
REPORT

Design and characterization of homogenous antibody-drug conjugates with a
drug-to-antibody ratio of one prepared using an engineered antibody and a
dual-maleimide pyrrolobenzodiazepine dimer
Jason B. White a, Ryan Fleminga, Luke Masterson b, Ben T. Ruddle a, Haihong Zhongc, Christine Fazenbaker c,
Patrick Stroutc, Kim Rosenthala, Molly Reedd, Vanessa Muniz-Medinae, Philip Howardb, Rakesh Dixitd, Herren Wua,
Mary Jane Hinrichs d, Changshou Gaoa, and Nazzareno Dimasi a

aAntibody Discovery and Protein Engineering, MedImmune, Gaithersburg, MD, USA; bSpirogen Ltd, QMB Innovation Center, London, UK; cOncology
Research, MedImmune, Gaithersburg, MD, USA; dBiologics Safety Assessment, MedImmune, Gaithersburg, MD, USA; eBiosuperiors, MedImmune,
Gaithersburg, MD, USA

ABSTRACT
Most strategies used to prepare homogeneous site-specific antibody-drug conjugates (ADCs) result in ADCs
with a drug-to-antibody ratio (DAR) of two. Here, we report a disulfide re-bridging strategy to prepare
homogeneous ADCs with DAR of one using a dual-maleimide pyrrolobenzodiazepine (PBD) dimer (SG3710)
and an engineered antibody (Flexmab), which has only one intrachain disulfide bridge at the hinge. We
demonstrate that SG3710 efficiently re-bridge a Flexmab targeting human epidermal growth factor receptor
2 (HER2), and the resulting ADC was highly resistant to payload loss in serum and exhibited potent anti-
tumor activity in a HER2-positive gastric carcinoma xenograft model. Moreover, this ADC was tolerated in
rats at twice the dose compared to a site-specific ADC with DAR of two prepared using a single-maleimide
PBD dimer (SG3249). Flexmab technologies, in combination with SG3710, provide a platform for generating
site-specific homogenous PBD-based ADCs with DAR of one, which have improved biophysical properties
and tolerability compared to conventional site-specific PBD-based ADCs with DAR of two.
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Introduction

Although pyrrolobenzodiazepines (PBDs) such as anthramy-
cin and sibiromycin were shown to be potent antitumor
agents over 50 years ago, they have only recently emerged as
cytotoxic warheads for antibody-drug conjugates (ADCs),1-3

which are a class of targeted therapeutics for the treatment of
cancers.4-6 In their monomeric form, PBDs derive their cyto-
toxic activity by selectively binding to the minor groove of
DNA and forming covalent bonds with the C2-NH2 group of
guanine bases.7-10 Efforts to enhance this cytotoxic activity led
to the synthesis of dimeric PBDs,11,12 which have two alkylat-
ing imine functions that allow the formation of minor groove
DNA adducts, resulting in greater interference with DNA
replication than monomeric PBDs.13-15

Early-generation dimeric PBD warheads (e.g., SG2000) have
evolved over time to incorporate more desirable properties, such
as enhanced solubility and improved DNA cross-linking ability,
while retaining their potency.16 For example, Gregson et al.17

demonstrated that SG2057, which includes a 5-carbon linker
between the two PBD monomers, had more than 3400-fold
higher cytotoxicity and more than 10-fold DNA cross-linking
ability compared with its 3-carbon linked PBD counterpart.
These characteristics were incorporated into the SG3199 war-
head by Tiberghien and colleagues,18 who also replaced the C2
aryls with methyl groups to increase the warhead’s solubility.

The SG3199 warhead was subsequently linked to a maleimido-
caproyl-polyethylene glycol (PEG8) linker via a self-immolative
valine-alanine dipeptide at the N10 position to generate the
SG3249 payload, which was used to prepare ADCs.19-24

Drawing upon the success of SG3249 as an ADC pay-
load, we hypothesized that functionalization of the symme-
trical N10 nitrogen with an additional cathepsin-B cleavable
valine-alanine dipeptide and PEG8-maleimide linker would
result in a symmetrical dual-maleimide PBD dimer, SG3710
(Figure 1), which could be used to re-bridge two adjacent
cysteines, such as the ones at the immunoglobulin G1
(IgG1) hinge. The symmetrical nature of the SG3710 pay-
load offers several key structural features that not only
expand the applicability of PBD dimers, but also offer
enhancement of the biochemical properties of previous
versions of PBD dimers, such as SG3249, which is com-
posed of a single chemical linker (Figure 1). The second
PEG8 linker decreases the overall hydrophobicity of the
SG3710 payload, a key parameter that has significant effects
on ADC pharmacokinetics, biodistribution, and tumor
efficacy.25-29 In addition, the symmetrical structure of
SG3710 expands the utility of dual-linker PBDs and opens
the door to developing other ADC warhead classes with
a drug-to-antibody ratio (DAR) of one based on a site-
specific disulfide re-bridging.
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The development of ADCs with a DAR of one could offer
advantages over conventional site-specific ADCs prepared
with DAR of two, including more favorable pharmacokinetic
and biodistribution profiles, as well as improved tolerability.
To test this hypothesis, we engineered an antibody, Flexmab,
that enabled site-specific disulfide re-bridging with SG3710
to create an ADC with a DAR of one. The Flexmab antibody
was engineered such that all but one pair of cysteines (C226,
Kabat numbering)30 were mutated to valine. Additionally, an
inter-chain disulfide was introduced at a buried position
between the light and heavy chains to restore their covalent

linkage. We site-specifically conjugated SG3710 to an anti-
human epidermal growth factor receptor 2 (HER2) Flexmab
derived from trastuzumab at the C226 thiols in the heavy
chains, and we compared the resulting ADC in vitro and
in vivo to a previously described site-specific anti-HER2
trastuzumab ADC with DAR of two, prepared using
SG3249.20 We demonstrated that the combination of
Flexmab and SG3710 technologies result in a platform for
the preparation of site-specific PBD-based ADCs with DAR
of one with improved properties compared to site-specific
PBD-based ADCs with DAR of two.

Figure 1. Chemical structures of the PBD monomer, SG3249, and SG3710. (a) Structure and numbering of the PBD monomer. (b) Structure of SG3249. Red denotes
the released warhead, SG3199. The N-alkyl maleimide, PEG8 spacer, dipeptide valine-alanine (the cathepsin B cleavage site), and the self-immolative spacer (para-
aminobenzyl alcohol, PABA) are schematically labeled. The molecular weight of SG3249 is 1496 Da. (c) Structure of the dual-maleimide SG3710. SG3710 has two
linkers designed to bridge two adjacent cysteines, such as those at the IgG1 hinge. The molecular weight of SG3710 is 2408 Da.
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Results

Engineering and characterization of Flexmab antibodies
to enable site-specific re-bridging

Flexmab engineering was applied to trastuzumab, which selec-
tively targets HER2, and to an isotype negative control antibody,
NIP228. Both antibodies are kappa light chain isotype.
Trastuzumab has been used extensively to treat patients with
HER2-positive breast, colorectal, lung, and ovarian cancers, and
it is the antibody component of ado-trastuzumab emtansine
(Kadcyla), an ADC approved by the U.S. Food and Drug
Administration in 2013.31-33 The engineered Flexmab contains
five mutations that were selected based on rational design and in
silico structural analysis (Figure S1). The light chain includes two
mutations consisting of an F118C mutation that was used to
generate a buried inter-chain disulfide bond with the heavy
chain cysteine mutation L128C and a C214V mutation to elim-
inate the cysteine that forms the canonical inter-chain disulfide
bridge with the cystine at position 220 in the heavy chain. The
heavy chain contains threemutations including a L128Cmutation,
which forms a buried disulfide with F118C of the light chain, and
C220V and C229V mutations to remove the canonical cysteines
that form the inter-chain disulfide bridge with the light chain and
the lower inter-chain disulfide bridge at the hinge, respectively.
This approach resulted in the engineeredFlexmab antibody,which
has only one interchain disulfide bridge at the hinge formed by the
cysteines at position 226 (Figure S1). We used the same mutagen-
esis strategy to engineer NIP228 as the isotype control antibody.

