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Abstract

Antibody drug conjugates (ADCs) represent a rapidly growing modality for the treatment of numerous oncology indications. The
complexity of analytical characterization method development is increased due to the potential for synthetic intermediates and
process-related impurities. In addition, the cytotoxicity of such materials provides an additional challenge with regard to handling
products and/or sharing materials with analytical collaborators and/or vendors for technology development. Herein, we have
utilized a site-specific chemoenzymatic glycoconjugation strategy for preparing ADC mimetics composed of the NIST mono-
clonal antibody (NISTmAb) conjugated to non-cytotoxic payloads representing both small molecules and peptides. The materials
were exhaustively characterized with high-resolution mass spectrometry-based approaches to demonstrate the utility of each
analytical method for confirming the conjugation fidelity as well as deep characterization of low-abundance synthetic interme-
diates and impurities arising from payload raw material heterogeneity. These materials therefore represent a widely available test
metric to develop novel ADC analytical methods as well as a platform to discuss best practices for extensive characterization.
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Introduction

Successful development of innovative therapeutic modalities
requires a complex interplay between process development
and analytical/biophysical characterization technologies to in-
form on product quality attributes (PQAs). Antibody drug
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conjugates (ADCs) are an emerging class of therapeutics
whose characterization and control strategy challenges contin-
ue to emerge as innovative products come to market.
Measurement science associated with emerging modalities
such as ADCs can be greatly improved through a variety of
mechanisms including industrial consortia, peer-reviewed
publications, and pre-competitive test cases. The NIST mono-
clonal antibody (NISTmAb) RM 8671 is an example wherein
a publicly available and highly characterized material can
serve as a biopharmaceutical industry standard to accelerate
innovation [1-5]. The NISTmAb has been used for demon-
strating new technologies including nuclear magnetic reso-
nance (NMR), neutron scattering, and numerous mass
spectrometry-based approaches, among others [6—20]. The
pre-competitive nature of the NISTmADb has also proven use-
ful as a framework to evaluate method/technology perfor-
mance through comparative inter-laboratory studies [7]. The
collective information is imperative to facilitate industry-wide
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best practices for lifecycle appropriate implementation of new
analytical methods for characterization, process monitoring,
quality control, and/or comparability and biosimilarity.
NISTmAb ADC mimetic molecules and/or robust established
protocols for their creation would serve a similar purpose for
tackling the unique analytical challenges associated with this
emerging therapeutic class.

Antibody drug conjugates are composed of a monoclonal
antibody framework conjugated with small molecule or pep-
tide cytotoxic drug payloads [21, 22]. The antibody serves as a
molecular homing device by binding with high affinity and
specificity to a tissue-specific marker (e.g., tumor antigen).
The ADC complex is then internalized via the phagocytic
pathway into lysozymes for degradation which, in turn, re-
leases the toxic payload molecules for a cancer cell-selective
delivery [23]. This mechanism of action (MOA) requires the
monoclonal antibody, linker chemistry, and payload to work
in harmony to elicit a functional outcome.

Ten ADCs are currently approved by the US FDA using
a variety of conjugation/linker chemistry strategies includ-
ing ado-trastuzumab emtansine (Kadcyla™), brentuximab
vedotin (Adcetris™), inotuzumab ozogamicin
(Besponsa™), gemtuzumab ozogamicin (Mylotarg™),
polatuzumab vedotin-piiq (Polivy™), enfortumab vedotin
(Padcev™), trastuzumab deruxtecan (Enhertu™),
sacituzumab govitecan (Trodelvy™), moxetumomab
pasudotox (Lumoxiti™), and belantamab mafodotin
(Blenrep). Adcetris and Kadcyla are based on IgG1 con-
structs while Besponsa and Mylotarg utilize [gG4.
Kadcyla utilizes lysine conjugation via a non-cleavable
thioether-containing linker. Adcetris is a cysteine-
conjugated ADC that utilizes a protease cleavable linker.
Besponsa and Mylotarg have their payload attached to ly-
sine residues using a linker with both acid cleavable
(hydrazide) and reducible (disulfide) groups. In 2019 alone,
U.S. regulators approved three ADCs, the most ever in a
single year. They include AstraZeneca’s and Daiichi
Sankyo’s breast cancer drug Enhertu, Astellas’ and Seattle
Genetics’ bladder cancer drug, Padcev, and Roche’s
Polivy, targeted against lymphoma. Additionally,
Immunomedics’ Trodelvy for treatment of triple-negative
breast cancer and GalaxoSmithKline’s, Blenrep, for treat-
ment of refractory multiple myeloma, were most recently
approved in 2020.

With the exception of Polivy, each of the FDA-approved
ADC:s utilizes pre-existing amino acids (either partial cysteine
reduction or free lysine conjugation), resulting in a distribu-
tion of antibody molecules with varying numbers of attached
payloads with average DAR values reported on each of the
drug’s labels ranging from 2 to 6. Recent trends in ADC
development, however, have steered toward using
engineered non-native free cysteine or other biorthogonal
residues for ADC linkage, or chemoenzymatic engineering
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of native antibodies. To date, the only FDA-approved ADC
utilizing site-specific conjugation is polatuzumab-vedotin
(Polivy®), a humanized monoclonal antibody produced
using a site-specific covalent bond conjugated via
engineered cysteines (THIOMABs). However, more than
50% of the estimated 90 antibodies currently in clinical
trials utilize site-specific conjugation methods, and in
2020, all antibodies entering the clinic utilize site-specific
conjugation [24, 25].

Drug payloads can be attached to the antibody via a num-
ber of naturally occurring amino acids, non-native amino
acids, glycans, etc. (Table 1) [21]. Conjugation using native
cysteine residues often requires partial reduction of interchain
disulfides to the free thiol form prior to conjugation, resulting
in heterogeneous incorporation of up to 8 payloads per mole-
cule [26]. Conjugation via primary amine residues present on
lysine and the N-termini has also been utilized. Using this
strategy, conjugation can be limited to surface-exposed resi-
dues resulting in incorporation of multiple payloads to per
IgG. Conjugation to native cysteine and lysine residues both
lead to a heterogeneous population of individual IgG species
with a different number of payloads which may in turn result
in different physicochemical and pharmacokinetic properties.
In both scenarios, reaction conditions must be controlled to
produce a consistent average drug to antibody ratio (DAR)
incorporation.

