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Abstract

A novel disulfide linker was designed to enable a direct con-
nection between cytotoxic pyrrolobenzodiazepine (PBD) drugs
and the cysteine on a targeting antibody for use in antibody–drug
conjugates (ADCs). ADCs composed of a cysteine-engineered
antibodywere armedwith aPBDusing a self-immolative disulfide
linker. Both the chemical linker and the antibody site were
optimized for this new bioconjugation strategy to provide a
highly stable and efficacious ADC. This novel disulfide ADC was

compared with a conjugate containing the same PBD drug, but
attached to the antibody via a peptide linker. Both ADCs had
similar efficacy in mice bearing human tumor xenografts. Safety
studies in rats revealed that the disulfide-linked ADC had a higher
MTD than the peptide-linked ADC. Overall, these data suggest
that the novel self-immolative disulfide linker represents a valu-
ableway to construct ADCswith equivalent efficacy and improved
safety. Mol Cancer Ther; 16(5); 871–8. �2017 AACR.

Introduction
Antibody–drug conjugates (ADCs) have proven to be an effec-

tivemethod of selectively delivering a small cytotoxic payload to a
targeted cell. There are over 55 ADCs currently in human clinical
testing and the approval of ADCETRIS (brentuximab vendotin)
and KADCYLA (ado-trastuzumab emtansine) has spurred interest
in expanding the utility and scope of these powerful agents (1–3).
The antibody, linker, and payload of an ADC all play a large and
synergistic role in modulating the efficacy and toxicity of the
conjugate. A variety of different cytotoxic payloads have been
effectively attached to an antibody to produce potent conjugates.
These include microtubule-disrupting drugs such as maytansines
(4) and auristatins (5), as well as DNA damaging agents such as
duocarmycins (6), calicheamicins (7), pyrrolobenzodiazepines
(PBDs) (8), and indolinobenzodiazepines (IGNs) (9). Although

the above-referenced ADCs are quite efficacious in preclinical
studies, many have found limited use clinically due to a low
therapeutic index, supporting a need to discover ADCs with an
improved efficacy and safety profile.

Although the linker connecting these cytotoxic drugs to the
antibody plays a critical role in the stability of the ADC and
release of the payload (10), few studies have looked systemat-
ically at the impact of linker on efficacy and safety. Most work
has focused on site-specific and stable conjugation chemistry
rather than changing the mechanism by which the linker is
cleaved and payload is released (11–13). Although there exist
several ADC linker types (hydrazone, disulfide, peptide, glucuro-
nide, noncleavable), each with distinct mechanisms of release
[acid, glutathione (GSH), protease, glucuronidase, antibody cat-
abolism], these linkers typically release uniquemetabolites, there-
by obscuring the impact of the linker release mechanism itself on
efficacy and toxicity (14–17). Although the b-glucuronide and
peptide linkers were designed to release the same metabolite in
two reported ADCs, and efficacy differences were observed, phar-
macokinetic data were not provided and the only data around
tolerability reported was body weight loss in mice (18).

The general dogma is that ADCs with non-cleavable linkers are
often safer but less broadly efficacious. In support of this, a
noncleavable linker gave an improved preclinical safety profile
over a cleavable disulfide linker with maytansinoid ADCs (19).
Yet in lymphoma models, the same ADC with a noncleavable
linker was inferior in therapeutic activity to the ADC with a
cleavable disulfide (20). The safety improvement is likely an effect
of the increased stability of the noncleavable linker, requiring
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antibody catabolism combined with release of an amino acid-
containing non-diffusible catabolite that does not enter neigh-
boring cells devoid of target. This is simultaneously the Achilles
heel of thenoncleavable linker, as this catabolite does not permit a
bystander effect, limiting efficacy inmodelswithpoor penetration
or antigen heterogeneity.

To potentially improve safety while maintaining efficacy,
we set out to design a stably-linked ADC that would require
antibody catabolism while enabling transformation of the
initially-formed non-diffusible catabolite to a cell-permeable
active species. To accomplish this, we used a novel disulfide
linker that is afforded circulation stability through connection
directly to the cysteine of an engineered antibody at a specific
site (21). This stability is reversed upon degradation of the
antibody, allowing facile reduction of the now-reactive disul-
fide by reducing agents such as GSH in the cytosol.