Trastuzumab-Flexmab, NIP228-Flexmab and their respective
parental antibodies were transiently expressed in Chinese hamster
ovary cells, which resulted in expression levels of 400 mg/L.
Flexmabs and parental antibodies were purified using protein
A affinity chromatography. Analytical size-exclusion chromato-
graphy after protein A purification revealed high monomeric
content for both Flexmab antibodies (98%) that was similar to
the monomeric content for their respective parental antibodies
(98%) (Figure S4).

Next, we sought to determine whether the Flexmabs main-
tained thermostability in the same way as the parental anti-
bodies. To this end, we used differential scanning calorimetry
(DSC) to determine transition temperatures (TM) in degrees
Celsius. Trastuzumab and trastuzumab-Flexmab DSCs were
characterized by two transitions and had similar TMs of 68ºC
and 82ºC for the first and second transitions, respectively
(Figure S5A, B). Temperatures at the first and second transi-
tions were 74ºC and 82ºC, respectively, for NIP228 and 66ºC
and 82ºC, respectively, for NIP228-Flexmab (Figure S5C, D).
Unlike trastuzumab and trastuzumab-Flexmab, which main-
tained their temperatures at each transition, NIP228-Flexmab
’s temperature decreased by 8ºC compared to NIP228 for the
first transition. Despite this decrease in TM, NIP228-Flexmab
was very stable (lowest TM was 68ºC).

The BIAcore T100 was used to determine the kinetics of
trastuzumab and trastuzumab-Flexmab binding to recombi-
nant extracellular HER2. As shown in Table 1, trastuzumab
and trastuzumab-Flexmab have similar equilibrium dissocia-
tion constant (Kd) for binding to HER2. The 1.7-fold differ-
ence in Kd for trastuzumab-Flexmab versus trastuzumab

could be due to conformational changes occurring within
the Fab binding arms as a result of Flexmab engineering and
subsequent conjugation with SG3710; however, it is within the
experimental error of this assay.

Antibody-dependent cell-mediated cytotoxicity (ADCC),
which can be an additional mechanism of action to augment
cytotoxicity against HER2-expressing cancer cells, was similar
in trastuzumab and trastuzumab-Flexmab (Figure 2(a)). As
expected, the isotype controls NIP228 and NIP228-Flexmab
did not show cytotoxicity against HER2-expressing BT-474
breast cancer cells (Figure 2(b)). Similar internalization
between trastuzumab and trastuzumab-Flexmab was con-
firmed using a cell-binding assay with HER2-expressing
SKBR-3 cells (data not shown).

Synthesis of the dual maleimide PBD dimer SG3710

The dual-maleimide PBD dimer SG3710 was synthesized
using starting material from SG3249.18 Generation of the
dual-maleimide PBD dimer SG3710 (Figure S2 and supple-
mentary appendix) was carried out in seven steps. The overall
synthesis yield for the dual-maleimide PBD dimer SG3710
was 6.35%, a significant improvement over the 30-step route
used to generate SG3249 that, despite being scalable to pro-
duce clinical-grade material,22-24 had an overall yield of
0.54%.18 Semi-preparative HPLC purification followed by lyo-
philization yielded SG3710 with a purity higher than 95%.
SG3249 was prepared as described by Tiberghien et al.18

Preparation of site-specific re-bridged ADCs with a DAR
of one using SG3710

Site-specific conjugation conditions were optimized to produce
a disulfide re-bridged site-specific ADC with DAR of one using
SG3710 (Figure 3). The re-bridging efficiency of the Flexmabs
was optimized sequentially by experimentally monitoring of
both the TCEP reduction and SG3710 conjugation efficiency
using reduced and native liquid chromatography mass spectro-
metry (LCMS) (data not shown). The re-bridging efficiency of
the trastuzumab-Flexmab and NIP228-Flexmab using SG3710
was maximized by first reducing the single interchain disulfide
bond at the hinge using three equivalents of TCEP for one hour
at room temperature, followed by the addition of three equiva-
lents of SG3710 in 10% dimethyl sulfoxide (DMSO) for three
hours at room temperature (Figure 3). Site-specific and effi-
ciency of disulfide re-bridging using the SG3710 was demon-
strated using orthogonal analytical methods.

Analytical size-exclusion chromatography confirmed high
monomeric content (98%) for both trastuzumab-Flexmab-SG

Table 1. Binding kinetics of trastuzumab and trastuzumab-Flexmab to recombi-
nant HER2.

kon (1/Ms) koff (1/s) Kd, M

Trastuzumab 2.24 × 105 4.81 × 10−4 2.15 × 10−9

Trastuzumab-Flexmab 3.22 × 105 1.21 × 10−4 3.75 × 10−10

Kinetic measurements were carried out using BIAcore T100 biosensor. The
equilibrium dissociation constants, Kd, were calculated as the ratio of the
two rate constants, koff/kon.

502 J. B. WHITE ET AL.



3710 and NIP228-Flexmab-SG3710 (Figure S6). To confirm
that disulfide re-bridging with SG3710 was specific to the
Flexmab heavy chains, the ADCs were analyzed using rRP-
HPLC (Figure 4). In this analysis, in addition to using an
absorbance of 280 nanometers, the ADCs were also detected
using a PBD-specific absorbance of 330 nanometers.34

Overlays of the rRP-HPLC chromatograms of the parental
and re-bridged Flexmabs revealed co-alignment of the reten-
tion times of the light chains, which indicates absence of
conjugation at the light chains of the Flexmabs (Figure 4).
Also, retention times shifted only for the re-bridged heavy

chains of the Flexmabs (Figure 4). The trastuzumab-Flexmab
heavy chain retention time was 19.75 minutes, whereas the
trastuzumab-Flexmab-SG3710 re-bridged heavy chain reten-
tion time was 21.31 min (Figure 3(a)). The NIP228-Flexmab
heavy chain retention time was 20.09 minutes, and the
NIP228-Flexmab-SG3710 re-bridged heavy chain retention
time was 21.57 min (Figure 4(b)). The shift in retention
time for both Flexmab heavy chains indicated that conjuga-
tion of SG3710 is specific to the heavy chains.

Re-bridging of the Flexmab heavy chains by SG3710 was also
demonstrated by monitoring the elution at 330 nanometers,

Figure 2. ADCC activity of antibodies and Flexmabs targeting BT-474 breast cancer cells. (a) ADCC of trastuzumab and trastuzumab-Flexmab. (b) ADCC of NIP228 and
NIP-228-Flexmab. Error bars indicate mean ± standard deviation (n = 3). Antibodies and Flexmabs were tested at 1, 0.1, 0.01 and 0.001 μg/mL.
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Figure 3. Schematic process for the site-specific re-bridging of Flexmab with SG3710. The site-specific re-bridging resulted in ADCs with a DAR of one.

