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Abstract. As the antibody drug conjugate (ADC) community continues to shift towards
site-specific conjugation technology, there is a growing need to understand how the site of
conjugation impacts the biophysical and biological properties of an ADC. In order to address
this need, we prepared a carefully selected series of engineered cysteine ADCs and
proceeded to systematically evaluate their potency, stability, and PK exposure. The site of
conjugation did not have a significant influence on the thermal stability and in vitro
cytotoxicity of the ADCs. However, we demonstrate that the rate of cathepsin-mediated
linker cleavage is heavily dependent upon site and is closely correlated with ADC
hydrophobicity, thus confirming other recent reports of this phenomenon. Interestingly,
conjugates with high rates of cathepsin-mediated linker cleavage did not exhibit decreased
plasma stability. In fact, the major source of plasma instability was shown to be retro-Michael
mediated deconjugation. This process is known to be impeded by succinimide hydrolysis, and
thus, we undertook a series of mutational experiments demonstrating that basic residues
located nearby the site of conjugation can be a significant driver of succinimide ring opening.
Finally, we show that total antibody PK exposure in rat was loosely correlated with ADC
hydrophobicity. It is our hope that these observations will help the ADC community to build
“design rules” that will enable more efficient prosecution of next-generation ADC discovery
programs.
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INTRODUCTION

Investment in antibody drug conjugate (ADC) technol-
ogy has rapidly increased in response to the FDA approval of
Adcetris® and Kadcyla® for the treatment of Hodgkin’s
lymphoma and human epidermal growth factor receptor 2
(HER2)-positive metastatic breast cancer, respectively. This
investment has resulted in a burgeoning clinical ADC
pipeline now consisting of a variety of antibody targets and
cytotoxic payloads (1). However, in spite of the advances in
targets and payloads, the vast majority of the ADCs in the
clinic continue to utilize conjugation technology that results in
a drug product consisting of a heterogeneous mixture of ADC
species. Over the past 5-10 years, preclinical research in the
ADC field has gradually moved away from heterogeneous
ADC preparations towards homogeneous site-specific conju-
gates. The resulting ADCs have been frequently shown to
result in improved safety (2,3), exposure (4), and stability
(5,6). In addition to their improved pharmacological proper-
ties, site-specific ADCs offer potential advantages in terms of
regulatory burden due to the simplified bioanalytical strategy
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as compared to traditional lysine and hinge cysteine conju-
gates (7). In response, a variety of site-specific conjugation
technologies have been developed in recent years. Principally,
these technologies fall into three broad categories: Incorpo-
ration of an unnatural amino acid via expansion of the genetic
code (8), enzymatic approaches that exploit short peptide
sequences that are typically involved in posttranslational
modification (9), and engineering of a novel cysteine residue
into the antibody backbone (2). While success has been
realized using each of these three methods, few reports have
emerged that describe a systematic approach for identifying
the optimal site(s) of conjugation for a given system. In this
report, we will describe the initial identification of a series of
engineered cysteine antibodies and the subsequent work that
went into understanding the subtle differences in biophysical
and biochemical properties of the resulting ADCs. We
believe that the methodology outlined herein may help to
establish a framework for the optimization of site of
conjugation for a variety of site-specific bioconjugate
programs.

A typical IgGl has approximately 16 endogenous
disulfides that help to stabilize the protein tertiary and
quaternary structure. This large number of disulfides is likely
a key driver behind the high thermal stability and resistance
towards proteolysis that is often typical for these proteins.
While the majority of these disulfides are in buried regions of
the protein that are inaccessible to bulk solvent, four of them
are located in more flexible and exposed regions that render
them easily cleaved by exogenous reducing agents. Selective
reduction of these four disulfides has been widely exploited in
the generation of ADCs, such as Adcetris®. However, the
resulting ADCs consist of a stochastic mixture of species that
have been shown to have distinct biological properties. In
particular, the higher loaded species have been shown to be
cleared faster (10) and to have a higher propensity to
aggregate (11) while the lower loaded species have slightly
reduced potency due to the delivery of a smaller amount of
active payload (12). Two approaches have been used to
decrease the heterogeneity of these cysteine conjugates: 1)
replacement of one or more cysteine residues with serine (or
other amino acid) in order to purposefully create unpaired
cysteine residues at specific sites (13) and 2) insertion of a
defined cysteine residue within the constant domain of the
antibody. This latter approach was first pioneered in 1990 for
the generation of site-specific radio-immuno-conjugates (14).
A variety of research groups have built upon this early work
leading to numerous reports of engineered-cysteine biocon-
jugates that have advanced through preclinical testing (2,3,5).

One focus of the ADC strategy at Pfizer has been the
identification of structurally and mechanistically differentiated
payloads for use on next-generation ADC programs (6,15,16).
Like others in the field, however, we quickly realized that the
resulting hinge-cysteine conjugates often resulted in suboptimal
in vivo properties (6,17). As a result, we invested significant
efforts in the identification of engineered site-mutants that
would result in ADCs with improved novelty, stability, and
exposure. The present discussion focuses on the strategy that
was employed for the identification and selection of cysteine
variants for use in up-and-coming ADC programs. The widely
studied anti-HER?2 trastuzumab framework was employed as a
model antibody for these efforts.