Although disulfide linkers have been used in the construction
of ADCs for more than 30 years, they have almost exclusively
been limited to the connection of thiol-containing drugs to the
lysines of antibodies through heterobifunctional linkers (4).
There are several limitations to these disulfide-linked conju-
gates. By relying on a lysine conjugation, the resulting ADCs
are heterogeneous mixtures with complicated analytics and a
potentially reduced therapeutic index (22, 23). Furthermore,
the stability and release are paradoxically coupled in disulfide
ADCs; strategies to improve circulation stability simulta-
neously decrease the ADC's ability to release the free drug in
the target cell. Finally, although disulfide-containing ADCs
have been applied to thiol-containing drugs, they are not
readily applicable to the amine-containing drugs found in the
vast majority of ADCs.

We addressed both the heterogeneity and the coupling of
stability and release by a novel bioconjugation strategy of
directly connecting the thiol of a maytansine drug to the thiol
of a cysteine-engineered antibody (21). We envisioned the
incorporation of a self-immolative spacer to connect the disul-
fide linker to an amine-containing drug, such as the nitrogen of
PBD dimers (24). By varying that location through cysteine
mutants, we hoped to find a site that was uniquely stable for
PBD disulfide conjugates. This stability, afforded by a protective
site, would then be unsheathed following release of the cysteine
disulfide drug adduct upon antibody catabolism in the cell.
Exposure of this disulfide to the reducing conditions of the
cytosol would afford good cleavage and following immolation,
release of free drug. With linker cleavage relying on antibody
degradation, we hoped to maintain efficacy while decreasing
toxicity. To assess, we aimed to compare the efficacy and
toxicity of this novel disulfide-linked PBD ADC to that of a
peptide-linked version.

Materials and Methods
Preparation of ADCs

In general, conjugates were prepared by reacting the two
engineered Cys residues on antibodies with activated disulfide
analogs of the PBD linker-drugs. Antibodies were produced
in CHO cells and purified using standard methods. In these
antibodies, the engineered Cys residues are present as mixed
disulfides with cysteine or glutathione, which must be removed
("deblocked") to enable conjugation to the engineered Cys
sulfhydryl groups. To accomplish this, the antibodies were

partially reduced with DTT, purified, reoxidized with dehy-
droascorbic acid (DHAA), and purified again into a succinate
buffer (10 mmol/L succinate, pH 5.0, 150 mmol/L NaCl, 2
mmol/L EDTA) to give the deblocked cysteine-engineered anti-
body. The pH of the deblocked antibody was adjusted with 1M
Tris, pH 8.5 (75 mmol/L final Tris concentration). To the pH-
adjusted antibody solution was added three equivalents of
nitropyridyl disulfide PBD linker-drugs (10 mmol/L stock in
dimethylformamide or DMF) suitably diluted to give 10% DMF
in the final reaction solution. The conjugation reactions were
allowed to proceed at room temperature until completion as
indicated by LC/MS analysis of the reaction mixture (3–4
hours). Reaction mixtures were diluted five-fold into 20
mmol/L histidine-acetate, pH 5.5 buffer and loaded onto S
maxi strong-cation exchange columns (Pierce), washed several
times with histidine-acetate, and eluted in 20 mmol/L histidine-
acetate, pH 5.5, 300 mmol/L NaCl. Conjugates were formulated
into 20 mmol/L histidine-acetate, pH 5.5, 240 mmol/L sucrose
by dialysis. Conjugates were analyzed for drug-to-antibody ratio
(DAR) by partial digestion with LysC and reverse-phase LC/MS
(PLRP-S column, Agilent TOF instrument), for aggregation by
analytical SEC (Shodex column, Agilent HPLC instrument) and
for endotoxin by LAL assay (Charles River instrument). All
conjugates had DAR values of 1.8 to 2.0, were >98.5% mono-
meric and had endotoxin levels <0.1 EU/mg.