Figure 4. rRP-HPLC results for Flexmabs and Flexmabs re-bridged with SG3710. (a) rRP-HPLC results for trastuzumab and site-specific re-bridged trastuzumab-
Flexmab-SG3710. (b) rRP-HPLC results of NIP228 and site-specific re-bridged NIP228-Flexmab-SG3710. Manual integration of the re-bridged versus parental heavy
chains resulted in a re-bridging efficiency for both Flexmab ADCs of 90%. The analysis was carried out using absorbances of 280 and 330 nanometers.
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which is a PBD-specific absorbance (red signals in Figure 4).34

The rRP-HPLC also demonstrated the presence of parental
heavy chains for both Flexmab ADCs (Figure 4). Manual inte-
gration of the peaks representing parental and re-bridged
Flexmab heavy chains produced a nearly identical conjugation
efficiency of 90% for the trastuzumab-Flexmab-SG3710 and
NIP228-Flexmab-SG3710 ADCs (Figure 4). Hydrophobic inter-
action chromatography (HIC) was used to confirm conjugation
efficiency of the intact re-bridged ADCs and to assess the hydro-
phobicity change compared with that of the parental Flexmabs
(Figure 5). As with the rRP-HPLC,34 an absorbance of 280 nm
and a PBD-specific absorbance of 330 nm was used to identify
re-bridged Flexmabs ADCs. Manual integration of the HIC
peaks confirmed that the efficiency of re-bridging for both
trastuzumab-Flexmab-SG3710 and NIP228-Flexmab-SG3710
was 90% (Figure 5), which is similar to the efficiency of conjuga-
tion determined using rRP-HPLC (Figure 4).

Lastly, LCMS in non-reducing conditions was used as
a complementary method to confirm the re-bridging of the
heavy chains in the Flexmabs and to calculate DAR by determin-
ing the ratio of the peak height intensity of re-bridged versus
parental species. This analysis was carried out using glycosylated
Flexmabs and Flexmab ADCs. The molecular weight of trastu-
zumab-Flexmab G0f glycoform was 147986 Da (Figure 6(a)),
whereas that of re-bridged trastuzumab-Flexmab G0f glycoform
molecular weight was 150399 Da (Figure 6(b)). The mass

difference between parental and re-bridged trastuzumab-
Flexmab was 2413 Da, which corresponds to the mass of one
SG3710 (Figure 1). The molecular weight of NIP228-Flexmab
G0f glycoform was 146770 Da (Figure 6(c)), whereas that of re-
bridged NIP228-Flexmab G0f glycoform molecular mass was
149199 Da (Figure 6(d)). The mass difference between parental
and re-bridged NIP228-Flexmab is 2429 Da, which corresponds
to the mass of one SG3710 with one of the maleimide hydrolized
(Figure 1). These data confirm the re-bridging of the two
Flexmabs at C226 on the heavy chains with one SG3710. Based
on the ratio of the re-bridged peak height intensity to that of the
parental peak height intensity of the G0f glycoform, the DARs
were 0.9 for trastuzumab-Flexmab-SG3710 and 0.85 for NIP228-
Flexmab-SG3710, respectively (Figure 6(b,d)). These DARs
value are compatible with the efficiency of conjugation deter-
mined using rRP-HPLC and HIC.

Preparation of site-specific ADCs with DAR of two using
SG3249

To compare in vitro and in vivo potencies and rat tolerability
of the ADCs with DAR of one prepared using SG3710, we
prepared site-specific ADCs with a DAR of two for both
trastuzumab and NIP228 using SG3249 as described
previously.20 The conjugation and analytical characterization
of these conjugates are shown in Figure S3.

Figure 5. HIC of Flexmabs and Flexmab re-bridged with SG3710. (a) HIC results for trastuzumab-Flexmab. (b) HIC results for trastuzumab-Flexmab-SG3710. (c) HIC
results for NIP228-Flexmab. (d) HIC results for NIP228-Flexmab-SG3710. Efficiency of conjugation, determined by manual integration of the re-bridged versus the
parental peaks, was 90% for both ADCs. An absorbance of 280 nanometers was used for both the antibodies and the Flexmab-ADCs; a PBD-specific absorbance of
330 nanometers was also used for the ADCs.
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Mouse serum stability of the ADCs re-bridged with
SG3710

To evaluate the ex vivo stability of the re-bridged ADCs,
trastuzumab-Flexmab-SG3710 and NIP228-Flexmab-SG3710
were incubated in mouse serum for seven days at 37°C. The
stability of the re-bridged ADCs after one, three, and seven
days was compared to that of the ADCs when the incubation
started by monitoring the changes in re-bridged versus par-
ental ADCs using affinity capture non-reducing LCMS
(Figure S7). After seven days of incubation, affinity capture
non-reducing LCMS revealed that less than 1% of the SG3710
payload was lost from both ADCs (Figure S7). This finding is
noticeably different from results reported for other ADCs
generated using stochastic methods for conjugation at the
hinge cysteines, for which conventional payloads bearing
a single linker resulted in significant drug losses.35-41 Even
though the C226 position in the Flexmabs was exposed to
solvent, we believe that the dual-linker design of SG3710
contributed to the high stability we observed in serum.

ADC linker designs have evolved to include a single pro-
tease-specific dipeptide such as valine-citrulline or valine-
alanine for cathepsin B, acid pH sensitivity, or a disulfide-
linkage to facilitate primary release of the warhead after ADC
internalization and lysosomal trafficking.36,42,43 Currently, lin-
kers using enzymatic cleavage contain only a single dipeptide
cleavage site to enable subsequent release of the warhead, the
speed of which can be fine-tuned by altering the selection of

dipeptide residues.43,44 In addition to requiring two retro-
Michael reactions to prematurely release the payload,
SG3710 incorporates two cathepsin-B cleavable valine-
alanine sites, and thus requires two enzymatic cleavage events
to release the SG3199 warhead. The combination of these two
features likely contributed to the high stability of the SG3710
ADCs in mouse serum observed in this study.

Cell binding and in vitro cytotoxicity of the re-bridged
ADCs with a DAR of one versus site-specific ADCs with
DAR of two

BIAcore data demonstrated similar (within the experimental
error) Kd between trastuzumab and trastuzumab-Flexmab
for binding to recombinant HER2 (Table 1). In vitro assess-
ment of the target affinity and specificity of trastuzumab-
Flexmab-SG3710 was conducted using flow cytometry with
SKBR-3 (HER2-positive, 1.5 × 106 HER2 receptors/cell) and
MCF-7 (HER2-negative) cell lines. Trastuzumab-Flexmab-
SG3710 showed high affinity (EC50 = 15.7 nM) and selectiv-
ity to the SKBR-3 cell line, whereas no binding occurred to
the MCF-7 cell line (Figure S8A, B). No binding was
observed for the NIP228-Flexmab-SG3710 control with
either SKBR-3 or MCF-7 cells (Figure S8A, B). These cell
lines were also used to carry out cytotoxicity assays to com-
pare the potency of the trastuzumab-Flexmab-SG3710 with
that of trastuzumab engineered for site-specific conjugation