Site-specific conjugation strategies have become an in-
creasingly popular development strategy in an effort to mini-
mize product heterogeneity. Site-specific incorporation en-
ables conjugation at defined sites, typically distant from
the antigen-binding domains to minimize impact to anti-
gen recognition. Examples of site-specific incorporation
methods include genetic incorporation of nascent cyste-
ine residues to yield free thiols for chemical conjugation,
genetic engineering of unnatural amino acids containing
bio-orthogonal reactive groups (e.g., thiols, azides, or
keto groups) for use in chemical conjugation, and conju-
gation via chemoenzymatic engineering of naked anti-
bodies with reactive biorthogonal species. One major
benefit of using biorthogonal chemoenzymatic approach
is that it does not require any genetic engineering and
can be used with essentially any preexisting antibodies.
Each of these strategies provides an opportunity for ho-
mogenous payload incorporation of a specific number of
payloads per IgG molecule assuming complete reaction.
The advantages of site-specific conjugation have recently
been demonstrated and include marked improvement
over non-site-specific methods including enhanced plas-
ma stability, enhanced tumor uptake, improved binding
efficiency, increased antigen binding, and less variability
in dosing studies [25].

Desired quality characteristics of the antibody frame-
work share many common traits with standalone large
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Table 1

Potential conjugation chemistries for antibody drug conjugate synthesis

Residue Chemistry

PMaximum # conjugation
sites in NISTmAb

“Number of payloads
per molecule

Native cysteine Partial reduction of disulfides

Lysine + N-termini Amide formation
Non-native cysteine Free cysteine
Bio-orthogonal amino acid Dependent on amino acid

Glycan Chemoenzymatic

0to8 16 disulfides
0to 10 92 lysines

4 N-termini
# free cysteines (typically 2) 0
# of bio-orthogonal AAs (typically 2-4) 0
2-6 2

*Value of 2 for site-specific conjugation strategies assumes complete synthetic yield

® Maximum number of conjugation sites in NISTmADb refers to all sites present based on the primary amino acid sequence without consideration of

potential steric accessibility considerations

molecule counterparts, reviewed in detail elsewhere [19].
In fact, comprehensive elucidation of structure of the an-
tibody is required for regulatory approval. Modification of
the antibody with payload molecules adds an extra dimen-
sion of complexity that may alter antibody physicochem-
ical characteristics [27, 28], and therefore an extensive
analytical package must also be applied to final ADC
products. Implementation of the most advanced analytical
technologies, from primary to higher order structure, is
critical to fully understand the potential impacts of conju-
gation on product quality. Moreover, the drug to antibody
ratio is a critical quality attribute shared by all ADCs that
absolutely must be controlled for consistent product safety
and efficacy. Analytical methods for DAR determination
are many, including various mass spectrometry-based ap-
proaches (intact, subunit mass, and/or peptide mapping)
as well as chromatographic methods such as hydrophobic
interaction chromatography. It would be highly desirable
to have ADC mimetics for innovative ADC analytical
technology development as well as in-depth evaluation
of DAR method figures of merit, much as NISTmADb
has done for antibody therapeutics.

Chemoenzymatic glycan modification of the
NISTmAb RM 8671 was utilized herein to prepare
ADC mimetics based on conjugation of various non-
toxic payloads (Alexa Fluor 488, biotin, and angioten-
sin II) to the NISTmAb. This synthetic approach was
selected in an attempt to prepare site-specifically con-
jugated, non-toxic, DAR = 2, ADC mimetics to resem-
ble the industry trending direction. A series of analyt-
ical characterization assays were performed on each of
the mimetics to evaluate synthetic fidelity as well as
product quality attributes. The NISTmAb ADC mi-
metics represent novel analytical materials and the as-
sociated preparation/characterization strategy may serve
as a guideline for development of related protocols/
materials with orthogonal properties.

Materials and methods

NISTmADb azide activation Unless otherwise stated, all modi-
fication steps in the NISTmADb conjugation procedures were
performed using the NISTmADb storage buffer, 25 mmol/L L-
His (His) buffer, pH 6.0. An 8-mg vial of NISTmAb (NIST)
(10 mg/mL) was thawed on ice and adjusted to 1800 pL with
25 mmol/L His buffer, pH 6.0. In total, 200 puL of EndoS2
(Glycinator, Genovis) was added and the solution was incu-
bated for 3 h at 37 °C. Final Ab concentration was ~4 mg/mL.
After EndoS2 treatment, chemoenzymatic modification of the
NISTmAb N-linked core GIcNAc sugar residues (resulting
from EndoS2 cleavage) was azide-activated by the addition
of GalT(Y289L) mutant enzyme, UDP-GalNAz, and MnCl,.
The reaction mix was incubated while rotating at 30 °C for 16
h. After incubation, the reaction components were removed by
using 4 mL 50 kD Amicon Ultra spin filters and performing 6
full washes in 25 mmol/L His buffer, pH 6.0. After the last
wash, the antibody was brought to a final volume of 4 mL
(2.0 mg/mL). Post-labeling, 100 pg of the antibody was
removed and reacted with Alexa Fluor 488 dye as a standard
test for DOL determination. The antibody was incubated over-
night (16 h) and the free dye was removed using 0.5 mL 50 kD
cutoff Amicon Ultra spin filters with 5 washes. The DOL was
calculated by measuring absorbances at A280 and A496 and
applying the corresponding extinction coefficients for the an-
tibody and the dye, respectively. The final DOL of the azide-
activated antibody using the spectroscopic method was calcu-
lated to be 2.1.