In vivo efficacy
All animal studieswere carriedout in compliancewithNational

Institutes of Health guidelines for the care and use of laboratory
animals and were approved by the Institutional Animal Care and
Use Committee at Genentech, Inc. The efficacy of the anti-HER2
ADCs was investigated in a mouse allograft model of MMTV-
HER2 Founder #5 (murine mammary tumor). The MMTV-HER2
Founder #5 (Fo5)model (developed atGenentech) is a transgenic
mouse model in which the human HER2 gene, under transcrip-
tional regulation of the murine mammary tumor virus promoter
(MMTV-HER2), is overexpressed in mammary epithelium. The
overexpression causes spontaneous development of mammary
tumors that overexpress the human HER2 receptor. The mam-
mary tumor from one of the founder animals (founder #5, Fo5)
has been propagated in FVBmice (Charles River Laboratories) by
serial transplantation of tumor fragments. For efficacy studies, the
Fo5 transgenic mammary tumor was surgically transplanted into
the thoracic (#2/3) mammary fat pads of female nu/nu mice
(Charles River Laboratories, Hollister, CA) as tumor fragments of
approximately 2 mm � 2 mm in size. The efficacy of anti-CD22
antibody drug conjugates was evaluated in a mouse xenograft
model of WSU-DLCL2 human non-Hodgkin lymphoma. The
WSU-DLCL2 cell line was obtained from DSMZ (German Col-
lection of Microorganisms and Cell Cultures) in 2006. This cell
line was authenticated by short tandem repeat (STR) profiling
using the Promega PowerPlex 16 System and compared with
external STR profiles of cell lines to determine cell line ancestry
and confirmed to be mycoplasma negative. To set up the model,
tumor cells (20 million cells in 0.2 mL Hank's balanced salt
solution, Hyclone) were inoculated subcutaneously into the
flanks of female CB17 SCID mice (Charles Rivers Laboratories).
Whenmean tumor size reached the desired volume, themicewere
divided into groups of n ¼ 5, each with similar mean tumor size,
and received a single intravenous injection of antibody drug
conjugates through the tail vein. The treatment information was

Pillow et al.

Mol Cancer Ther; 16(5) May 2017 Molecular Cancer Therapeutics872

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/5/871/1853922/871.pdf by guest on 19 M
ay 2023



not blinded during tumor measurement. Tumors were measured
in two dimensions (length and width) using calipers and the
tumor volume calculated using the formula: Tumor size (mm3)¼
0.5� (length�width�width). The results were plotted as mean
tumor volume � SEM of each group over time. Blood samples
were collected at 1, 4 and 7 days post-dose via retro-orbital bleeds
and used to derive plasma for total antibody concentrations by
ELISA and stability analysis by affinity capture LC/MS.

In vivo stability
To determine the in vivo stability of ADCs, affinity capture

LC/MS was performed as described previously (25). Briefly,
human HER2 and CD22 extracellular domain (ECD) was bioti-
nylated and immobilized onto streptavidin-coated paramagnetic
beads (Invitrogen) in a 96-well plate, and then the ECD-bead
system was used to capture anti-CD22 disulfide conjugates by
incubating with approximately 40 mL of mouse plasma samples
for 2 h at room temperature. The captured ADCs were then
washed with HBS-EP buffer [10 mmol/L Hepes (pH 7.4), 150
mmol/L NaCl, 3.4 mmol/L ethylenediaminetetraacetic acid
(EDTA), 0.005% Surfactant P20; GE Healthcare] and deglycosy-
lated using N-glycanase (Prozyme) at 37�C overnight. After
extensive washing of the beads with HBS-EP, water, and 10%
acetonitrile, the ADC analytes were eluted using 30% acetonitrile
in water with 1% formic acid. A KingFisher 96 magnetic particle
processor (Thermo Electron) was used to mix, wash, gather, and
transfer theparamagnetic beads in the above steps. A volumeof 10
mL of the eluents was analyzed by LC/MS using a TripleTOF 5600
mass spectrometer (AB Sciex). Chromatographic separation of
ADCs was performed on a nanoACQUITY UPLC system (Waters
Corporation) equipped with a PS-DVB monolithic column (500
mm i.d. � 5 cm; Thermo Scientific). Raw data were deconvoluted
using Analyst TF 1.6 software, and the averageDARwas calculated
based on the peak areas of different DAR species (DAR0–DAR2).