Tumey et al.
Experimental Procedures

Molecular Modeling Used to Identify Sites of Interest

Initial modeling on the Fc domain of human IgG1 (PDB
code 3DO3, 10.2210/pdb3do3/pdb) (18-20) was performed in
Side Chains with Rotamer Library (SCWRL) and Discovery
Studio (BIOVIA, San Diego, CA). Individual Cys mutant
structures were generated for all sites using SCWRL. These
mutant structures were prepared following the default Discov-
ery Studio protocol, and the side chain solvent accessibility of
the mutated residue was calculated using the method of Spassov
and Yan (21). For mutations in the CH1 and CL domains, we
made the same measurements on multiple structures (2RSS,
1N8Z, and one unpublished proprietary structure, all having
kappa light chains), giving preference to sites with consistent
metrics on multiple structures. Sites were triaged to avoid
mutants that may interfere with functional epitopes of the IgG1
including complement determining regions (CDRs), the neona-
tal Fc receptor (FcRn) binding domain, the Fc-gamma receptor
(FeAR) binding domain, and the protein A binding domain. A
subset of the remaining sites was selected for protein expression
using the method outlined below.

Identification of nearby side chains that might affect
reactivity of E380C was done by first mutating E380 to Cys,
based on PDB entry 1L6X after preparation in the Schrodinger
Protein Preparation tool, and attaching a linker fragment from
the maleimide through the amino group on the N-terminal side
of the Val residue. A 10,000-step mixed LMCS/MCMM
conformational search in MacroModel was used to identify
low energy conformations of the Cys/Linker and nearby side
chains Lys248, Glu382, and Asn389, while the remainder of the
atoms were frozen. To investigate kinetic effects on ring opening
by introducing charge mutations near sites such as E388C,
including the possibility of water-mediated effects, a 100-ns
solvated MD simulation was carried out in Desmond using the
OPLS3 force field and default settings. For the MD simulation,
application of crystal symmetry operators generated an intact Fc
from PDB entry 1L6X, the maleimide was attached as noted
above, and nearby side chains were mutated to Arg and/or Lys
as appropriate.

Production of Proteins of Interest

Single reactive cysteine residues were introduced into the
trastuzumab 1gG1 and the human kappa constant regions at
the 11 positions listed in Table I using a standard PCR site-
directed mutagenesis method. Overlapping PCR mutagenesis
was performed as detailed in the “Experimental Procedures”
section. In short, sense and anti-sense mutagenic oligonucle-
otides harboring the individual cysteine mutations as well as
forward and reverse human lgG1 and kappa constant region
flanking primers were synthesized. Two separate PCR
amplification reactions were performed by using the sense
flanking and antisense mutagenic primers for one and the
sense mutagenic and corresponding anti-sense flanking
primers for the second reaction, which generated two
overlapping sequences containing the desired mutation. A
final PCR amplification reaction was done using only the
flanking primers with the overlapping PCR products
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Table 1. In Vitro Cytotoxicity of vc0101 ADCs

Mutant location

N87 ICs, (ng/mL) (HER2+++)

BT-474 ICsg (ng/mL) (HER2+++)

MDA-MB-468 ICs, (ng/mL) (HER2-)

Al14C 283 (+16.3) 16.7 (+9.3) 23,600 (+12,200)
L443C 36.0 (+20) 19.9 (+7.8) 29,300 (+17,300)
Q347C 422 (+31.4) 24.0 (+17.1) 14,000 (14,500)
Kappa-K183C 25.4 (+7.1) 23.1 (+4.7) 31,200 (+16,400)
E388C 44.9 (+23) 25.9 (+13.9) 23,900 (+4600)

N421C 41.7 (+16.2) 19.5 (+2.6) 9500 (+86,800)
K392C 35.0 (+7.4) 21.2 (+7) 39,900 (+21,300)
K290C 435 (+14.3) 22.0 (+7.3) 25,800 (+13,700)
K334C 44.9 (+12.4) 21.8 (+8.7) 32,100 (+18,800)
S375C 56.3 (+4.1) 16.6 (+1.0) 18,700 (+2690)

E380C 632 (+37.7) 33 (+25.5) 12,300 (10,900)

Results are the mean ICs, (ng/mL antibody) from multiple determinations + standard deviation

containing the mutation as the template resulted in the full-
length sequence. These mutated constant regions were then
joined to the appropriate trastuzumab heavy or light chain
variable region and sub-cloned into an expression vector. The
plasmid sequence was confirmed prior to transient expression
in HEK-293 cells to generate the protein of interest harboring
the individual mutations. Upon harvesting the conditioned
medium, transient expression levels were quantitated using a
total human IgG ELISA and the antibody variants were
purified using a two-step method: protein A capture followed
by preparative SEC to remove any HMMS. The resultant
antibody variants containing the individual engineered reac-
tive cysteine were characterized by SEC and LCMS.

Conjugation of the Engineered Antibodies

The engineered antibodies were prepared at 5 mg/mL
in PBS (pH 7.4) containing 50 mM EDTA and were
treated with 50-100 M equivalents of TCEP (as a 20 mM
stock solution). After allowing the reaction to stand at
37°C for 1-2 h, the antibody was buffer exchanged into
PBS (ultrafiltration or gel filtration) in order to remove the
excess TCEP (note that the 334C and 290C mutant
required a 12-18-h incubation in order to achieve complete
uncapping). The resulting antibody was resuspended in
PBS/EDTA and treated with a freshly prepared 50 mM
solution of dehydroascorbate (final concentration = 1-
4 mM). After standing at 4°C overnight, the antibody was
buffer exchanged into PBS/EDTA (ultrafiltration or gel
filtration) and treated with a 8-fold molar excess of
mcValCitPABC_PF-06380101 (hereafter referred to as
“vc0101,” Table I, top) as a solution in DMA. After 1-
2 h at rt, the reaction was buffer exchanged into PBS and
purified by size-exclusion chromatography (SEC) in order
to remove aggregate and excess vc0101. The final material
was characterized by analytical SEC, LCMS, and hydro-
phobic interaction chromatography (HIC) as previously
reported (6). The HIC relative retention time (rrt) was
calculated by dividing the absolute retention time of the
ADC by the retention time of a mAb reference standard
(unmodified trastuzumab). The characterization of the
ADC:s is shown in Table S1.