NISTmAb ADC conjugation Azide-activated NISTmADb
(NISTmADb-N3, 2 mg/mL final) was conjugated with
sDIBO-Alexa Fluor 488 dye, sDIBO-Biotin, or sDIBO-
Angiotensin II peptide (sDIBO-ATII) copperless click
cyclooctyne compounds (Thermo Fisher Scientific) (0.2
mmol/L final) in His buffer, pH 6.0 for 16 h. After incubation,
the free unreacted sDIBO compounds were removed using 4
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mL 50 kD Amicon Ultra spin filters and performing 6 full
washes in 25 mmol/L His Buffer, pH 6.0.

NISTmAb ADC preparation for mass spectrometric analyses In
preparation for mass spectrometry analysis, the antibodies
were exhaustively dialyzed into ammonium acetate buffer,
dried down in the speed vac, and submitted for analysis. For
Fab and single-chain Fc (scFc) fragment analysis, the antibod-
ies were cleaved using Frag-iT microspin columns (Genovis,
Sweden) and buffer exchanged in 0.5 mL 10 kD cutoff
Amicon Ultra spin filters and dried in the speed vac.

Intact and middle-down mass spectrometry Intact and frag-
ment samples were separated and analyzed on Thermo
Scientific™ Vanquish™ UHPLC system, using a MAbPac
RP analytical column, 4.0 um, 2.1 x 50 mm column (p/n
088648) at 80 °C. When coupling UHPLC with a UV detec-
tor, H,O/trifluoroacetic acid/acetonitrile mobile phase was
used. When coupling UHPLC with Orbitrap Fusion Lumos
Tribrid Mass Spectrometer instrument, H,O/formic
acid/acetonitrile mobile phase was used. The MS acquisition
method was set with a full scan at both 15,000 (FWHM, at m/z
200) and 120,000 resolution in positive mode. The method
parameters were as follows: AGC 2ES, IT 200 ms, in-source
CID 0 eV and 35 ¢V, scan range 800—3000, 1000-3500 m/z,
spray voltage 3.8 kV, sheath gas 60, aux gas 20, capillary
temperature 350 °C, s-lens 30, probe heater temperature 150
°C.

Peptide mapping Tryptic digestion of RM 8671 and all ADC
mimetics was performed according to the procedure described
previously with minor modification [1]. Minor modifications
included direct buffer exchange to 10.1 % v/v formulation
buffer (25 mmol/L L-His, pH 6.0), 89.9 % v/v denaturing
buffer (6 mol/L Guanidine HCI, 100 mmol/L pH 7.8 Tris,
and 1 mmol/L EDTA), reduced and alkylated as previously
reported [1], and samples were digested at a slightly lower
total antibody concentration (0.24 pg/uL) in 1 mol/L urea.
Peptide mapping using reversed phase ultrahigh-
performance liquid chromatography coupled to UV-visible
and tandem mass spectrometry detection (LC-UV-MS/MS)
was used to confirm the primary amino acid sequence, evalu-
ate conjugation efficiency, and determine post-translational
modification (PTM) relative abundance. Liquid chromatogra-
phy was performed using the Dionex UltiMate™ Rapid
Separation Binary Pump (P/N HPG-3200RS), coupled to a
thermostatted rapid separation well plate autosampler (P/N
WPS-3000TRS), thermostatted column oven (P/N TCC-
3000RS), and variable wavelength detector (P/N VWD-
3400RS) manufactured by Thermo Scientific (Waltham,
MA). Mass spectrometry analyses were performed using the
LTQ Orbitrap Elite with heated electrospray ionization source
probe (HESI-II) manufactured by Thermo Scientific. The

@ Springer

instruments were controlled using Xcalibur 2.1.0 SP1 Build
1160 (Thermo Scientific, Waltham, MA) and Dionex
Chromatography MS Link (DCMS Link) for Xcalibur 2.14
Build 3818 (Thermo Scientific, Waltham, MA).

A total of 3 pg (25 puL) of peptide digests were loaded via
autosampler onto a C18 column (Agilent Zorbax RRHD
StableBond C18 column, 300 A, 2.1 mm x 150 mm, 1.8
um; Manufacturer Part # 863750-902) enclosed in a
thermostatted column oven set to 50 °C. Samples were held
at 6 °C while queued for injection. The chromatographic
method is described in Supplementary Information (ESM)
Table S1. Peptides eluting from the chromatography column
were analyzed by UV absorption at 214 nm followed by mass
spectrometry on the LTQ Orbitrap Elite.

The MS/MS analyses were performed for peptide identifi-
cation in data-dependent mode in which one cycle of experi-
ments consisted of one full MS scan of 300 to 2000 m/z
followed by five sequential MS/MS events performed on the
first through fifth most intense ions detected at a minimum
threshold count of 500 in the MS scan initiating that cycle.
Full MS scans were collected in profile mode using the high-
resolution FTMS analyzer (R = 60,000) with a full scan AGC
target of 1E6 and microscans = 1. The MSn AGC target was
set to 3E4 with microscans = 1. The ion trap was used in
centroid mode at normal scan rate to analyze MS/MS
fragments.

Tons were selected for MS/MS using an isolation width of 2
Da, then fragmented by collision induced dissociation (CID)
with helium gas using a normalized CID energy of 35, an
activation Q of 0.25 and an activation time of 10 ms. A default
charge state was set at z = 2. Data-dependent masses were
placed on the exclusion list for 10 s if the precursor ion trig-
gered a single event; the exclusion mass width was set at +
0.01 %. Charge state rejection was enabled for unassigned
charge states. A rejection mass list included common contam-
inants at 122.0 m/z, 185.9 m/z, 355.0 m/z, 371.0 m/z, 391.0
m/z, 413.30 m/z, 777.7 m/z, 803.10 m/z, 1222.0 m/z, 1322.0
m/z, 1422.0 m/z, 1522.0 m/z, 1622.0 m/z, 1722.0 m/z, 1822.0
m/z, and 1922.0 m/z.