Figure 6. LCMS in non-reducing conditions of glycosylated Flexmab and glycosylated Flexmab-SG3710. (a) LCMS results for trastuzumab-Flexmab showing the
molecular weights of the three major glycoforms. (b) LCMS results for trastuzuman-Flexmab-SG3710. G0f and G1f glycoforms and their respective molecular masses
are shown. Those two glycoforms correspond to re-bridged ADCs with one SG3710. The molecular mass of the G0f parental is also shown. The mass difference
between re-bridged and parental is 2411 Da, which correspond to the mass of one SG3710. (c) LCMS results for NIP228-Flexmab. The molecular weights of the three
major glycoforms are shown. (d) LCMS results for NIP228-Flexmab-SG3710. G0f, G1f and G2f glycoforms and their respective molecular masses are shown. Those
three glycoforms correspond to re-bridged ADC with one SG3710. The molecular mass of the G0f, G1f and G2f parental glycoforms are shown. The mass difference
between re-bridged and parental G0f glycoforms is 2428 Da, which correspond to the mass of one SG3710.
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of two SG3249 payloads (herein referred as trastuzumab-
C239i-SG3249 Figure S8C, D).20 As expected, the potency
of trastuzumab-Flexmab-SG3710 (IC50 = 35.5 pM, 5% cell
viability) was slightly lower than that of trastuzumab-C239i-
SG3249 (IC50 = 14.4 pM, 2% cell viability) on the SKBR-3
cell line after five days of incubation. The trastuzumab-
C239i-SG3249 IC50 data agreed with the data previously
reported for this ADC (IC50 ~ 11.6 pM) using the SKBR-3
cell line.18 The two-fold difference in IC50 between trastuzu-
mab-Flexmab-SG3710 and trastuzumab-C239i-SG3249 is
due to different drug loads of the ADCs (i.e., trastuzumab-
Flexmab-SG3710 has a DAR of one, while trastuzumab-
C239i-SG3249 has a DAR of two). However, two-fold differ-
ence in IC50 is within the margin of experimental error and
thus the potency of the two ADCs, despite their difference in
drug load, is similar. Specificity towards HER2 was main-
tained for the trastuzumab-Flexmab-SG3710 as demon-
strated by minimal cell killing (93% viability) on the MCF-
7 cell line (Figure S8C, D). No cytotoxicity was observed for
the NIP228-Flexmab-SG3710 negative control with either
SKBR-3 or MCF-7 cells (Figure S8A, B).

In vivo efficacy of the re-bridged ADCs with DAR of one
versus the site-specific ADCs with DAR of two

The in vivo efficacy of trastuzumab-Flexmab-SG3710 and tras-
tuzumab-C239i-SG3249 ADCs was investigated after single-
dose injections (1 mg/kg) in female athymic mice bearing
NCI-N87 HER2-positive subcutaneous xenografts, and tumor
growth was monitored for 85 days (Figure 7(a)). Despite having
half the drug load, trastuzumab-Flexmab-SG3710 exhibited
equivalent efficacy compared to trastuzumab-C239i-SG3249
with complete tumor regression maintained throughout the
study (Figure 7(a)). These results prompted us to conduct
a dose de-escalation study to evaluate the minimum effective
dose necessary to achieve anti-tumor activity. A single dose of
0.6 mg/kg of trastuzumab-Flexmab-SG3710 yielded sustained
tumor regression for 60 days (Figure 7(b)). A similar tumor
regression was observed with trastuzumab-C239i-SG3249
dosed at 0.3 mg/kg (Figure 7(b)). A single dose of 0.3 mg/kg of
trastuzumab-Flexmab-SG3710 yielded sustained tumor regres-
sion for approximately 45 days with slight tumor regrowth
observed between days 45 and 60 (Figure 7(b))

Total antibody analysis in mice

Serum concentration of total antibody for each of the molecules
was measured in nude mice administered with a single intrave-
nous dose of 1 mg/kg (Figure 8). Due to insufficient timepoints,
pharmacokinetic analysis could not be performed, and thus half-
lives could not be calculated. However, at later timepoints, trastu-
zumab-C239i-SG3249, had significantly faster clearance than tras-
tuzumab-Flexmab-SG3710. Moreover, trastuzumab-Flexmab-SG
3710 had similar clearance of trastuzumab and trastuzumab-
Flexmab (Figure 8). Taken together, these data indicated that
neither Flexmab engineering nor SG3710 re-bridging had adverse
effects on clearance, and that trastuzumab-Flexmab-SG3710 had
an improved pharmacokinetic profile compared to trastuzumab-
C239i-SG3249.

Exploratory toxicology study in rat

Single-dose tolerability studies were carried out over 22 days in
naïve male Sprague-Dawley rats revealed that trastuzumab-
Flexmab-SG3710 could be dosed at 4 mg/kg, twice the dose of
trastuzumab-C239i-SG3249, which elicited dose-limiting toxici-
ties at 2 mg/kg (Figure S9). In general, the predominant toxicity in
rats treated with PBD ADCs is dose-dependent bone marrow
suppression.19 Similarly, in this study, we observed dose-
dependent decreases in white blood cell and platelet counts that
peaked on day 15 post-dose. Importantly, the degree of bone
marrow suppression was similar in animals treated with 2 mg/kg
of trastuzumab-C239i-SG3249 and those treated with 4 mg/kg of
trastuzumab-Flexmab-SG3710 (Figure S9). In addition, body
weight measurements supported the greater tolerability of trastu-
zumab-Flexmab-SG3710 ADC at 4 mg/kg, with body weight
changes for these animals after 22 days being nearly identical to
those from animals treated with trastuzumab-C239i-SG3249 at
2 mg/kg (Figure S9).

Discussion

Previous studies have demonstrated a correlation between
drug loading and in vitro cytotoxicity with ADCs containing
higher DAR values exhibiting greater potency. However, an
inverse relationship is often observed between ADCs with
higher drug loads and their efficacy and tolerability. For
example, Hamblett and colleagues generated anti-CD30
ADCs using the mc-vc-PAB-MMAE payload in which the
number of payloads ranged from two, four, and eight drugs
per antibody.25 When the authors compared the biophysical
properties of these ADCs in tumor-bearing mice, they
observed that the ADCs with two or four drugs per antibody
had slower clearance rates and longer half-lives and were
tolerated better than ADCs with eight drugs. Similarly, in
our study the ADC with the higher drug load, trastuzumab-
C239i-SG3249, was slightly more potent in vitro and in vivo
than trastuzumab-Flexmab-SG3710. In line with Hamblett’s
observations,25 the ADC with greater hydrophobicity, trastu-
zumab-C239i-SG3249, showed more rapid clearance in vivo
than trastuzumab-Flexmab-SG3710. In addition, the lower
drug loading of trastuzumab-Flexmab-SG3710 improved tol-
erability in rats, confirming that a balance must be struck
between improving efficacy while preserving tolerability.

Hinrichs and colleagues have further elucidated the importance
of balancing anti-tumor activity with tolerability when advancing
PBD-based ADCs through the preclinical pipeline.19 After pre-
vious fractionated dosing regimens of ADCs based on tubulin-
inhibitors, the authors used fractionated dosing with the PBD-
basedADC1C1-C239i-SG3249 (anti-EphA2, DAR= 2) at 0.5mg/
kg and compared the anti-tumor effects to those of single-dose
administrations of 1C1-C239i-SG3249 ADC at 1 mg/kg in pre-
clinical models of breast, gastric, and pancreatic cancer.19 They
observed that, although dose-fractionation effectively lowers the
highest peak serumdrug concentrations, equivalent total exposure
wasmaintained, which improved the tolerability of the PBD-based
ADCs while maintaining their anti-tumor activity. Fractionated
dosing could further enhance the tolerability of trastuzumab-
Flexmab-SG3710 by reducing organ-specific toxicities observed
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with PBDs, such as lower peripheral blood counts and bone
marrow suppression.45 Although this approach was not tested
herein, such experiments could provide an additional rationale
for evaluating PBD-based ADCs with lower drug load to enhance
their therapeutic window.