In Vitro Cytotoxicity of Site-Specific ADCs

The cytotoxicity of the engineered ADCs was evaluated
as previously described (6). ADCs were screened against
HER? high expressing (N87 and BT474) and non-expressing
(MB-468) cell lines. A summary of the results is shown in
Table I (relative HER2 expression levels are in parentheses).

Differential Scanning Calorimetry (DSC) of ADCs and mAbs

The thermal stability of the antibodies and ADCs were
evaluated using capillary VP-DSC equipped with an auto-
sampler (Malvern, Westborough, MA). In order to deter-
mine if the uncapping procedure (reduction/re-oxidation)
resulted in loss of stability, both the naked mAb and the
reduced/re-oxidized mAb were evaluated alongside the
corresponding ADC. Samples, normalized to 0.02 mM in
PBS, pH 7.2 buffer, were heated from 10 to 100°C at a
scan rate of 100°C per hour. The resulting heat capacity
thermogram was baseline-corrected by subtracting against a
PBS buffer scan and fitted to three non-2 state transitions
using the Origin7.0 software to generate the melting
temperature (Tm) values. Figure la illustrates representa-
tive DSC data for the 334C and 392C mutants while
Fig. 1b shows the complete dataset (note that data was
obtained for only 9 out of the 11 mutants). Tabular results
are shown in Supplemental Table S2.

Cathepsin-B Cleavage of Site-Specific ADCs

Cathepsin B (Calbiochem, cat#219362) was activated
using 6 mM dithiothreitol (DTT) in 150 mM sodium acetate,
pH 5.2 for 15 min at 37°C. The activated cathepsin-B (50 ng)
was mixed with 20 pL of 1 mg/mL of ADC at a final
concentration of 2 mM DTT and 50 mM sodium acetate
(pH 5.2). Following incubation at 37°C for 20 min, 1 h, 2 h,
and 4 h, reactions were quenched using 10 pM E-64 cysteine
protease inhibitor in 250 mM borate buffer (pH 8.5). Samples
were reduced with TCEP and analyzed by LC/MS in order to
determine the amount of linker cleavage that had taken
place. Data is reported in Fig. 2.
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Fig. 1. a Sample DSC plots for 334C and 392C engineered ADCs. b Summary of T,,1(CH2 domain) for key mutants of

interest
Plasma Stability of Site-Specific ADCs

The stability of each ADC (50 pg/mL) was evaluated in
heparin-treated plasma collected from male CD-1 mice. A
zero time point was removed and stored at —80°C immedi-
ately after addition of the ADC. After 3 days (72 h), an
additional aliquot was removed and stored at —80°C until
analysis. The drug-antibody ratio (DAR) and the %hydroly-
sis were determined by immunocapture LCMS as previously
described (6). Data is summarized in Fig. 3.

Glutathione-Mediated Forced Deconjugation of Site-Specific
ADCs

Each ADC (0.25 mg) was combined with PBS and
glutathione (GSH) such that the final GSH concentration in
the resultant reaction mixture was 0.49 mM and the final

protein concentration was 1.5 mg/mL. Samples were incu-
bated at 37°C, and aliquots were removed at time zero and at
6 days. LCMS analysis was performed using an Aquity H-
class UPLC connected to a Xevo G2-XS TOF mass spec-
trometer as previously described (6). In order to determine
the extent of succinimide hydrolysis, samples were treated
with 1.5 pL of Fabricator solution (Genovis, 67 units/uL) and
incubated at 37°C for 1.5 h. Samples were reduced with
TCEP immediately prior to analysis. The separation was
performed using a BEH-C18 column (2.1 pm x 50 mm, P/N
186002350) at 80°C. A gradient from 10% acetonitrile to 95%
acetonitrile in water (+0.1% formic acid) was performed and
MS data was collected from 700-1900 m/z (positive mode).
The entire protein peak was selected for deconvolution using
MaxEnt software. Typical injection size is 0.1 pg. The amount
of ring hydrolysis was determined using the +18 peak.
Examples of typical LCMS traces are shown in Supplemental
Fig. S1. Data is summarized in Fig. 3.
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Table II. Total Antibody (tap) and ADC Pharmacokinetics Following a 10 mpk IV Administration of ADCs in Male SD rats

Total Ab AUC (0-336 h) (ug-h/mL) ADC AUC (0-336 h) (ug-h/mL) Ab Cpax (ng/mL) ADC/Ab
T-IgGl1 24,900 NA 256 NA
T-k183C-vc0101 25,400 20,300 258 80%
T-290C-vc0101 17,400 15,900 192 91%
T-334C-vc0101 17,000 15,600 204 2%
T-392C-ve0101 16,500 17,800 168 108%
T-443C-vc0101¢ 11,000 8680 208 79%

“AUC =0-316 h

Pharmacokinetic Evaluation of ADCs in rat

Five ADCs of particular interest (shown in Table II)
were evaluated for pharmacokinetic exposure in male SD rats
from Charles River Labs (MA, USA) that were 8-10 weeks
old or 300-350 g. The in-life portion of the rat PK study was
conducted at Pfizer, Inc., in compliance with the NIH
guidelines for the care and use of laboratory animals and
approved by the Institutional Animal Care and Use Commit-
tee. Rats were randomized in groups were then administered
the ADC in PBS at 10 mg/kg as a single intravenous dose via
the tail vein. After dosing, rats (n = 4 for k183C, 290C, 334C,
and 392C and n = 5 for 443C) were anesthetized with
isoflurane inhalation and blood (200 pL) was collected from
the jugular vein at 0.083, 6, 24, 48, 72, 168, and 336 h (or
0.083, 6, 24, 48, 72, 96, 168, and 312 h for the 443C ADC).
Blood was transferred to serum tubes and immediately placed
on ice until centrifugation for collection of serum samples.
Total mAb and ADC levels were determined by a Gyrolab
(NJ, USA) LBA platform as previously described (22).