LC-MS data analysis was performed using Genedata
Expressionist Version 11.0.1. Search parameters included a
parent ion mass tolerance of 15 ppm and a fragment mass
tolerance of 0.5 Da. Fragmentation spectra were searched
using a fixed carbamidomethyl modification and common
variable modifications of ammonia loss, Asn deamidation,
Met oxidation, N-terminal pyroglutamate, and loss of C-
terminal lysine. The default CHO-N-glycan library was
searched as a variable modification to detect the presence of
any unreleased glycans. Expected ADC conjugate masses
were also searched as variable modifications: Alexa Fluor
(1740.4678 Da and 1594.41 Da), Angiotensin uncleaved
(2297.98 Da and 2151.922 Da), Angiotensin cleaved at the
tryptic site (1540.576 Da and 1394.518 Da), Biotin
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(1450.552 Da and 1304.494 Da), GalNaz (593.218 Da and
447.1604 Da). Due to the synthetic route for the
chemoenzymatic glycosylation, HexNacdHex and Hex were
also searched as potential variable modifications on Asn. All
MS/MS matches were manually reviewed. Extracted ion rel-
ative abundance values were calculated in Genedata
Expressionist® using all peptides identified containing a giv-
en modification and including adducts (H, K, and Na), all
observed charge states, and all observed isotopes.

Results

Each of the ADC mimics was synthesized using the same
chemoenzymatic synthesis strategy depicted in Fig. 1. The
NISTmADb is composed primarily of complex-type
fucosylated biantennary glycans, with a low abundance
(approx. 1% each) of Man5, afucosylated complex
biantennary, and aglycosylated species [15, 29]. The initial
ADC mimic synthetic step involved selectively removing
the glycan heterogeneity via enzymatic cleavage of the
NISTmADb Fc glycans using Endo-N-acetylglucosaminidase
S2 (EndoS2). EndoS2 is capable of selectively cleaving the
core GIcNAc-GlcNAc to reveal the GIcNAc-Fuc core (in the
case of fucosylated glycans) and a low abundance of GIcNAc-
only core (in the case of afucosylated glycans) [30]. The
resulting EndoS2-treated substrate will have two potential
conjugation sites per antibody, NISTmAb-Fuc,GIlcNAc, or
GlcNAc,, as well as a low abundance of residual afucosylated
species equivalent to the original composition of the

Fig. 1 Reaction scheme used for
preparation of NISTmAb
antibody drug conjugate mimetics
(note the green square shown
bound to N3 represents GalNAz,
while the blue square bound to
fucose (red triangle) represents
GlcNAc)

A\ 4

NISTmAb

Endos2
UDP-GalNAz
GalT(Y289L)

omo H‘C:«)___’N! s
B

NISTmAD starting material. The second synthetic step utilizes
amutant 3-Galactosyltransferase enzyme (GalT(Y289L)) that
has been engineered to have a Y to L point mutation at posi-
tion 289 to confer a modified substrate transferase activity
[31]. GalT(Y289L) efficiently transfers addition of uridine
diphosphate activated GaINAz (UDP-GalNAz) via simple hy-
drolysis to result in an azide-activated mAb with 2 azide res-
idues, one on each heavy chain (NISTmAb-N3). Copperless
click chemistry (as described in “Materials and methods”) is
then performed to attach 2 of the payload mimics depicted in
Fig. 1 which will be referred to by their payload names:
Angiotensin II (ATII-mAb), Biotin (Biotin-mAb), and Alexa
Fluor 488 (AF488-mAb). Samples from each stage of the
reaction scheme were retained for analysis by intact mass
spectrometry, middle-down mass spectrometry following
IdeS treatment, and LC-MS/MS peptide mapping.

Intact mass spectrometry Intact mass spectrometry is a high-
resolution technique capable of measuring monoclonal anti-
body accurate mass. The LC-UV and deconvoluted mass
spectra from the LC-MS analysis for the NISTmAb, synthesis
intermediates, and each ADC mimic are shown in Fig. 2. The
NISTmADb chromatogram (Fig. 2a) shows a major peak along
with a smaller front peak. The deconvoluted spectra of the
main NISTmAD peak identified all major glycoforms previ-
ously reported for intact NISTmAb to within 15 ppm (ESM
Table S2). The NISTmADb-N; reaction intermediate shows
chromatography similar to the NISTmADb, yet the intact mass
spectrum is more homogeneous showing predominantly the
desired NISTmADb with two core fucosylated GalNAz
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Fig.2 LC-UV (left) and LC-MS (right) analyses of NISTmAD (a), azide-activated NISTmAb (b), ATII-mAb (c), Biotin-mAb (d), and AF488-mAb (e)

functional groups. Similarly, intact LC-MS analysis of the
final ADC conjugates (Fig. 2c—e) indicates the presence of
the desired ATII-mAb, Biotin-mAb, and AF488-mAb struc-
tures with masses confirmed to within 15 ppm (ESM
Table S2). Two additional minor peaks were identified in
the ATII-mAD spectrum which were determined to be prod-
ucts of an sDIBO synthetic intermediate impurity (sDIBO-
acid) formed during the synthesis of the sDIBO-ATII inter-
mediate compound. The peaks are shown in the right panel of
Fig. 2c¢ (ATII-mADb). The 148,704.41 peak represents a spe-
cies with one sDIBO-ATII and one sDIBO-acid, and the peak
at 147,679.05 represents the species with two sDIBO-acids
(further discussion below). While these masses had a slightly
larger error than other identified species, orthogonal mass
spectrometry approaches discussed below support these as-
signments. Similarly, one additional minor peak was identi-
fied in the Biotin-mAb spectrum which was determined to be
the product of an sDIBO synthetic intermediate impurity
(sDIBO-acid) formed during the synthesis of the sDIBO-
Biotin intermediated compound. The peak is shown in Fig.
2d, right panel (Biotin-mAb). The 147,617.83 peak represents
a species with one sDIBO-Biotin and one sDIBO-acid.
Further characterizations of these minor species are discussed
below.