Rat toxicity studies
To investigate the toxicity and tolerability of disulfide-linked

versus peptide-linked PBD ADCs, single-dose studies were con-

ducted in Sprague–Dawley rats. Rats were dosed intravenously on
Day 1with vehicle alone, 2.5, 5, or 7.5mg/kg anti-HER2-(Tmab)-
SG3203 (peptide-linked) or 5 or 10 mg/kg anti-HER2-(7C2)-
SG3451 (disulfide-linked; n ¼ 5 male animals/group). Assess-
ment of toxicity was based on mortality, clinical signs, and clini-
cal and anatomic pathology. Blood collections for hematology
and clinical chemistry were collected in all animals on days 5
and 12. Additional blood collections for toxicokinetic (TK) anal-
ysis were taken on days 5 and 12 and were assessed by ELISA to
determine limited total antibody concentrations. Necropsies
were performed on day 12 and tissues were routinely processed
for histologic examinations.

Results
Structure of PBD ADCs

We designed and synthesized peptide-linked (SG3203) and
disulfide-linked ADCs (SG3231, SG3451) that release the PBD
dimer SG2057 (refs. 26, 27; Fig. 1; Supplementary Methods and
Materials). The putative mechanism of linker release for the
peptide linker (SG3203) is cleavage by proteases such as cyste-
ine-cathepsins in the lysosome followed by an immolative elim-
ination to generate the PBD dimer SG2057 (Fig. 1A). For the
disulfide linkers (SG3231, SG3451), the antibody is likely first
degraded in the lysosome to generate a cysteine-disulfide catab-
olite followed by disulfide reduction in the cytosol by cellular
reductants such as GSH (Fig. 1B). The free thiol is now poised to
undergo a three-membered ring episulfide forming-cyclization
reaction to release SG2057 (21, 28–30), the exact same free drug
released by the peptide linker.

Optimization of disulfide-linked PBD ADCs through antibody
site and linker substitution

We selected the unhindered disulfide linker (SG3231) for
the preliminary evaluation of PBD ADCs. This linker-drug was
connected to a cysteine-engineered antibody at either V205C
or K149C of the light chain (LC). In vivo stability was measured
in mice (Fig. 2A). The disulfide connected to V205C was not

Figure 1.

Peptide- and disulfide-linked PBD ADCs. A, The ADC with a peptide linker (SG3203) is degraded in the lysosome to generate a reactive intermediate
that undergoes immolative elimination to release free drug SG2057. B, The ADCs with disulfide linkers (SG3231, SG3451) are degraded in the lysosome
to a putative cysteine catabolite that undergoes disulfide reduction in the cytosol by cellular reductants such as GSH, followed by an episulfide
cyclization to release free drug SG2057.
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stable, with approximately half of the drug deconjugating by 1
day. In contrast, the K149C site stabilized this unhindered
disulfide, enabling the conjugate to retain more than half of
the drug for 7 days. The antitumor activity of these two con-
jugates was then determined in a HER2þ Fo5 tumor transplant
model (Fig. 2B). Consistent with the in vivo stability results, the
more stable conjugate at K149C was also more efficacious,
giving tumor stasis at a dose of 3.7 mg/kg whereas the unstable
conjugate at V205C did not achieve this level of activity even at
twice the dose (7.8 mg/kg). To further increase disulfide sta-
bility, we incorporated an additional methyl group in the linker
adjacent to the disulfide, resulting in methyl disulfide PBD
(SG3451; Fig. 1B). This additional methyl group resulted in a
very stable connection to the K149C site (Fig. 2C) with approx-
imately 85% of the drug remaining attached to the antibody
after 7 days. The additional methyl also increased the rate of

free PBD (SG2057) release (Supplementary Fig. S1). This
increased stability and release of drug resulted in a highly
efficacious conjugate (SG3451) with tumor stasis at a dose of
1 mg/kg and significant tumor growth inhibition observed even
at 0.33 mg/kg (Fig. 2D).