FcRN Binding Chromatography

ADCs of interest were evaluated for binding to
immobilized human FcRN. Prior studies on antibody therapeu-
tics has shown that increased relative retention time on an
immobilized FCRN column showed strong correlation with poor
human clearance. The extent of such correlation has yet to be
established for ADCs. The human FcRn affinity column was
prepared as described by Schlothauer and colleagues (23). To
determine the human FcRn column retention time, 50 pg of
ADC sample was injected onto the FcRn coated streptavidin
agarose column (GE Healthcare, Marlborough, MA) and a
linear pH gradient from pH 5.5 (MES) to 8.8 (Tris) in the
presence of 150 mM NaCl was applied for elution of sample.
The FcRn column data is reported as a relative elution time
where the elution time of sample is subtracted against a control
antibody to normalize variability within assay. Data is summa-
rized in Fig. 4.

Affinity-Capture Self-Interaction Nanoparticle Spectroscopy
(AC-SINS) (24)

ADCs were screened for self-association using gold
nanoparticles precoated with an anti-Fc mAb. Briefly, 20-nm
gold nanoparticles (Ted Pella, Reading, CA) were coated
with a mixture of 80% anti-human goat IgG Fc and 20%
nonspecific goat polyclonal antibodies (Jackson

ImmunoResearch, West Grove, PA). The nanoparticles were
then incubated with the ADCs of interest for 2 h at room
temperature, and the sample absorbance was measured using
the Tecan Infinite M1000 spectrophotometer (Morrisville,
NC). Using the Linest function in Excel, the absorbance data
was smoothed and fitted to a second-order polynomial to
determine the delta shift in maximum wavelength absorbance
relative to a PBS, pH 7.2 blank sample. Data is reported in
Fig. S2.

RESULTS

The sites of interest for the present study were initially
identified by molecular modeling based upon reported crystal
structures of IgGl Fc and Fab domains. Building on the
method reported by Voynov (25), we identified a series of
potential sites that exhibited partial solvent exposure and lack
of involvement in key structural motifs. We specifically
avoided sites with high solvent exposure due to possible
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Fig. 4. Relative elution time from a column coated with immobilized
human neonatal Fc receptor (FcRN). Antibodies with known fast and
slow human clearance were used as negative and positive controls
(respectively)
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Fig. 5. a Structural location of the engineered sites from Table I, illustrated using PDB entry 1HZH. The two Fab arms are
at the top of the picture, the CH2 domains are in the middle, and the CH3 domains are on the botfom. Native amino acids
are shown in space filling representation on both copies of each chain, with coloring identical to the matching labels, which
indicate the domain and site number. b The rate of linker cleavage is correlated with the ADC hydrophobicity. ¢ Sequence
of the constant region of the wild type heavy chain. Due to varying literature precedents, some sites are numbered using
differing methods; this panel defines the mapping of site numbers used herein onto the linear sequence

propensity towards aggregation. Amino acids in the CDR
region were avoided in order to maintain antigen binding and
residues involved in the protein A binding domain were
avoided in order to facilitate protein purification. Moreover,
residues known to interact with FcRN and Fc-gamma were
avoided in order to maintain PK exposure and antibody-
dependent cell-mediated cytotoxicity (ADCC), respectively.
A subset of the remaining sites was selected for transient
expression in COS-1 cells.

The expression and purification processes of the
engineered antibodies were comparable with native antibod-
ies. A total of 11 engineered antibodies were isolated: nine of
the antibody variants incorporated cysteines into the Fc
domain, one onto the HC-Fab domain (3), and one onto the
kappa (light) chain. The antibodies were each conjugated to
an auristatin payload (Aur-0101) with a valine-citrulline-
PABC linker (mcValCitPABC_PF-06380101, or hereafter
called “vc01017”). As has been previously reported, the
engineered cysteine residues were found to be capped with
a disulfide (cysteine or glutathione) and therefore required a
reduction/re-oxidation procedure in order to free the newly

incorporated thiol for reaction with electrophiles (3). Inter-
estingly, the 334C and 290C mutants required an extended
incubation with TCEP in order to achieve complete
uncapping. While not apparent at the time, the slower
reaction rate is likely due to the fact that these sites are
located in regions of the antibody that are sterically occluded
from bulk solvent (vide infra). Conjugation with vc0101
provided the 11 corresponding site-specific conjugates as
shown in Table S1. The conjugates generally exhibited good
loading (approaching a DAR of 2.0 in most cases) and
showed the proper mass shift expected for the addition of
vc0101. Evaluation by hydrophobic interaction chromatogra-
phy (HIC) showed that the 11 conjugates exhibited distinct
retention times that are presumably correlated with the steric
accessibility of the linker-payload to the HIC stationary
phase. Consistent with our previous study of site-specific
tubulysin ADCs, conjugates at the 334C and 392C sites
displayed particularly short HIC retention times (rrt = 1.15
and 1.29) while conjugates at the 443C and 388C sites
displayed particularly long HIC retention times (rrt = 1.79
and 1.71) (6).
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Fig. 6. a A snapshot from an MD simulation of a linker fragment
attached to the E388C site, showing an Arg416 conformation which
might activate a water (large red sphere) to attack the imide.
Distances (in A, purple dashed lines) are between heavy atoms. b A
low-energy conformation of the E380C site showing the proximity of
E382 in a conformation compatible with accelerating a retro-Michael
reaction. Distances are between oxygen and hydrogen atoms