Middle-down mass spectrometry Middle-down MS utilized
an enzyme called IdeS to selectively cleave the hinge region
of NISTmAD between the two conserved G-G residues. The
result is the production of a 100-kD F(ab), antigen binding
domain and two 25-kD scFc domains. Reduction of the F(ab),
disulfide bonds is often performed to produce the constituent
light-chain (LC) and heavy-chain fragments (both =~ 25 kDa)
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to take advantage of additional mass resolving power at lower
m/z range. The chemoenzymatic conjugation strategy selected
is particularly suited for middle-down MS without reduction
of the F(ab), because the NISTmAD glycan-targeted conjuga-
tion site is located on the scFc domain. This workflow takes
full advantage of the subunit selectivity following EndoS2
cleavage as well as the improved mass resolution by direct-
ly measuring the 25-kDa scFc, while minimizing offline
sample preparation (e.g., no need for reduction) that may
induce unwanted chemical modifications into the analysis.
LC-UV and LC-MS analyses for the non-reduced middle-
down analysis of the NISTmAb, NISTmADb-N; intermedi-
ate, and each of the ADC mimics are shown in Fig. 3. The
chromatographic retention behavior and the observed
masses for the F(ab), fragments are shown to have identical
elution times and structure. This is consistent with the con-
jugation site occurring specifically on the Fc domain.

The scFc elutes as a single well-behaved peak in the LC-
UV and LC-MS method following EndoS2 glycan cleavage
and GalNAz functionalization. The EndoS2 and
GalT(Y289L) synthesis steps are highly efficient, with near
complete conversion of the glycosylated scFc masses into
the desired GalNAz functionalized species, verified via the
accurate mass measurements as listed in ESM Table S3.
Continued synthetic steps were also highly efficient,
resulting in the expected conjugated species as indicated
by the observed masses in ESM Table S3. As mentioned
above, we identified additional minor peaks in the ATII-
mADb mass spectrum that are confirmed to be the result of
a synthetic intermediate impurity formed during the synthe-
sis of the sDIBO-compound. As such, we identified an
additional peak in the middle down analysis that
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Fig.3 LC-UV (left) and deconvoluted LC-MS of the scFc (right) analyses of IdeS-treated NISTmADb (a), azide-activated NISTmAD (b), ATII-mAb (c),

Biotin-mAb (d), and AF488-mAb (e)

represents the addition of a single compound identified as
the sDIBO-acid which was a minor product derived from
the hydrolysis of the sDIBO-SDP reagent utilized in the
synthesis of the sDIBO-ATII reagent. In the middle-down
analysis (Fig. 3c), only a single peak (25,041.406) was
identified (versus 2 in the intact analysis above), as the
heavy chains of the Fc domain are dissociated, and there-
fore only the ATII or the acid-containing species are iden-
tified, not the combination as in the intact analysis above.
This was not surprising as the sDIBO-ATII peptide was
purified by a single HPLC run and was not completely
separated from the side-reaction species in a single col-
umn pass. A similar but much smaller peak (24,794.252)
in the Biotin-mAb spectrum (Fig. 3d) is similarly the re-
sult of an sDIBO-acid synthetic intermediate of the
sDIBO-Biotin compound.

It is also worth noting that the scFc fragments for each of
the conjugates elute in the LC-UV methods as unresolved split
peaks (Fig. 3a—e), yet the identified masses are consistent with
the expected sDIBO-conjugated species throughout the entire-
ty of the peaks. This split peak behavior is attributed to the
formation of structural isomers resulting from the triazolyl
ring formation of the sDIBO copperless click reaction, a
non-regioselective process, discussed in more detail below
in the peptide mapping section.

Peptide mapping LC-MS/MS peptide mapping was carried
out as an extended characterization assay to further validate

intact and middle-down mass spectrometry results. Figure S1
(see ESM) depicts a comparison of the total ion chromatogram
(TIC) results for RM 8671 and the final Alexa Fluor 488
conjugate as a representative example. Visual inspection of
the two chromatograms demonstrates a conformation to ex-
pectation for most peaks, disappearance of the glycopeptide
peaks, and a new series of peaks are observed eluting between
25 and 30 min. Similar results were obtained for all conju-
gates, with all peaks conforming to expectation with the ex-
ception of new peaks arising from the pertinent conjugations
at the heavy-chain Asn 300 glycosylation site peptide
(EEQYnSTYR).

Glycosylation of RM 8671, as well as the new peaks ob-
served in the conjugate chromatograms, was verified via LC-
MS/MS spectral matching as described in the “Materials and
methods” section. High mass accuracy MS1 (within 10 ppm)
and MS/MS fragmentation consistent with the putative iden-
tity of each peptide were required to confidently match parent
ions to conjugate peptides. A representative MS/MS spectrum
of'the triply charged AF488 conjugate peptide is shown in Fig.
S2 (see ESM). Biotin-mAb and ATII-mAb conjugate peptides
showed similar patterns dominated by glycosidic linkage frag-
mentation in the conjugate side chain, confidently verifying
selective conjugation at Asn 300 of the heavy chain.
Confirmed species are listed in ESM Table S4 for the domi-
nant EEQYnSTYR glycopeptide along with relative abun-
dance values calculated based on extracted ion chromato-
grams (XICs). RM 8671 was observed to contain
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predominantly complex biantennary fucosylated glycans as
well as low abundance high mannose, afucosylated, and
aglycosylated species. The desired synthetic intermediates of
the EndoS2-cleaved and NISTmADb-N; samples were
achieved with complete conversion to the requisite
fucosylated and non-fucosylated N-glycoconjugates. The fi-
nal ADC mimetics showed similarly good yield; quantitative
analysis based on XICs showed that the desired predominant
products, a conjugated glycopeptide containing the original
GlIcNAc-Fuc (N1F1) or GleNAc (N) core, dominates at 80.8
to 98.1% relative abundance in each case. Consistent with the
results from the intact and middle-down analyses, an addition-
al modified EEQYnSTYR peptide was identified by peptide
mapping that represents the sDIBO-acid conjugated synthetic
by-product in both the ATII-mAb and Biotin-mAb samples.
These synthetic impurities were each identified at a shifted
retention time from the desired conjugate product, indicating
the origin of the impurity was not due to in-source decay in the
intact or middle-down results (data not shown). Quantitation
of these sDIBO-acid peptide products resulted in approxi-
mately 19.0% and 2.7% relative abundance for the ATII and
biotin compounds, respectively (ESM Table S4). Further pu-
rification of the sDIBO-precursor starting materials would
yield > 99% of the desired ADC mimetic products.