In summary, we demonstrated that the combination of the
engineered anti-HER2 Flexmab and SG3710 technologies
results in a stable, potent ADC with reduced hydrophobicity
and improved tolerability. The benefits of the Flexmab are
extensive and include its applicability to any IgG1 using
straight-forward molecular biology techniques, high expres-
sion yields, retention of binding affinity and specificity of the
parental antibody, and the elimination of disulfide scrambling
during conjugation. The SG3710 payload further contributes

its own set of highly desirable characteristics, including
a scalable synthesis and a symmetrical chemical structure
that enables highly efficient disulfide-bridging. Perhaps the
most significant property of SG3710 is the modularity that
this symmetrical PBD dimer affords. One could easily envi-
sion replacing the maleimide chemical handles with other
functional groups such as alkynes for site-specific disulfide
bridging of azide-containing biomolecules using Cu-catalyzed
chemistry. SG3710 could also be chemically tuned such that
a single payload requires two unique events (e.g., cathepsin-B
cleavage and pH sensitivity) to enable warhead release, which
could increase the payload’s tumor selectivity. Because ADC
tolerability is a major translational hurdle to overcome,46,47

the data presented here suggest that a combination of

Figure 7. In vivo efficacy results in female athymic mice bearing NCI-N87 HER2-positive subcutaneous xenografts. (a) Results for 1 mg/kg dose of NIP228-C239i-SG
3249 (grey), trastuzumab-C239i-SG3249 (red) and trastuzumab-Flexmab-SG3710 (blue). Five mice per group were dosed intravenously five days after their tumors
reached a volume of 200 mm3. (b) In this efficacy study, the intravenous dose of NIP228-C239i-SG3249 (grey) and trastuzumab-C239i-SG3249 (red) were 0.3 mg/kg,
while trastuzumab-Flexmab-SG3710 was dosed at 0.3 mg/kg (blue) and 0.6 mg/kg (green). The mice were treated on day four after tumors reached a volume of
200 mm3. Untreated mice were used as negative controls (black).
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Flexmab and SG3710 technologies could improve the safety of
future PBD-based ADCs.

Materials and methods

Cell lines and culture conditions

We obtained SKBR-3 (HER2+), NCI-N87 (HER2+), and MCF-7
(HER2-) cell lines from ATCC and maintained them in T175
tissue culture flasks (Corning) using the manufacturer’s recom-
mended media (McCoys 5A + 10% fetal bovine serum (FBS) for
SKBR-3 cells; RPMI-1640 medium for NCI-N87 cells; Dulbecco’s
modified Eagle medium (DMEM) + 10% FBS) for MCF-7 cells.
293F cells (Invitrogen) used for transient transfection of antibodies
were maintained in 293F FreeStyle media (Invitrogen). SKBR-3
and MCF-7 cells were cultured in a 37°C incubator with 5% CO2.
The 293F cells were cultured in shake flasks (2 L, Corning) at 37°C
with 8% CO2 and rotation at 120 rpm.

Reagents and chemicals

All chemical reagents were purchased from Sigma Aldrich,
VWR, or JT Baker unless otherwise specified and all were
used without additional purification.

Design of the anti-Her2 and isotype control NIP228
Flexmabs

The trastuzumab antibody48 (Figure S1) and the MedImmune
proprietary isotype control antibody (NIP228) were used to
engineer the Flexmabs. The kappa light chain sequence con-
tained two mutations, F118C and C214V (Kabat antibody
numbering),30 whereas the heavy chain contained three muta-
tions, L124C, C220V, and C228V (Figure S1). The light chain
and heavy chain DNA sequences were codon-optimized for
mammalian expression and procured from GeneArt (Life
Technologies). The optimized Flexmab constructs were sub-

cloned using standard molecular biology techniques into
a MedImmune proprietary mammalian expression vector.48

Antibodies

The design, cloning, expression, purification, and character-
ization of trastuzumab, NIP228, trastuzumab-C239i, and
NIP228-C239i have been described previously.20

Expression and purification of antibodies and Flexmabs

Expression and purification were carried out using previously
published methods.20,48,49 After transient 293F expression and
protein A purification, the antibodies were dialyzed into con-
jugation buffer (1X phosphate-buffered saline (PBS), 0.1 mM
ethylenediaminetetraacetic acid (EDTA), pH 7.2) using Slide-
A-Lyzer dialysis cassettes at 4°C (10 kDa molecular weight
cutoff (MWCO), Thermo Fisher Scientific) and concentrated
to 8 mg/mL using Vivaspin concentrators (10 kDa MWCO,
GE Healthcare). Concentrations were determined using
a Nanodrop spectrophotometer (A280, Thermo Fisher
Scientific) with an extinction coefficient of 1.4. Transient
expression yields after 10 days were 400 mg/L.

Binding to recombinant HER2

The Biacore T-100 biosensor, CM5 sensor chip, and related
reagents were purchased from GE Healthcare. Anti-human Fc
antibody (Thermo Fisher Scientific, cat. 31125) as the active sur-
face (10000 response units) and blank reference surface chip were
immobilized using the Amine Coupling Kit (GE Healthcare).
Binding experiments were carried out at room temperature.
3 nM solutions of trastuzumab and trastuzumab-Flexmab in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffered saline (HBS) (0.01 mol/L HEPES pH 7.4, 0.15 mol/L
NaCl, 3 mmol/L EDTA, 0.05% v/v surfactant P20) were injected
over the active sensor surface at a flow rate of 10 μL/minute for
1 minute. Next, serial dilutions (0.78–400 nM) of recombinant

Figure 8. Serum concentration of total antibody after a single intravenous administration of 1 mg/kg of trastuzumab, trastuzumab-Flexmab, trastuzumab-Flexmab-
SG3710 and trastuzumab-C239i-SG3249 in nude mice (n = 5 mice/group).
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human HER2 (MedImmune) in HBS buffer were injected over
both active and references surfaces at a flow rate of 40 μL/minute
for 1.5 minutes. After completion of the association phase, dis-
sociation was monitored for 15 minutes at the same flow rate. At
the end of each cycle, the surfaces were regenerated using glycine
pH 1.5 at a flow rate of 30 μL/minute for 0.5 minutes. Before the
kinetics analysis, the control curves obtainedwith samples injected
over reference surfaces were subtracted from the biosensor curves
obtained after injection of the samples over active surfaces. The
results were analyzed using BIAcore T-100 evaluation software.