The ADCs were evaluated for cytotoxicity in high
antigen expressing cell lines (N87 and BT474) and found to
have activity ~20-40 ng/mL (or ~0.25-0.50 nM, based on
bound payload concentration). As expected, the ADCs were
~1000-fold less active in a non-HER2 expressing cell line
(MDA-MB-468). Consistent with previous reports (3,60), we
observed little or no dependence of in vitro cytotoxicity on
the site of conjugation.

The thermal stability of the conjugates was assessed
using DSC in order to determine if any destabilization of the
protein structure had occurred as a result of the conjugation.
The residues selected for mutation were specifically chosen in
order to minimize the impact on the tertiary and quaternary
structure of the IgG1. Not surprisingly, therefore, the naked
mAbs (Fig. 1b, blue bars) exhibited Tm1 values typical for
IgG1 (~70°C). Six of the nine conjugates showed little or no
decrease in melting temperature as compared to the naked
mADb. However, three ADCs exhibited a decrease in Tml
(A ~ =7°C) that is suggestive of structural destabilization. In
two of these (290C and 334C), the decrease in Tm1 occurred
both in the conjugate and also in the reduced/re-oxidized
antibody. This suggests that the antibody processing (prior to
conjugation) plays a role in the destabilization. Perhaps
related to this observation, these same two sites (290C and
334C) were shown to require a long period of uncapping in
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the presence of TCEP in order to have optimal loading (see
above). While a variety of explanations could be entertained,
an obvious hypothesis is that the extensive period of
uncapping perhaps resulted in the cleavage and/or shuffling
of disulfides that are involved in the maintenance of the
tertiary protein structure. As such, the observed destabiliza-
tion for these sites may be alleviated by employing a more
mild reduction protocol, such as the enzymatic approach
described by Duppatla (26).

ADCs that employ a proteolytically cleavable linker,
such as vc0101, are presumed to undergo antigen-mediated
internalization and lysosomal processing resulting in the
intracellular release of the payload. While the specific
lysosomal enzymes responsible for cleavage have not been
identified, the optimization of cleavable linkers has frequently
relied upon the fact that cathepsin B is a protease found in
abundance in the lysosome (27). As would be expected, the
rate of cleavage is highly dependent upon the sequence of the
peptidic linker. However, to our knowledge, no one has
reported whether cathepsin-mediated linker cleavage is
dependent upon site of conjugation. Thus, in order to see if
the various site-specific conjugates were efficiently cleaved by
cathepsin B, each ADC was treated with cathepsin and the
amount of linker cleavage was monitored by LCMS (Fig. 2).
Because the in vitro potency of the ADCs was not dependent
upon site (Table 1), we anticipated only minor differences in
the cleavage rates for the various mutants. However, we were
surprised to find that the rate of linker cleavage was heavily
influenced by the site of conjugation. Under the given
conditions, several sites (392C, 334C, and 375C) exhibited
little or no linker cleavage over the course of 2 h while other
sites (443C and 388C) were cleaved almost immediately
under identical conditions.

The site dependence upon cleavage shown in Fig. 2 is in
apparent disagreement with the recent report by Gikanga
showing that the rate of cleavage of veMMAE conjugates is
not dependent upon drug location. However, the report by
Gikanga focuses only on hinge-cysteines—all of which are
located in highly flexible and solvent accessible regions of the
antibody. In contrast, many of the sites in the present study are
located in relatively hindered regions of the Fc domain (Fig. 5a).
As such, it might be expected that some sites would be more
prone towards cleavage than others. In fact, a recent report by
our group illustrates that esterase mediated metabolism of a
tubulysin ADC is highly site-dependent and that the rate of
cleavage is closely correlated with relative hydrophobicity of the
conjugate (6). Likewise, Fig. 5b illustrates that the amount of
ValCit linker cleavage at 20 min (Fig. 2) shows a strong
dependency upon the HIC retention of the corresponding
conjugate (Table S1). Based on this and our prior work, we
believe that a consistent theme is emerging that ADC hydro-
phobicity is predictive of susceptibility to enzymatic metabolism.
It is important to note, however, that increased rates of ValCit
cleavage are not associated with increased in vitro cytotoxicity.
This is likely due to a combination of two factors. First, the
lysosome employs a wide variety of catabolic enzymes which
degrade the entire IgG1 framework into short peptides thereby
obviating the relative accessibility of the ValCit linker. Second,
the enzymatic study in Fig. 2 took place over only 2 h while the
cytotoxicity study takes place over the course of 4 days.
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Table III. Amount of DAR Loss and Succinimide Hydrolysis Observed After Incubation with 0.5 mM Glutathione for 7 days at 37°C

%Loss of DAR (day 7)

% Succinimide hydrolysis (day 7)

ADC

E388C-vc0101 20%
E388C+R416Q-vc0101 15%
N421C-vc0101 20%
N421C+R416Q-vc0101 20%
E380C-vc0101 75%
E380C+E382K-vc0101 75%
E380C+E382R-vc0101 70%
E380C+E382S-vc0101 65%

85%
44%
88%
27%
38%
100%
100%
51%

The increased rate of cathepsin-mediated linker cleavage
at sites such as 443C and 388C does not result in decreased
plasma stability (Fig. 3, red bars). In fact, no linker cleavage
was observed in mouse plasma for any of the 11 mutants
evaluated in this study. Rather, the loss of DAR in mouse
plasma for various mutants was associated solely with retro-
Michael mediated loss of the entire linker-payload. Most
engineered antibodies exhibited <15% loss of DAR over the
course of 7 days. However, the 380C antibody lost ~50% of
its payload via retro-Michael deconjugation over the same
period. Treatment of the ADCs with 500 uM glutathione
elicited similar levels of DAR loss (Fig. 3, blue bars), thus
confirming that the loss of linker-payload in plasma is largely
driven by retro-Michael elimination. Unlike the rate of linker
cleavage, the rate of deconjugation was not correlated with
ADC hydrophobicity.