A small quantity of aglycosylated peptide was observed in
each of the samples, remaining relatively consistent through-
out the synthesis steps (ESM Table S4). In addition, the con-
jugated peptide containing an afucosylated core was also ob-
served in each synthesis step as well as in the final products.
This is not unexpected considering the NISTmADb is known to
have low levels of afucosylated glycans. A slight increase in
afucosylated conjugates in the synthesis intermediates as well
as final products (vs. RM 8671) was observed. This increase is
thought to be predominantly due to in-source fragmentation as
fucosyl and afucosyl species co-eluted in each case, with the
degree of co-elution being greatest for the NISTmADES2 (the
species generated by EndoS cleavage) and NISTmADb-Nj;
samples.

Peptide mapping also provided more in-depth selectivity
for characterization of the final glycoconjugate. As demon-
strated in Fig. 4, a series of new relatively high abundance
peaks were observed in the final glycoconjugate products as
opposed to a single high abundance peak. To evaluate this
further, extracted ion chromatograms were prepared for the
3+ charge state of the expected final glycoconjugate peptides
in each sample (Fig. 4). The XICs clearly show single peaks
for the GOF NISTmADb glycopeptide as well as for the
NISTmAb-ES2 and NISTmADb-N; synthesis intermediates.
In each of the final glycoconjugate samples, however, a series
of 7-8 isomeric peaks is observed, each of which corresponds
to the same expected parent mass and MS/MS spectrum of the
desired end-product glycoconjugate. These isomers are the
likely result of the synthetic strategy utilized for the initial
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mimetic materials since the sDIBO cycloaddition is not regio-
selective, and isometrically pure starting reagents were not
utilized. The final products contained a total of three stereo-
genic centers, therefore explaining the presence of eight iso-
mers eluting at different retention times for ATII-mAb. In the
case of Biotin-mAb and AF488-mAb where only seven iso-
mer peaks are observed, it is possible that an eighth isomer is
obscured by co-elution.

Lastly, peptide mapping affords the opportunity to identify
post-translational modifications as well as potential changes in
chemical modifications as a result of chemical synthesis steps.
A series of residues were identified with low levels of aspar-
agine deamidation and methionine oxidation in the RM 8671
starting material (ESM Table S5), consistent with previous
results [32]. Each of these modifications was also observed
in the synthesis intermediates as well as the final
glycoconjugate products. Figure 5 depicts the summed
deamidation (Fig. 5a) and summed oxidation (Fig. 5b) for
each of the individual samples, with site-specific values listed
in ESM Table S5. Deamidation was relatively consistent
throughout the synthesis procedures, with summed
deamidation of approximately 8.5% relative abundance, indi-
cating synthesis conditions have minimal effect on
deamidation. Oxidation, on the other hand, was shown to
increase slightly with each synthesis step. The increase in
oxidation was rather small, however, and additional process
replicates would be required to validate the magnitude and
consistency of the observed change.

Discussion

The challenges in elucidation of structure for antibody drug
conjugate products are magnified relative to standalone mono-
clonal antibody products. The addition of a toxin payload
greatly increases the complexity of the drug, especially if ran-
domly conjugated, and therefore comprehensive characteriza-
tion is necessary to ensure the purity, stability, safety, and
efficacy of that material for its intended purpose. Following
conjugation, the material must undergo a second round of
rigorous analytical characterization to validate efficient and
consistent conjugation as well as to ensure the mAb construct
maintains its form and function. The extended synthetic pro-
cessing, which in some cases may expose the mAb to reduc-
ing, oxidizing, or other harsh conditions, makes extended
characterization of ADCs an absolutely critical component
of their development.

Adaptation of technologies from mAb therapeutics, as well
as innovation of ADC-specific characterization technologies,
has thus far been performed using manufacturer-specific ma-
terials and/or small-scale mimetic synthesis. These examples
have provided an infrastructure for further development; how-
ever, industry-wide method evaluation and advancement
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would benefit from the use of common, pre-competitive ma-
terials. A variety of product-specific complexities exist with
ADCs (IgG class, attachment site, linker chemistry, etc.),
which in turn may require multiple materials to fully cover
the product-specific complexities of this class. On the other
hand, many analytical approaches are shared between classes
of ADCs, including the extended mass spectrometry-based
approaches applied herein. A small subset of materials, or
even well-defined protocols for their synthesis, may fulfill
the need for ADC representative analytical test metrics, the
first of which is described here.

Here, we applied a series of advanced mass spectrometry-
based techniques to fully characterize the ADC mimetic con-
jugates. To summarize, the primary deglycosylation step uti-
lizing EndoS2 enzyme to generate core fucosylated (or non-
fucosylated) GlcNAc residues was completely efficient in that
no glycan-containing peptides were identified in peptide map-
ping experiments. Secondly, after chemoenzymatic activation
with GalNAz, none of the antibody species was identified that
contained unmodified core GIcNAc residues by any of the
methods used. Lastly, after chemical conjugation with
sDIBO, no antibody species were identified that contained
free GalNAz-containing residues.

The NISTmADb RM 8671 was selected as the industry rep-
resentative mAb for initial ADC mimic proof-of-principle.
The NISTmADb shares the IgG1 subclass with many of the
approved ADC therapeutics and also provides a highly char-
acterized starting material whose historical characterization
dataset can be leveraged. Design features of an industry-
relevant ADC standard beyond the NISTmADb framework,
however, become increasingly complicated by the sheer
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breadth of variations in conjugation methods and linker chem-
istries either undergoing clinical testing or approved by the
FDA. As the NISTmADb does not contain any pre-engineered
free cysteines or biorthogonal reactive moieties, we chose to
modify the antibody using chemoenzymatic engineering of
the naturally occurring heavy-chain glycans to prepare
homogenously conjugated NISTmAb ADC mimetics with
DAR =2.0. As mentioned above, one advantage of this label-
ing approach is that it does not require any genetic modifica-
tion or recombinant expression of the antibody and therefore
allows the development of ADC constructs with essentially
any pre-existing antibody.