Antibody-dependent cell-mediated cytotoxicity

The ADCC assay was performed as described previously.20,50

Human HER2-positive BT-474 breast cancer cells (ATCC HTB-
20™), which express HER2 on their surfaces, were used as target
cells. Cells were washed once in PBS and then suspended at
0.2 × 106 cell/mL in phenol-red free Roswell Park Memorial
Institute medium supplemented with 5% FBS (Invitrogen; assay
medium). Peripheral blood mononuclear cells from healthy
donors were used as effector cells. Donor blood was collected
into 10 mL EDTA tubes and pooled. Lymphocyte separation
medium (15 mL) was added into each SepMate™-50 tube
(StemCell). Donor blood was diluted with an equal volume of
Hanks’ balanced salt solution (StemCell) and added to each
SepMate™-50 tube. Tubes were centrifuged at 1200 × g for 10min-
utes at room temperature. The top layer (platelets) of each tube
was carefully removed. The new top layer, which contained the
mononuclear cells, was poured into a new 50mL conical tube and
centrifuged at 400 × g for 10 minutes at room temperature. The
supernatant was poured off and cells were washed once with
Hanks’ balanced salt solution using new 50 mL conical tubes.
Cells were then centrifuged at 300 × g for 10 minutes at room
temperature, after which the supernatant was poured off, and cells
were suspended in assay medium at 2.5 × 106 cell/mL. Antibodies
were diluted to a concentration of 3 μg/mL in assaymedium. Ten-
fold serial dilutions were prepared for each set of antibodies in the
assaymedium to a concentration of 1 μg/mL to 1 ng/mL.Onday 1,
antibodies, target cells, and effector cells were combined by the
addition of 50 μL of the serially diluted antibodies to 50 μL of BT-
474 target cells, along with 50 μL of effector cells into wells of a 96-
well plate (12.5:1 ratio of effector and target cells). To correct for
non-antibody-mediated lactate dehydrogenase (LDH) release in
target cells, antibodies and target cells were combined in triplicate
by the adding of 50 μL of the serially diluted antibodies to 50 μL of
BT-474 cells along with 50 μL of assay medium into wells. Three
control wells with 150 μL of assay medium for lysis solution
correction were included on each plate. In addition, 12 control
wells with 50 μL of target cells and 100 μL of assay medium (six
wells for target cell basal LDH release and six wells for target cell
maximum LDH release) were included on each plate. Assay plates
were centrifuged at 1,100 rpm for three minutes to ensure effector
and target cell contact. Plates were incubated at 37°C in 5% CO2

for 24 h. The CytoTox 96 Non-radioactive Cytotoxicity Assay kit
(Promega), which measures LDH released in culture media from
cells undergoing lysis, was used to quantify cell lysis. On day 2,
15 μL of 10 × lysis solution (Promega) was added to the lysis
solution correction and target cell maximum LDH release control
wells and incubated for five minutes. Plates were centrifuged at

1,100 rpm for fiveminutes to pellet cells. Supernatant (50 μL) from
each well was pipetted into a new white wall clear-bottom plate.
CytoTox 96® reagent (50 μL) was added to generate red formazan
product in the dark for 15–30 minutes at room temperature. Stop
solution (50 μL; Promega) was added to each well, and the absor-
bance at OD490 nm was measured within one hour.

ADCC activity was calculated using the following formula:
% Cytotoxicity = (Experimental – Effector sponta-

neous – Target spontaneous)/(Target maximum – Target
spontaneous) × 100.

Target maximum LDH released was calculated using the
following formula:

Target cell maximum LDH released = target cell maximum –
lysis solution

The data were plotted and analyzed to fit a sigmoidal dose-
dependent curve using Prism software (GraphPad).

Differential scanning calorimetry (DSC) of antibodies and
Flexmabs

DSC experiments were carried out using a MicroCal VP-DSC
calorimeter (Malvern). Native and Flexmab antibodies were
extensively dialyzed into 25 mM histidine-HCl at pH 6 and 4°
C and formulated at 0.5 mg/mL. The raw data were normal-
ized for concentration and scan rate (1°C/minute). Data ana-
lysis and deconvolution were carried out using the Origin 7
software (Malvern). Deconvolution analysis was conducted
using a non-two-state model and the best fits were obtained
using 15 iteration cycles. The denaturation temperatures, Tm °
C, corresponding to the maximum of the transition peaks
were determined for each construct.

Synthesis of SG3710 and SG3249 payloads

Synthesis of SG3710 is shown in Figure S2, and experimental
details are provided in the supplementary information. The
synthesis of SG3249 has been previously described.18

Site-specific conjugation of SG3710 to Flexmabs

Flexmabs (15 mg, 100 nmoles) in conjugation buffer (1X PBS,
1 mM EDTA, pH 7.2, 3 mL) were reduced using tris(2-carbox-
yethyl)phosphine hydrochloride (TCEP, 3 eq., 300 nmoles,
Thermo Fisher Scientific) for one hour at room temperature.
After reduction, DMSO (10% v/v, 300 μL) was added to the
reduced Flexmabs, followed by the addition of SG3710 (3 eq.,
300 nmoles, in DMSO). After three hours incubation at room
temperature, the reactionwas quenched usingN-acetyl cysteine (5
eq. over SG3710, 1.5 μmoles, Sigma Aldrich) and the Flexmab-
ADCswere dialyzed against three buffer exchanges of conjugation
buffer at 4ºC using a Slide-A-Lyzer dialysis cassette (10 kDa
MWCO, Thermo Fisher Scientific). The Flexmab-ADCs were
diluted at a 1:5 ratio with deionized H2O and loaded onto a type
II ceramic hydroxyapatite (CHT) column (Bio-Rad) at 5 mL/min
using an AKTA Pure (GE Healthcare). The column was washed
with 20 column volumes of CHT buffer A (10 mM NaPO3, pH
7.0) to remove excess of SG3710 and conjugation reagents. Elution
of the Flexmab-ADCs was performed using a linear gradient of
CHT buffer B (2 M NaCl in 10 mM NaPO3, pH 7.0) for
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20 minutes. The eluted ADCs were dialyzed overnight at 4ºC into
conjugation buffer using a Slide-A-Lyzer dialysis cassette (10 kDa
MWCO) and diluted at a 1:5 ratiowithHICbufferA (25mMTris-
HCl, 1.5M (NH4)2 SO4, pH 8.0). The ADCs were loaded onto
a semi-preparative HIC column (HiTrap Butyl-S FF, GE
Healthcare) at 1 mL/min using an AKTA Pure (GE Healthcare)
and washed with 20 column volumes of HIC buffer A. The ADCs
were eluted using a linear gradient of HIC buffer B (25 mM Tris-
HCl, 5% isopropyl alcohol, pH7.0) for 45minutes at 1mL/minute.
Purified ADCs were dialyzed into 25 mM histidine-HCl, pH 6.0
overnight at 4ºC, concentrated using a Vivaspin concentrator
(10 kDa MWCO) to 2 mg/mL, and filtered through a 0.2 μm
syringe filter (Pall Corporation). To ensure removal of endotoxin,
the ADCs were filtered using Mustang E syringe filters
(0.2 μm; VWR).