We and others have previously shown that the retro-
Michael process can be blocked by hydrolytic succinimide
ring opening (28). In fact, a report by Genentech based on a
limited number of mutants suggested that the rate of ring
hydrolysis is a primary determinant of the stability of ADCs
generated from cysteine engineered antibodies (5). However,
the data shown in Fig. 3 clearly indicates that lack of
hydrolysis does not directly lead to ADC instability. For
example, two of the most stable ADCs (392C-vc0101 and
334C-vc0101) exhibit little or no hydrolysis during the course
of the incubation. This suggests that the retro-Michael
process for succinimides is likely driven by the local
environment around the conjugation site. It is important to
note that this work does not downplay the importance of
succinimide hydrolysis. Multiple reports have shown that
succinimide hydrolysis blocks retro-Michael mediated
deconjugation. We do not disagree with this assertion. Rather,
data presented in Fig. 3 indicates that a lack of succinimide
hydrolysis does not necessarily imply ADC instability.

We performed molecular modeling on several of the
mutants in order to better understand the role and mecha-
nism of succinimide hydrolysis. The 388C and 421C antibod-
ies were specifically selected for evaluation due to their
propensity for ring hydrolysis (Fig. 3). The succinimide ring
and a short alkyl chain were modeled (with both R and S
chirality) onto the cysteine site in order to better understand
the local environment around the conjugation site. Interest-
ingly, the succinimide ring at both the 388 and 421 sites was
found to be in close proximity (<8 A) to arginine 416.

Molecular dynamics simulations suggested this Arg could
activate a water molecule to attack the imide linkage, in a
conformation where Asp413 helps position the Arg (Fig. 6a).
Conversely, a model of the 392C ADC (which exhibited little
or no ring hydrolysis) has no nearby basic residue. We
speculated that the R416 residue may facilitate a base-
promoted addition of water to the succinimide thereby
resulting in the rapid ring hydrolysis observed for the 388C
and 421C ADCs. In order to test this “neighboring group”
hypothesis, we generated mutants in which the basic 416
arginine residue was changed to a neutral glutamine residue.
Encouragingly, both resulting ADCs exhibited significantly
lower levels of ring hydrolysis (Table III). The addition of the
R416Q mutant to the E388C-vc0101 reduced the level of ring
opening from 85 to 44%. Likewise, the incorporation of the
R416Q mutant reduced the level of ring hydrolysis from 88 to
27% in the 421C-vc0101 ADC. Interestingly, the level of
DAR loss remained unchanged in both cases (~15-20%
DAR loss over 7 days) irrespective of the 416 mutant. Once
again, this demonstrates that a lack of succinimide hydrolysis
does not necessarily imply ADC instability.

We also made attempts to better understand rapid
GSH-mediated loss of payload at the 380C site. Once
again, molecular modeling with a succinimide ring and
short alkyl chain was performed in order to identify
nearby residues that might be involved in the payload
loss. We speculated that a nearby glutamate residue may
help to stabilize the negative charge on the thiol leaving
group, and modeled the nearby E382 in the protonated
state to investigate this possibility. However, the simula-
tion (Fig. 6b) suggested that E382 was more likely to
adopt a conformation compatible with extracting a proton
from the CH2 of the ring as opposed to protonating the
thiol. In any event, we attempted to introduce neutral and
positively charged residues in place of the glutamic acid in
order to determine if this residue played a role in the
instability of the 380C-vc0101 ADC. Unfortunately, none
of the mutants resulted in improved stability (Table III,
bottom three rows). We were excited to note, however,
that mutations incorporating a basic residue (E382K and
E382R) resulted in nearly complete ring hydrolysis. The
ring hydrolysis presumably took place at a slower rate
than the retro-Michael deconjugation, and thus, there was
no improvement in the DAR loss for these ADCs. The
fact that we were unable to improve the stability of the
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380C antibody by manipulating the E382 residue suggests
that acid-promoted elimination does not play a major
factor in the deconjugation that is occurring at this site
(note that there are no other nearby acidic residues).

Finally, the pharmacokinetics of five of the 11 ADCs
were evaluated in Sprague-Dawley rats (Table II). The
total-antibody (tAb) concentration was determined using a
ligand-binding assay (LBA) with an anti-human Fc anti-
body. Likewise, the total ADC concentration was deter-
mined using an LBA with an anti-payload antibody. As
anticipated based on the plasma stability studies, the ADC/
tAb ratio was very high (80-108%) suggesting that little or
no payload was being lost from the ADC during the PK
study. However, only the kappa-183C-vc0101 conjugate
exhibited a tAb level comparable to the naked antibody.
In fact, the exposure of the 443C conjugate (11,000 pg-h/
mL) was less than half of the exposure of the naked mAb
(24,900 pg-h/mL). Attempts to correlate this observation
with changes in FcRN binding (Fig. 4) and increased
aggregation propensity (Supplemental Fig. S2) were unsuc-
cessful. However, Fig. 7 shows that there is a weak
correlation between tAb exposure in rat and ADC hydro-
phobicity as measured by HIC retention. A similar
correlation was recently reported by Lyon (29). Interest-
ingly, and for reasons that are unclear at the moment, the
correlation between tAb exposure and hydrophobicity is
not observed in mice.