Efficacy of peptide and optimized disulfide PBD ADCs
We then compared the efficacy of an ADC with a disulfide

linker (SG3451) to that of a peptide linker (SG3203). Because
of differences in stabilities between maleimide and disulfide
conjugation chemistries, different antibody sites were selected
for the respective ADCs. We picked site HC-A118C for the
maleimide peptide-linked PBD ADC (SG3203) to provide a
stability profile similar to that of the disulfide-linked PBD ADC
(SG3451) on site LC-K149C (Supplementary Fig. S2). We then
evaluated the two ADCs for efficacy in mice in WSU-DLCL2, a
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Figure 2.

In vivo stability and efficacy of disulfide PBD ADCs. A, In vivo stability of unhindered disulfide PBD (SG3231) ADCs in mice, with the disulfide linker directly
connected to a cysteine mutant at different sites of the antibody (LC-V205C or LC-K149C). The nu/nu mice were dosed intravenously with � 4 mg/kg
(98 mg/m2 drug dose) of Tmab-SG3231 (V205C or K149C). At the indicated time points, blood was drawn for determination of the average DAR
normalized to day 0 using an affinity-capture LC/MS method. B, In vivo efficacy of unhindered disulfide PBD (SG3231) ADCs at different sites in a HER2þ Fo5
mammary tumor transplant mouse model. Fragments (approximately 2 � 2 mm) of MMTV-HER2 Fo5 transgenic mammary tumors were surgically
transplanted into the number 2/3 mammary fat pads of nu/nu mice. The tumor-bearing animals were randomized to a mean tumor volume range of
�250 mm3 and administered a single intravenous dose (day 0) of vehicle or Tmab-SG3231 at �4 or �8 mg/kg (98 or 197 mg/m2 drug dose). Mean
tumor volumes (�SEM) are plotted over time (days post dose). C, In vivo stability of a methyl disulfide PBD (SG3451) ADC in mice with the disulfide linker
directly connected to the cysteine mutant K149C. The nu/nu mice were dosed intravenously with �1 mg/kg (22 mg/m2 drug dose) of Tmab-SG3451 (K149C).
D, In vivo efficacy of a methyl disulfide PBD (SG3451) ADC in a HER2þ Fo5 mammary tumor transplant mouse model. The tumor-bearing animals were
randomized to a mean tumor volume of �175 mm3 and administered a single intravenous dose (day 0) of vehicle or
Tmab-SG3451 (K149C) at 0.33 or 1 mg/kg (7 or 22 mg/m2 drug dose).
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human non-Hodgkin lymphoma tumor xenograft relatively resis-
tant to MMAE ADCs (31). Both PBD conjugates were highly
efficacious, resulting in complete tumor regression at 2 mg/kg
with no measurable tumor after 36 days, whereas significant
tumor growth inhibition was observed for both conjugates at
0.5 mg/kg (Fig. 3A). The peptide and disulfide conjugates had
similar activity at several doses and this finding was observed in
additional studies in a distinct xenograft model (Supplementary
Fig. S3). The exposure of the ADCs with the disulfide linker
(SG3451) and the peptide linker (SG3203) were also explored
in this efficacy study. Following the single IV dose of anti-CD22-
SG3203 and anti-CD22-SG3451 at 2.0 mg/kg, the two ADCs
demonstrated overall a similar total antibody exposure (Supple-
mentary Fig. S4). Total antibody area under the curve from days 1
to 7 (AUC1–7) also confirmed similar total antibody exposure, at
64.5 and 82.9 day*mg/mL, respectively.

Toxicity of peptide and optimized disulfide PBD ADCs
In general, a single dose of anti-HER2-SG3203 or anti-HER2-

SG3451 in rats (n¼ 5/group) was well-tolerated at 2.5mg/kg and
up to 10 mg/kg, respectively. SG3203 was not tolerated at the
higher doses of 5 and 7.5 mg/kg with clinical observations
including perinasal, paw, and head swelling, as well as body
weight loss (Fig. 3B). These clinical observations correlatedmicro-
scopically with subcutaneous edema, fibrin deposition, and
necrosis. Because of the clinical observations, body weight loss
and general declining condition, animals were euthanized on day
9 for humane reasons.