The ideal payload for an ADC mimetic would be of similar
size and composition as a payload used for a therapeutic ADC,
except it would be non-toxic to allow more widespread utility
in both academic, vendor, and industrial labs. Angiotensin II
was selected as the peptide mimetic payload due to its wide-
spread use in analytical laboratories and the presence of a
tryptic cleavage site to model potential analytical challenges.
Biotin and Alexa Fluor 488 were also used as small molecule
mimics as they are non-toxic and cost-effective, and are rea-
sonably similar in mass to therapeutic payloads. These mole-
cules were also selected due to their unique properties, with
biotin being a common affinity purification/detection ligand
and Alexa Fluor 488 known for its stability and high fluores-
cence yield.

High mass accuracy mass spectrometry-based characteri-
zation was utilized to monitor synthetic fidelity as well as the
final product quality of the NISTmAb ADC glycoconjugates.
Intact mass spectrometry was demonstrated as a high-
throughput method capable of monitoring each synthetic step
as well as final product characterization. Middle-down analy-
sis of the NISTmAb mimetics also demonstrated very high
synthetic yield. The dominant products identified were the
expected conjugates with only minor sub-species identified.
Non-reduced middle-down analyses provide benefit in terms
of both chromatographic selectivity and mass resolution. The
high mass accuracy in both cases provides confident assign-
ment of the ADC conjugates and evaluation of the number of
payloads per molecule.

A measure of DAR can be made using intact mass spec-
trometry and the related method SEC-MS. Deglycosylation
with PNGase F is often used prior to mass analysis in an effort
to minimize heterogeneity associated with Fc glycans and
simplify DAR determination. Accurate mass identification
of products differing in the number of payloads per molecule
is used with associated area under the curve analysis of the
resulting deconvoluted mass spectra to provide a measure of
average DAR. In the current ADC synthesis strategy, the
Endo S treatment is a deglycosylation step, enabling direct
DAR calculation (intact MS) or drug to polypeptide (DPP)
calculation (middle down and peptide mapping) using the
final product in each method. It is important to note that
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reaction yield and DAR/DPP are quite different metrics in
the case of glycan conjugation. Aglycosylated species are
not available for reaction, for example, but affect the final
DAR of the product. Similarly, the small molecule sDIBO-
acid molecules represent chemical fidelity of the reaction, but
are impurities in the final product and are thus not considered
as part of the desired conjugate in a DAR calculation.

Deconvolution of the intact antibody drug conjugate
mimics listed in ESM Table S2 can yield relative abundance
values for desired conjugates containing two payloads (DAR
= 2), sDIBO acid species containing one payload and one
sDIBO acid (DAR = 1), and species containing two sDIBO
acid intermediates. Each of these species may also be identi-
fied as different proteoforms representing normal mAb het-
erogeneity (i.e., glycation, C-terminal lysine, etc.). DAR was
therefore calculated as DAR = (2*¥*%RA DAR2-mAb + %RA
DAR1-mAb)/100, yielding values of 1.46, 1.87, and 2 for the
ATII, Biotin, and AF488 species, respectively.

High-resolution MS analysis of the scFc fragments and
peptide map data for ATII-mAb, Biotin-mAb, and AF488-
mADb showed similar results as the intact analysis with regard
to species identified. With regard to payload conjugation, it is
important to note that middle-down mass spectrometry and
peptide mapping technically report a drug to scFc and drug
to peptide ratio, which we will refer to as the drug to polypep-
tide ratio (DPP). Middle-down analysis yielded DPP of 1.63,
1.93, and 2 for ATII-mADb, Biotin-mAb, and AF488-mAb
(DPP = 2* %RA conjugated polypeptide-proteoform/100).
Peptide mapping analysis yielded DPP of 1.62, 2.00, and
1.99 for ATII-mAb, Biotin-mAb, and AF488-mAb (DPP =
2* %RA conjugated polypeptide-proteoform/100).

The ATII data is useful to exemplify the different interpre-
tation of DAR vs. DPP (calculated from the bottom up peptide
mapping), wherein DAR < DPP in each case. Measurement of
the conjugated scFc and peptide does not allow for the pres-
ence of the mixed species (one sDIBO acid and one proper
conjugate) to be considered in the calculation. Importantly,
however, the ability to detect low abundance proteoforms is
known to be improved in middle-down and peptide mapping
(e.g., the afucosylated species in the current dataset) and yields
a more comprehensive characterization. A variety of addition-
al LC-based methods (e.g., hydrophobic interaction liquid
chromatography, among others) may also be utilized to calcu-
late DAR. Numerous factors can contribute to disparity be-
tween DAR values calculated by different methods, some of
which are highlighted by the current data. While the current
dataset provides a limited comparison of individual methods,
it does serve as a benchmark for future interlaboratory studies
to delve deeper into sources of uncertainty and bias that may
result as a function of method selected and highlights the need
for reporting DAR or DPP calculation method.

The NISTmAb ADC conjugate DAR determination serves
as an example as to the utility of these materials for ADC-
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specific measurement innovation and harmonization. The ma-
terials were specifically designed with a DAR = 2 target in
mind to most closely represent this desired feature of next-
generation ADCs. DAR is the most widespread and highly
discussed analytical measure and is applied to each and every
ADC and numerous analytical methods and data treatment
software exist for its determination. The ADC mimetics pro-
duced herein afford a broader cross-industry comparison plat-
form for DAR determination methods. The use of a nearly
quantitative DAR = 2 material affords a relatively simple ma-
terial (compared to non-site-specific DAR > 2 material) to
begin to identify inter-method variations, interlaboratory var-
iations, and the underlying method-specific principles that
may lead to those variations.