DISCUSSION

The design of ADCs is a complex and multifaceted
endeavor that requires the optimization of potency, stability,
PK, and safety. These factors, in turn, rely on the careful
selection and optimization of the antibody target, linker,
payload, and site of conjugation. The systematic study of
these factors often gets bogged down in a large combinatorial
assortment of species in which it is difficult to determine the
specific feature that may be driving a pharmaceutical
property of interest. For this reason, we targeted a simple
assortment of ADCs which employed a common antibody
framework (trastuzumab) and a common linker-payload
(vc0101) but which employed a variety of conjugation sites.
This assortment of ADCs was then used in order to better
understand the role that site of conjugation plays in the
biophysical and biological properties of an ADC.

Engineered cysteine residues have been extensively used
for the site-specific incorporation of tags into proteins and
peptides. As the ADC field has moved away from heteroge-
neous lysine conjugates and hinge-cysteine conjugates, there
have been numerous reports of engineered cysteine antibod-
ies being used for the preparation of site-specific conjugates.
However, few, if any, of these studies have systematically
studied the specific impact that the site of conjugation has on
the biophysical properties of the resulting ADC. In this study,
we generated a series of ADCs in which the linker-payload
and antibody-framework were maintained while we system-
atically varied the site of conjugation.

An analysis of 14 internal and literature sites identified
the predicted solvent-accessible surface area (SASA) as a
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property which distinguished site behavior (data not shown).
Five poorly behaved sites (that exhibited conjugation or
aggregation issues) all had SASA values >60 A?, while seven
of the nine well-behaved sites had lower SASA. No minimum
SASA cutoff could be identified from this dataset. Based on
this preliminary work, further molecular modeling of the Fc
domain was used to identify 11 sites which, when mutated to
Cys, exhibited desirable surface exposure and lack of
involvement in key structural and functional elements of the
antibody. The resulting antibodies maintained natural inter-
actions with antigen, Fc-gamma, FcRN, and protein A.
Conjugation of these antibodies resulted in a series of ADCs
which were evaluated in various biophysical and biological
assays. We demonstrate that the site of conjugation has little
impact on the thermal stability or the in vitro cytotoxicity of
the ADCs (Fig. 1 and Table I, respectively). In spite of having
similar cytotoxicity in HER2 expressing cell lines, the rate of
payload release in the presence of cathepsin B was found to
vary significantly between sites (Fig. 2). Consistent with our
recently published work on tubulysin ADC metabolism (6),
the rate of payload cleavage by cathepsin was found to be
closely correlated with the hydrophobicity of the conjugate
(Fig. 5). Conjugation at highly exposed sites such as 443C and
388C results in ADCs in which the linker-payload readily
interacts with the HIC stationary phase (resulting in long
retention times) and, likewise, is readily accessible by
cathepsin B. Conversely, conjugation at more hindered sites
such as 334C and 392C results in ADCs in which the linker-
payload does not readily interact with the HIC stationary
phase (resulting in short retention times) and, likewise, is not
readily accessible by cathepsin B.

The correlation between ADC hydrophobicity and the
propensity for enzymatic modification is now established
quite firmly. The identification of biophysical properties that
are associated with a meaningful biological outcome is an
important step in moving away from strictly empirical testing.
In combination with our previous report (6), we believe that
this work establishes ADC hydrophobicity as a useful
indication of the solvent accessibility of the linker-payload.
ADCs with high HIC retention may be appropriate for
particular applications that demand a high solvent exposure
for the linker-payload. For instance, sites with high solvent
exposure are likely to be advantageous in applications such as
extracellular drug conjugates (30) (EDCs) that employ
payloads that interact with extracellular and cell surface
partners. Additional applications in which high solvent
exposure may be beneficial include ADCs which are designed
to release payload in the extracellular matrix or in the early
endosome. More traditional ADCs that rely on lysosomal
catabolism, on the other hand, will likely favor sites with low
solvent exposure (low HIC retention) in order to maximize
stability in plasma and to minimize the possibility of adverse
effects on tAb PK.

Rapid cleavage by cathepsin B does not necessarily
imply instability in plasma, as the data in Fig. 3 clearly shows.
Conjugates at the 443C and 388C site (two of the most rapidly
cleaved mutants by cathepsin B) exhibit little or no DAR loss
when incubated in mouse plasma for 3 days. In fact, no linker
cleavage was noted for any of the 11 mutants evaluated in this
study. Rather, the only mechanism by which payload was lost
from the ADCs was via retro-Michael elimination. Previous
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Fig. 7. Correlation of HIC RRT (i.e., ADC hydrophobicity) with rat
tAb exposure

reports have clearly demonstrated that retro-Michael loss of
DAR can be mitigated by succinimide hydrolysis (5,28).
Indeed, those mutants that exhibited rapid ring-opening
(388C and 421C) were quite resistant to deconjugation both
in plasma and in the presence of glutathione. Molecular
modeling (Fig. 6a) suggested that arginine 416 may be
involved in the rapid ring hydrolysis observed for both the
388C and 421C ADCs. Consistent with this hypothesis, the
rate of ring hydrolysis was reduced when this residue was
mutated to a non-basic glutamine moiety (Table IIT). Con-
versely, we hypothesized that introduction of an arginine
nearby to a conjugation site should accelerate succinimide
ring hydrolysis. Indeed, we found that introducing an arginine
(E382R) nearby to the 380C conjugation site resulted in
increased rates of ring hydrolysis (Table III). The concept of
introducing a basic residue nearby to the conjugation site in
order to induce ring-hydrolysis has been previously reported
by Seattle Genetics. Their work, published in 2014, demon-
strated that introducing a basic amine in the linker (nearby to
the succinimide) results in spontaneous ring-hydrolysis (31).
Our work shows that a similar concept can be employed by
exploiting nearby basic residues in the antibody backbone
rather than in the linker. This would allow for the flexibility of
using the myriad of maleimide-based linker-payloads that
have been developed in recent years without resorting to re-
engineering of the linker.