The main toxicity observed for peptide-linked anti-HER2-
SG3203 was bone marrow hypocellularity that correlated with
hematologic findings of pancytopenia (decreases in red cell mass,
reticulocytes, white cell counts, and platelets). Pancytopenia
persisted from day 5 through the end of study. Clinical chemistry
findings included increased liver enzymes, including gamma-
glutamyl transpeptidase (GGT), at 2.5 mg/kg with no histopa-
thology correlates. Additional changes in histopathology includ-
ed decreased lymphoid cellularity of thymus, spleen, and lymph
nodes; increased alveolarmacrophages in the lung; and epithelial/
crypt degeneration in the small and large intestines.

In contrast, disulfide-linked anti-HER2-SG3451 was tolerated
up to 10 mg/kg with decreases in mean body weight gained
compared to the concurrent vehicle control groups (Fig. 3B). One
rat at 10mg/kg developed perinasal swelling at day 12, correlating
microscopically to subcutaneous edema and epidermal crusting.
Similar to but less severe than anti-HER2-SG3203, the main
toxicity observed with anti-HER2-SG3451 was bone marrow
hypocellularity (Supplementary Fig. S5). There were no changes
in clinical chemistry parameters. Additional anatomic pathology
changes included decreased lymphoid cellularity in the thymus
and spleen and increased alveolar macrophages in the lung.

Decreased aggregation associated with disulfide PBD ADCs
To evaluate aggregation, anti-HER2-SG3203 (peptide) and

anti-HER2-SG3451 (disulfide) ADCs were prepared at a drug
loading or DAR of both 2 and 4. Aggregation levels were measur-
ed both before and after purification. Aggregation levels were
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Efficacy and toxicity of peptide and
disulfide PBD ADCs. A, In vivo efficacy
of anti-CD22-SG3451 (disulfide) and
anti-CD22-SG3203 (peptide) in mice
bearing WSU-DLCL2 human non-
Hodgkin lymphoma xenografts. SCID
mice were subcutaneously implanted
with �20 million tumor cells and
administered a single intravenous
dose (day 0) of vehicle, anti-HER2
(negative control), or anti-CD22
conjugates at 0.5 and 2 mg/kg when
average tumor volume reached �200
mm3. Mean tumor volumes (�SEM)
are plotted over time (dayspost dose).
B, Effect of anti-HER2-SG3451 and
anti-HER2-SG3203 ADCs on body
weight in rats. A single intravenous
dose of anti-HER2-SG3203 (dotted
lines) resulted in bodyweight loss at�
5 mg/kg and the corresponding
animals were euthanized early due to
adverse clinical observation, body
weight loss and moribundity. Single
intravenous dose of anti-HER2-
SG3451 (solid lines) resulted in
decreases in body weight gained
compared to its concurrent control.
Mean body weights (% change from
baseline) �SD are plotted over time
(days post dose).
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consistently higher with the peptide-linked ADC anti-HER2-
SG3203, with post-purification levels of the DAR 4 ADC unac-
ceptably high for in vivo studies (Table 1). Switching to the less
hydrophobic disulfide linker (SG3451) afforded anADCwith low
levels of aggregation at both DARs as well as before and after
purification.

Discussion
Despite the promise ADCs have shown to date as effective

therapies for treating human disease, they continue to be limited
by their toxicity. A significant amount of effort has been spent on
site-specific conjugates, more stable conjugation strategies, and
new cytotoxic payloads. There has been less focus on the devel-
opment of new linkers (32–34) and little published work on the
impact of these linkers on efficacy and safety.

Our primary question revolved around the impact of linker
type ormechanism of release on the efficacy and toxicity of ADCs.
To conceptually address this, we designed and prepared peptide-
(SG3203) and disulfide-linked ADCs (SG3231, SG3451) that
release the same amine-containing drug. All linkers were con-
nected to a PBD dimer at the nitrogen of one imine, preventing
DNA cross-linking until linker cleavage and immolation is com-
plete. The peptide-linked ADC utilizes the same linker as the
clinically approved ADCETRIS and a similar linker to the five PBD
ADCs in clinical trials, differing by the replacement of alanine
with citrulline (8, 35–37). This linker is cleaved by proteases and
rapidly releases the free drug in the lysosome.