Highly sensitive mass analyses allowed for the identifica-
tion of low abundance synthetic intermediates for both ATII-
mADb and Biotin-mAb. As such, these ADC mimetics serve to
provide a real-life situation whereby small amounts of syn-
thetic contaminants can be readily identified and character-
ized. The current dataset also exemplifies that DAR alone
does not structurally describe the full molecular properties of
an ADC; conjugation site, site occupancy, and potential
conjugation-induced heterogeneities also exist. Peptide map-
ping was utilized as an extended characterization strategy to
exhaustively verify the site-specific conjugation. Peptide map-
ping confirmed that each synthetic step provided a near quan-
titative yield of conjugated product; in each case, the desired
FucoseGlcNAc-glycoconjugate was the major tryptic peptide.
A small portion of aglycosylated species was consistent in
each sample as expected, but none of the glycoforms observed
in RM 8671 was observed in the peptide map of synthetic
process intermediates or the final products. The increased sen-
sitivity of peptide mapping vs. intact/middle down also
afforded identification of the afucosylated N-glycoconjugate.
The NISTmADb has been previously shown to contain low
levels of afucosylated glycan, and therefore observation of this
species is expected, and serves as an indication of the utility of
the peptide map with regard to comprehensive conjugate iden-
tification. The final glycoconjugate peptides were revealed to
consist of a series of isomers identifiable only via chromato-
graphic resolution during peptide mapping and all
corresponded to the same expected parent mass and MS/MS
spectrum of the desired end-product glycoconjugates.
Collectively, the site-specific conjugation yield was deter-
mined to be > 99% based on the sum of fucosylated and
afucosylated core-GIcNAc conjugates.

LC-MS/MS peptide mapping also increased characteriza-
tion depth via low abundance PTM identification and quanti-
fication. LC-MS/MS demonstrated that the NISTmADb was
relatively resistant to chemical modification throughout the
entire conjugation procedure. Deamidation was consistent in
all products, although a minor increase in oxidation was ob-
served. As such, the optimization of pH conditions, dialysis

times, and careful exclusion of oxidative conditions during the
conjugation workflow may reduce even further the small
amount of oxidation observed here. Evaluation of additional
future batches and/or scale-up efforts will allow determination
of process consistency with regard to these chemical modifi-
cations; therefore, continued process development will greatly
benefit from the quantitative capabilities of the developed LC-
MS method. The specific type and location of aberrant PTMs
in ADCs, such as oxidation and deamidation, are important
during process development because they can affect safety,
efficacy, and stability of mAb-based therapeutics

The LC-MS/MS method herein provides a seamless transi-
tion toward attribute-specific control strategies and impurity
detection as is currently implemented in multi-attribute method
(MAM) mass spectrometry. MAM applied to ADCs would
allow quantitative monitoring of synthetic yield at critical con-
jugation steps and most importantly inform on site-specific
conjugation fidelity and consistency. ADCs are a prime thera-
peutic modality for implementation of MAM due to the high
criticality and potential implications of conjugation site occu-
pancy. The ADC glycoconjugates described herein provide a
means for de-risking and exemplifying MAM-based analysis
on a pre-competitive ADC material. Extended characterization
of the ADC glycoconjugate mimics revealed subtle heteroge-
neities including those that are intrinsic to the conjugation
chemistry used (e.g., cycloaddition regioselectivity and payload
isomerism), intrinsic mAb glycan heterogeneity, conjugation
product impurities, and those that are intrinsic to the mAb
(e.g., PTMs). Heterogeneity is expected in any ADC and ex-
emplifies the need for high process understanding and deep
product characterization. Extended characterization of ADCs
does not stop here, however, and the use of numerous innova-
tive technologies such as those for higher order structure
(NMR, HDX, etc.) is likely to increase. Pre-competitive refer-
ence materials would allow a systematic evaluation and com-
parison of novel technologies by removing product-to-product
heterogeneity from analytical method figures of merit. In turn, a
common test metric will provide expedited uptake of the spe-
cific technologies that will most efficiently and effectively im-
pact product development.

Conclusions

We have used here a highly efficient chemoenzymatic
glycoconjugation method to generate three glycoconjugate
ADC mimetics with differing payloads to represent both small
molecule and peptide conjugated ADCs. Remarkably, the 2-
step conjugation process was essentially 99% efficient
resulting in the production of three highly homogenous non-
toxic ADC analogues. A series of mass spectrometry-based
characterization tools were performed on each of the mimetics
to evaluate synthetic fidelity as well as product quality
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attributes. Aberrant low-abundance product species were
identified and characterized, and were found to result from
raw material contaminants present during the sDIBO-linker
synthesis. The NISTmAb ADC mimetics represent novel an-
alytical materials and the associated preparation/
characterization strategy may serve as a guideline for devel-
opment of related protocols/materials with orthogonal proper-
ties. The resulting materials herein as well as those prepared in
a similar strategy may provide analytical challenge materials
suitable for method development, evolution, and control.

The fact that the chemoenzymatic method used here allows
for the preparation of ADCs without the requirement for a site-
specific genetically engineered platform enables a broad spec-
trum of researchers to prepare site-specifically conjugated
ADCs who otherwise would not have the capability or re-
sources to do so. Finally, the non-toxic well-characterized
payloads utilized here are known to be benign, are stable,
and therefore may prove to be beneficial for expanded studies
beyond the scope of this paper, but nonetheless are within the
realm of commonly used cell biological ADC evaluation tech-
niques. The constructs can be used to characterize ADC-linker
properties including in vitro and in vivo cleavability and sta-
bility. Other potential applications may include use in vitro
and in vivo biological membrane transport studies, and quan-
titative pull-down studies. Although each of the three con-
structs carries different payloads, the DARs and specific at-
tachment sites are identical, and therefore a significant level of
variability is removed when applied to concomitant cell bio-
logical studies.
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material available at https://doi.org/10.1007/s00216-021-03460-y.
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