Site-specific conjugation of SG3249 to antibodies

Site-specific conjugation of SG3249 to antibodies with the C239i
insertion was carried out as previously described.20,33 Briefly,
C239i antibodies (20 mg, 133 nmoles) in conjugation buffer
(3.5 mL) were reduced using TCEP (40 eq., 5.33 µmoles) for
three hours at 37°C. After reduction, the antibodies were dialyzed
through twobuffer exchanges of conjugation buffer overnight at 4°
C, then filtered through 0.2 µm syringe filters. The next day, (L)-
dehydroascorbic acid (20 eq., 2.67μmoles, inDMSO)was added to
the reduced antibodies for four hours at room temperature. The
SG3249 payload (8 eq., 0.96 μmoles, in DMSO) was added and the
conjugation reaction proceeded for one hour at room tempera-
ture. Excess of SG3249was quenchedusingN-acetyl cysteine (4 eq.
over SG3249, 3.84 μmoles, in deionized H2O) for 15 minutes at
room temperature and the ADCs were dialyzed against three
exchanges of conjugation buffer at 4ºC using a Slide-A-Lyzer
dialysis cassette. The ADCs were diluted at a 1:5 ratio with deio-
nized H2O and loaded onto a type II ceramic hydroxyapatite
column at 5 mL/min using an AKTA Pure (GE Healthcare). The
columnwas washed with 20 column volumes of CHT buffer A(10
mM NaPO3, pH 7.0) to remove excess payload and conjugation
reagents. The ADCs were eluted using a linear gradient of CHT
buffer B(2 M NaCl, 10 mM NaPO3, pH 7.0) for 20 minutes. The
purified ADCs were then formulated in the same way as the
Flexmab-ADCs.

Analytical characterization of the ADCs

The C239i ADCs were analytically characterized as described
previously.20,50 A summary of their analytical characterization
is shown in Figure S3.

Size-exclusion high-performance liquid chromatography
(HPLC) was used to analyze purity and aggregation with an
Agilent 1200 series HPLC system. Samples (100 µg in 100 µL)
were injected onto a TSK Gel column (G3000SW, 8 mm I.D.
× 30 cm × 5 µm, Tosoh Biosciences) using 0.1 M NaPO4,
0.1 M NaSO4, and 10% isopropanol, at pH 6.8 as the mobile
phase at a flow rate of 1 mL/minute. Absorbance of eluted
peaks was measured at 280 nm followed by manual integra-
tion to determine purity and percent aggregation.

Analytical HIC-HPLC was used to analyze hydrophobicity.
Flexmabs and Flexmabs-ADCs (50 µg in 50 µL) were loaded

onto a Proteomix HIC Butyl-NP5 column (4.6 mm I.D. ×
3.5 cm × 5 µm, Sepax Technologies) using HIC buffer
A (25 mM Tris-HCl, 1. 5M (NH4)2 SO4, pH 8) and eluted
using a linear gradient of HIC buffer B (25 mM Tris-HCl, 5%
isopropyl alcohol, pH 7, 5–100%) for 13 minutes at 0.8 mL/
minute. Absorbance was measured at 280 nm and at
330 nm,34 and eluted peaks were manually integrated to
determine conjugation efficiency.

Reduced reverse-phase (rRP-HPLC) was used to confirm site-
specific re-bridging of SG3710 onto the heavy chain of the
Flexmabs. Flexmabs and Flexmabs-ADCs were treated with
dithiothreitol (50 mM) for 30 minutes at room temperature.
After reduction, the Flexmabs and Flexmab-ADCs were injected
onto a PLRP-S column (1000Å, 2.1 mm × 50 mm, Agilent) and
eluted using a gradient mobile phase of solvent A (0.1% trifluor-
oacetic acid in water) and solvent B (0.1% trifluoroacetic acid in
acetonitrile) consisting of 5% to 100% solvent B for 25 minutes.
rRP-HPLC was carried out at 80°C using a flow rate of 1 mL/
minute. Absorbance was measured at 280 nm and 330 nm.

Intact and reduced reverse-phase LCMS was used to confirm
the molecular weights of the Flexmabs and Flexmab-ADCs. Two
µg (4 µL) of Flexmabs or Flexmab-ADCs were injected onto an
Agilent 1200 series HPLC system connected in series to anAgilent
6520 Accurate-Mass Time-of-Flight LCMS system. Flexmabs or
Flexmab-ADCs were loaded onto a Zorbax 300 Diphenyl Rapid
Resolution HD column (2.1 mm × 50 mm × 1.8 µm) and eluted
using a flow rate of 0.5 mL/minute consisting of a step gradient of
1–80% solvent B (0.1% formic acid in acetonitrile) after two
minutes (solvent A: 0.1 formic acid in water). Data was acquired
and analyzed usingMassHunter software (Agilent) andDARs and
the efficiency of conjugation were calculated based on deconvo-
luted peak analysis.

Cell binding by flow cytometry

Binding affinities and specificities of the trastuzumab-
Flexmab and NIP228-Flexmab ADCs were assessed using
flow cytometry. On the day of the cell binding experiments,
SKBR-3 (HER2+) and MCF-7 (HER2-) cells were dissociated
from their flask with TrypLE trypsin (Thermo Fisher
Scientific) and resuspended in their respective growth media.
Cells were counted on a ViCell cell viability analyzer
(Beckman Coulter) and brought to a concentration of
1 × 106 cells/mL. Cells were transferred in duplicate to wells
(5 × 104 cells/well) of a 96-well plate (Falcon) and centrifuged
at 1,200 rpm and 4ºC. Pelleted cells were resuspended in
180 µL of flow cytometry buffer (PBS pH 7.2, 2% FBS, on
ice) and antibodies or ADCs were added to cells (20 µL of
serial dilution: 200 µg/ml-0.01 µg/mL; final concentration
20–0.001 µg/mL). Unconjugated antibodies or ADCs and
cells were incubated at 4ºC for one hour and were then
washed with flow cytometry buffer and pelleted by centrifuga-
tion (twice, 1,200 rpm). After the final centrifugation, cell
pellets were resuspended in AlexaFluor 647-conjugated anti-
human secondary antibody (Thermo Fisher Scientific Cat.
A-21445;150 µL, 8 µg/mL, pH 7.2 in PBS, 2% FBS) and
incubated at 4ºC for one hour. Cells were washed with flow
cytometry buffer and centrifuged (twice, 1200 rpm), followed
by resuspension in 135 µL of flow cytometry buffer.
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4ʹ,6-diamidino-2-phenylindole hydrochloride was added
(15 µL from 10X stock, 1 µM final, Sigma Aldrich) to each
cell suspension to act as a live/dead stain. Fluorescence data
from the cells were collected using a LSRII flow cytometer
(Beckton Dickson) and data were analyzed using FlowJo ana-
lysis software. Binding curves were generated using Prism
(GraphPad).

Mouse serum stability studies

Mouse serum (Jackson ImmunoResearch Laboratories) was
filtered through a 0.2 μm syringe filter (Pall Corporation) into
sterile polypropylene tubes and kept on ice. The ADCs (200 μg)
were added to mouse serum for a final concentration of 200 μg/
mL and samples were incubated at 37°C. Aliquots (200 μL)
were taken from each sample at 0, 24, 72, and 148 hours of
incubation. Samples collected at baseline (i.e., time zero), which
were used as controls, were placed on dry ice within the first
minutes after the addition of ADCs to serum. Samples were
stored at −80°C until they were subjected to affinity capture
and analysis by non-reduced LCMS. Anti-human IgG (Fc-
specific) agarose beads (Sigma Aldrich) was used for affinity
capture of the ADCs from mouse serum. At each time point,
50 μL of anti-human Fc agarose beads were mixed with 300 μL
of PBS and 100 μL of thawed serum sample for 30 min at room
temperature under continuous rotation. The beads were
washed three times with 1× PBS to remove unbound serum
proteins and the ADCs were eluted using 100 μL IgG elution
buffer (Thermo Fisher Scientific) and neutralized with 20 μL
1 M Tris-HCl pH 8. To facilitate further analysis, the eluted
ADCs were deglycosylated using PNGase F (New England
BioLabs) in accordance with the manufacturer’s instructions.
The deglycosylated ADCs (20 μL) were analyzed by non-
reduced LCMS (as described above), and the raw data was
analyzed using MassHunter (Agilent).