In spite of the importance of succinimide hydrolysis, our
results strongly suggest that this factor alone is not the sole
determinant of ADC stability. Several sites were shown to
result in very stable conjugates even though only minor
amounts of ring hydrolysis were observed (392C, 443C, and
334C). In these cases, linker or antibody engineering in order
to affect the ring hydrolysis would be expected to have little
or no impact on conjugate stability.

For reasons that are yet unclear, the 380C site was shown to
be particularly susceptible to retro-Michael mediated
deconjugation. We hypothesized that an acidic residue nearby
to the succinimide ring at the 380C position may accelerate the
retro-Michael deconjugation process. However, our mutational
studies do not support this assertion. The E380C+E382X mutants
in Table III were shown to undergo deconjugation at approxi-
mately the same rate as the parent molecule. Thus, the underlying
chemical drivers behind retro-Michael mediated deconjugation of
sites such as 380C remain unknown at this time.

In vitro measurements of stability, while important, are
only a tool used to triage compounds prior to in vivo

evaluation. As such, five of the most promising ADCs were
selected for PK evaluation in rats. All five conjugates
exhibited a high ADC/tAb, as our in vitro plasma stability
and forced deconjugation assays predicted (Fig. 3), thus
indicating that little or no payload was being lost either by
retro-Michael deconjugation or by premature linker cleavage.
However, the five conjugates had significantly different tAb
exposure. Only the kappa-183C conjugate was found to have
comparable exposure to that of the naked mAb. In fact, a
conjugate near the C-terminus of the Fc domain (443C-
vc0101) exhibited less than half of the exposure of the parent
antibody (Table II). These results are quite comparable to a
study by Strop in which an ADC with the payload at the C-
terminus of the Fc domain had less than half of the tAb
exposure of an analogous light-chain conjugate (4). There
have been reports that ADC hydrophobicity is closely
correlated with tAb exposure and our results partially
support this. Interestingly, we found that the C-terminal
heavy chain conjugate reported by Strop was found to have
a very high HIC shift (rrt = 1.8) compared to the correspond-
ing C-terminal light chain ADC (rrt = 1.3). Similarly, the
443C conjugate (reduced exposure) exhibited a HIC rrt of
1.79 while the corresponding kappa-183C conjugate (higher
exposure) exhibited a HIC rrt of 1.38. While this preliminary
correlation was encouraging, a more broad evaluation of
other site-specific conjugates suggested that the correlation
between hydrophobicity and exposure was rather weak, as
illustrated in Fig. 7.

While the poor exposure of the 443C conjugate was correlated
with its high hydrophobicity, this is not an explanatory mechanism.
Reduced tAb PK can be associated with perturbations in the FCRN
recycling mechanism, either through decreased FcRN affinity at
low pH or increased FcRN affinity at neutral pH. However, we did
not observe a discernable difference between the 443C and kappa-
183C conjugates in the elution time on an immobilized FcRN
column (Fig. 4). This suggests that the difference between these
conjugates may not lie with FCRN binding. Likewise, no increase in
self-association was observed for the 443C conjugate in a gold
nanoparticle affinity-capture assay (AC-SINS, Fig. 6). Thus, while
there is a weak correlation of ADC hydrophobicity with reduced
tAb exposure, a causative explanation remains elusive at this time.
However, a consistent set of data now clearly illustrates that the C-
terminus of the heavy chain is a problematic point of attachment
for ADC payloads.

CONCLUSIONS

The selection of an optimal site of conjugation, of
course, depends on the overall objectives to be achieved.
This report describes a series of lessons learned through the
evaluation of a carefully selected set of bioconjugates. We
demonstrate that cytotoxicity is not dependent upon site of
conjugation. We show that the rate of ValCit linker cleavage
can be tuned by careful selection of site and that this tuning
can be informed by the hydrophobicity of the conjugate. This
correlation adds to a growing body of evidence that ADC
hydrophobicity plays an important role in conjugate stability.
We demonstrate that careful selection of site can result in
conjugates that exhibit no loss of thermal stability, protein A
binding, and FcRN binding. We demonstrate that
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succinimide hydrolysis can be induced by the careful
placement of a basic amino acid in close proximity to the
site of conjugation. Finally, we show that total antibody
exposure varies with the site of conjugation and that this may
be partially correlated with ADC hydrophobicity, thereby
confirming recent reports of this phenomenon.

While these studies were generated using a model
antibody (trastuzumab) and a model linker-payload
(ve0101), we believe that the results will translate to
therapeutic programs and will help teams to make more
informed decisions about the optimal site of conjugation.
Most importantly, this report will help teams to know what
factors can and cannot be tuned by manipulating the site of
conjugation. It is our hope that other teams will report
systematic studies such as this so that the ADC community
can continue the process of building “design rules” for the
next generation of ADC programs.
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