Affinity capture LC-HRAMS

DAR Distribution
Assess ADC stability (in vitro / in vivo)

Affinity capture LC-HRAMS
or HIC

Critical reagent DAR specificity
Assess LBA reagents

Affinity capture LC-HRAMS
or HIC

Intact ADC quantification
Useful to measure individual DARs or 
catabolites?

Affinity capture LC-HRAMS
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Intact ADC quantification

PPD-ThermoFisher Scientific
collaboration
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Raw HR mass spectrum
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Potential options using full spectrum (FS) data acquisition

+ XICs and traditional peak integration
- select m/z charge state(s), individual or summed
- use narrow data extraction window (e.g. 5 mDa)
- integrate XIC peak area

+ Deconvoluted composite spectrum
- average/sum FS across entire chromatographic peak
- peak area = total “zero-charge” state response

+ Deconvoluted individual FS
- generate “zero-charge” state XIC
- integrate XIC peak area

LC-HRAMS quantitation data processing



Intact analysis

SILu™Lite (IS)
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Method:

• 30 µL mouse EDTA plasma
• Add 2 µg/mL mAb IS
• AC with anti-hFc agarose beads
• No deglycosylation
• Elute and analyze
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Summed XICs approach (with mAb IS)

y = 1.1969x - 0.805
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A&P - Summed XICs approach (with mAb IS)

QCs Analyte/IS
Cal. Conc. 

(ug/mL)
Nominal Conc. 

(ug/mL) Accuracy CV%
QC 1-1 3.00 1.83 1.6 115
QC 1-2 2.79 1.66 1.6 104
QC 1-3 2.49 1.41 1.6 88.1
QC 1-4 2.51 1.42 1.6 89.0
QC 1-5 2.56 1.47 1.6 91.9
QC 2-1 17.3 13.8 12.5 110
QC 2-2 15.2 12.0 12.5 96.3
QC 2-3 14.9 11.8 12.5 94.1
QC 2-4 17.8 14.2 12.5 114
QC 2-5 16.0 12.7 12.5 101
QC 3-1 108 89.3 100 89.3
QC 3-2 106 88.2 100 88.2
QC 3-3 108 89.9 100 89.9
QC 3-4 102 84.3 100 84.3
QC 3-5 102 84.6 100 84.6

11.7

8.35

3.01
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Deconvoluted mass spectrum

glycoforms

Engineered DAR4 ADC
(mcMMAF conjugate)



60

Deconvoluted MS approach (no IS)
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A&P - Deconvoluted MS approach (no IS)

QCs Intensity
Cal. Conc. 
(ug/mL)

Nominal Conc. 
(ug/mL) Accuracy CV%

QC 1-1 3040465 1.44 1.60 90.0
QC 1-2 3171365 1.50 1.60 93.7
QC 1-3 3384557 1.60 1.60 99.8
QC 1-4 2532637 1.21 1.60 75.6
QC 1-5 3566412 1.68 1.60 105.0
QC 2-1 28494807 13.0 12.5 104.2
QC 2-2 26480701 12.1 12.5 96.9
QC 2-3 25990923 11.9 12.5 95.1
QC 2-4 28256266 12.9 12.5 103.3
QC 2-5 27660784 12.6 12.5 101.1
QC 3-1 201954923 92.0 100 92.0
QC 3-2 202279068 92.1 100 92.1
QC 3-3 200604530 91.3 100 91.3
QC 3-4 210591547 95.9 100 95.9
QC 3-5 206835150 94.2 100 94.2

12.1

3.99

2.03



ADC bioanalysis
other challenges
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Practicality issues for ADC bioanalysis

Resource and time intensive
• Several different assays needed for each study

• Parallel sample analyses desirable, requiring 
multiple technologies, staff and instruments

Preclinical/early development

• Several species to evaluate
• Multiple ADC constructs to compare

• Restricted sample volumes



A work in progress...
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Final thoughts

• Keeping up with biotherapeutics innovation is a 
challenge for analytics (CMC) and bioanalysis

• Answering critical drug development questions 
requires both LBA and LC-MS assay technologies 

• Inherent ADC heterogeneity and dynamic changes
in vivo require in-depth characterization

• MS-based methods, including AC-LC-HRAMS,
are emerging as increasingly versatile tools

• Regulators are aware and likely to increase their 
expectations
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A story...



1.3 billion light years from Earth



Simulating eXtreme Spacetimes project 
(http://www.black-holes.org)

Two black holes merging into one



Event GW150914

C. Henze/NASA Ames Research Center



Top panels show the measured signals in the LIGO detectors.
Bottom panels show the expected signal based on numerical simulations.
B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration), “Observation of 
Gravitational Waves from a Binary Black Hole Merger,” Phys. Rev. Lett. 116, 061102 (2016)

The “sound” of two black holes merging
14 September 2015 at 09:50:45 UTC



Advanced LIGO
Hanford, Washington, USA



Laser Interferometer Gravitational-wave Observatory (LIGO)

LIGO can detect relative length variations 
of order 10−21, or one ten-thousandth the 
diameter of a single proton



Observatories and LIGO Scientific Collaboration (LSC)

Kamioka Gravitational Wave Detector (KAGRA), Japan



Important players in the LIGO project, from left to right: Kip Thorne of the 
California Institute of Technology, France A. Córdova of the National Science 
Foundation, Rainer Weiss of the Massachusetts Institute of Technology, David 
Reitze of Caltech and Gabriela González of Louisiana State University.
Credit: Lexey Swall for The New York Times
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