To setup a stable disulfide to release the PBD, we used a novel
disulfide linker utilizing both a new bioconjugation strategy (21)
and spacer. These linkers (SG3231, SG3451) rely on the sterics
and electronics of the thiol of a cysteine-engineered antibody for
stabilization of the disulfide. Taking advantage of the biorever-
sibility of this stabilization, upon antibody degradation in the
lysosome, this stable disulfide linker is made reactive and its
putative cysteine catabolite can be reduced in the cytosol by
intracellular thiols. Furthermore, incorporation of a short-immo-
lating spacer enables the disulfide ADC to be applied to connect
and release amine-containing drugs. Because both disulfide- and
peptide-linked ADCs release the exact same PBD drug (SG2057),
the difference between these ADCs will be the kinetics and
intracellular compartments of free drug release.

Through the use of cysteine engineeringwe explored the impact
of antibody site on disulfide-PBD stability using an ADC with an
unhindered disulfide linker (SG3231). This linker-drug was con-
nected to a cysteine-engineered antibody at either V205C of the
LC, a site that showed the highest stability for maleimide linker
connections (38) or a newly identified site, LC-K149C (21). We
discovered that although a PBD linked through a disulfide to site
V205Cwas unstable, site LC-K149Cwas uniquely able to stabilize
the same unhindered disulfide-linked PBD. The efficacy outcome
paralleled that of in vivo stability, with K149C disulfide-linked
ADCs beingmore efficacious inHER2models than those linked at
V205C.

Furthermodificationwith the addition of a singlemethyl group
to the disulfide linker (SG3451) provided an ADC with an even
higher level of stability in vivo and superior efficacy at the K149C
site. This additionalmethyl group not only improved stability but
also increased the rate of free drug release, likely due to an
increased rate of cyclization (39).

Having identified a site (LC-K149C) and linker substitution
(SG3451, methyl disulfide) with good stability and release for
disulfide-linked PBD ADCs, we wanted to compare efficacy and
toxicity against that of a peptide-linked PBD ADC (SG3203)
that would release the same metabolite. We selected a lym-
phoma xenograft model to compare the two ADCs because it is
more discriminating to linker differences compared to HER2
models (19, 20). Furthermore, three peptide-linked PBD ADCs
are being evaluated in clinical trials for lymphoma. We deter-
mined that the peptide- and disulfide-linked PBD ADCs pro-
vided similar efficacy in two different lymphoma models.
Finally, safety studies in rats demonstrated that the disulfide-
linked PBD ADC was better tolerated than the peptide-linked
PBD ADC. The MTD of the disulfide-linked ADC was 10 mg/kg
(the highest dose tested) whereas the MTD of the peptide-
linked ADC was 2.5 mg/kg. The decreased toxicity of the
disulfide-linked ADC was manifested in both clinical chemistry
and anatomic pathology.

In addition to an improved safety profile, we wanted to
evaluate the impact of linker on the biophysical properties
of the resulting conjugates. The simplicity of the disulfide
linker in SG3451 is exemplified in that it only contains a total
of 13 atoms with 6 bonds separating the drug from the anti-
body, whereas the peptide linker in SG3203 is made up of
82 atoms with 24 bonds between the drug and antibody.
Furthermore, comprising these 82 atoms are hydrophobic
amino acids and a lipophilic aromatic ring. To characterize the
impact of these linker differences on conjugate properties, we
selected aggregation as a simple measure of physical stability
that has implication towards pharmacokinetics as well as
towards potential drug development (40). Aggregation is a
particular challenge for ADCs utilizing DNA damaging pay-
loads (8, 41–44). The disulfide-linked ADCs (SG3451) showed
decreased levels of aggregation compared to the corresponding
peptide-linked ADC (SG3203).

Together our results demonstrate the potential for novel linkers
to improve thebiophysical properties and increase the therapeutic
index of ADCs.
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