Cytotoxity assay

On the day of the cytotoxicity assay, SKBR-3 and MCF-7 cells
were dissociated from their flask with 0.25% trypsin/EDTA
(Thermo Fisher Scientific), then 1:1 10% media was added to
neutralize the trypsin/EDTA. Cells were centrifuged at
1,100 RPM’s for 3 minutes and were resuspended in their growth
media. Cells were counted on a ViCell cell viability analyzer
(Beckman Coulter) and brought to a concentration of 1.0 × 106

cells/mL in their respective growth media. Cell suspensions
(100 μL, 1.0 × 104 cells/well) were transferred to white/white-
bottomed 96-well plates (Corning). Cells were allowed to rest at
room temperature for 20 min and then incubated to further
adhere for 2 hours in a 37ºC incubator with 5% CO2. After a two-
hour incubation, 2X, 3-fold serial dilutions of antibodies and
ADCs were prepared with a range of 20 µg/mL – 3 ng/mL and
100 µL of each dilution was added to the wells in triplicate (10 µg/
mL – 1.5 ng/mL final ADC concentrations, 100 μL total volume/
well). Media (100 μL) was added to untreated wells of each plate to
serve as negative controls. Five days after treatment, plates were
removed from the incubator and allowed to equilibrate to room
temperature for about 25 minutes. Plates were centrifuged
(1,100 rpm, threeminutes) and supernatants were carefully flicked

off the plates. RPMI without phenol red or FBS was added to each
well (50 μL), to all plates, followed by the addition of CellTiter-Glo
(Promega) reagent (50 μL). Plates were shaken for one hour in the
dark at room temperature and luminescence was measured using
an Envision plate reader (PerkinElmer). Percent viability was
calculated using the following equation:

ðsample well=average negative control wellsÞ � 100

Experimental data were plotted using GraphPad Prism to
generate half maximal inhibitory concentration (IC50) curves.

Mouse tumor growth inhibition

All studies using animals were performed humanely using
a protocol approved by the MedImmune Institutional Animal
Care and Use Committee in a facility accredited by AAALAC
International. NCI-N87 cells (5 × 106) in 50% Matrigel were
inoculated subcutaneously into 4–6 week-old female athymic
nude mice (Charles River Laboratories). When tumors reached
a size of 200 mm3, five mice each were randomly assigned to
groups. ADCs were administered intravenously via the lateral tail
vein at the indicated doses on day 5 (1 mg/kg dose) and day 4 (all
other doses) after cell inoculation. Tumor volumes weremeasured
twice weekly with calipers. Untreated mice were used as controls.
The tumor volumes were calculated using the formula:

1=2 x L x W2; where L ¼ length and W ¼ width:

Body weights were monitored daily to assess treatment
tolerability. The tumor growth data were analyzed using
Prism software (GraphPad). Tumor volumes were expressed
as mean ± standard error of the mean.

Total antibody analysis in mice

Serum concentration of trastuzumab, trastuzumab-Flexmab,
trastuzumab-Flexmab-SG3710 and trastuzumab-C239i-SG3249
were measured by immunoassay to determine pharmacokinetic
profile of total antibody. We did not determine total ADC
because those ADCs wehre previously shown to be highly stable
in serum.20 Three athymic nude mice (Charles River
Laboratories) per group were given a single intravenous dose
of 1 mg/kg. Blood samples were collected into K2-EDTA tubes
from each mouse through orbital bleeding at 4, 24, and 72 hours
and through terminal bleeding at 144 hours post-injection;
these tubes were processed into plasma. Pre-dose bleed samples
were used as controls. Two μg/mL (30 μL/well) of the anti-
human Fc antibody (Thermo Fisher Scientific, cat. 31125) were
coated in 96-well plates overnight in PBS at 4ºC. The plates were
washed five times with PBS containing Tween 80 (PBST) and
blocked with 3% non-fat dry milk in PBS (blocking buffer) for
one hour at room temperature. A two-fold dilution of antibo-
dies or ADCs in blocking buffer, starting at 20 μg/mL, was
added to each well (30 μL/well) and incubated at room tem-
perature for one hour. The plates were washed five times with
PBST and 1 μg/mL of biotinylated anti-trastuzumab antibody
(MedImmune) was added (30 μl/well) in 3% bovine serum
albumin (BSA, Thermo Fisher Scientific). The plates were
washed again five times and a dilution of 1:3,000 of horseradish
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peroxidase–conjugated streptavidin (Thermo Fisher Scientific)
in 3% BSA was added (30 μL/well). The plates were washed five
times with PBST and developed with (3,3ʹ,5,5ʹ tetramethylben-
zidine substrate (30 μL/well), followed by the addition of 0.2 N
HCl (30 μL/well) to stop the reaction. Plates were read at
450 nm. Data were plotted using Prism5 (Graph Pad).
Standard curves for each test article were prepared in 10%
pooled normal mouse plasma.

Exploratory toxicology studies in rats

Male SpragueDawley rats (aged 8–12weeks, n = 5 per group)were
given a single intravenous injection on day 1 of 0.75, 1.5, 3, or
4 mg/kg of trastuzumab-Flexmab-SG3710 or 0.75, 1.5, or 2 mg/kg
of trastuzumab-C239i-SG3249 and monitored for 21 days.
Control rats (five per group) were given a single intravenous
injection of vehicle control on day one. In all main study animals,
changes in body weight, clinical pathology, and gross pathology
with organ weights were assessed, and microscopic observations
were made. Hematology and serum chemistry samples were col-
lected and analyzed using standard methodologies on days 8 and
15. Additional samples for coagulation analysis were collected and
analyzed on day 22 only. The toxicology studies and clinical
chemistry data analysis were carried out at Charles River
Laboratories (Reno, Nevada). The data were plotted using Prism
(Graph Pad).

Abbreviations

ADC antibody-drug conjugate
ADCC antibody-dependent cell-mediated cytotoxicity
BT-474 breast cancer cells
CHT type II ceramic hydroxyapatite
DAR drug-to-antibody ratio
DMEM Dulbecco’s modified Eagle medium
DMSO dimethyl sulfoxide
DSC differential scanning calorimetry
EC50 half maximal effective concentration
EDTA ethylenediaminetetraacetic acid
FBS fetal bovine serum
HIC hydrophobic interaction chromatography
HER2 human epidermal growth factor receptor 2
HPLC high performance liquid chromatography
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid
Kd equilibrium dissociation constant
IgG1 immunoglobulin G1
LDH lactate dehydrogenase
LCMS liquid chromatography mass spectrometry
MCF-7 breast cancer cells
MED minimum efficacious dose
MTD maximum tolerated dose
MWCO molecular weight cutoff
mc-vc-PAB-MMAE monomethyl auristatin E
PABA para-aminobenzyl alcohol
PBS phosphate-buffered saline
PBD pyrrolobenzodiazepine dimers
PC-3 prostate cancer cells
PEG polyethylene glycol
rLCMS reduced liquid chromatography mass

spectrometry
rRP-HPLC reduced reverse phase high performance liquid

chromatography
RPMI Roswell Park Memorial Institute
SKBR-3 breast cancer cells

TCEP tris(2-carboxyethyl)phosphine hydrochloride
TI therapeutic index
TM transition temperatures
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