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Using an expanded genetic code, antibodies with site-specifically
incorporated nonnative amino acids were produced in stable cell
lines derived from a CHO cell line with titers over 1 g/L. Using anti-
5T4 and anti-Her2 antibodies as model systems, site-specific an-
tibody drug conjugates (NDCs) were produced, via oxime bond
formation between ketones on the side chain of the incorporated
nonnative amino acid and hydroxylamine functionalized mono-
methyl auristatin D with either protease-cleavable or noncleavable
linkers. When noncleavable linkers were used, these conjugates
were highly stable and displayed improved in vitro efficacy as well
as in vivo efficacy and pharmacokinetic stability in rodent models
relative to conventional antibody drug conjugates conjugated
through either engineered surface-exposed or reduced interchain
disulfide bond cysteine residues. The advantages of the oxime-
bonded, site-specific NDCs were even more apparent when low–

antigen-expressing (2+) target cell lines were used in the compar-
ative studies. NDCs generated with protease-cleavable linkers
demonstrated that the site of conjugation had a significant impact
on the stability of these rationally designed prodrug linkers. In a sin-
gle-dose rat toxicology study, a site-specific anti-Her2 NDC was well
tolerated at dose levels up to 90 mg/kg. These experiments support
the notion that chemically defined antibody conjugates can be syn-
thesized in commercially relevant yields and can lead to antibody
drug conjugates with improved properties relative to the heteroge-
neous conjugates formed by nonspecific chemical modification.

Antibody drug conjugates (ADCs) are emerging as a new
class of anticancer therapeutics that combine the efficacy of

small-molecule therapeutics with the targeting ability of an an-
tibody (Ab) (1, 2). By combining these two components into
a single molecular entity, highly cytotoxic small-molecule drugs
(SMDs) can be delivered to cancerous target tissues, thereby
enhancing efficacy while reducing the potential systemic toxic
side effects of the SMD. Conventional ADCs are typically pro-
duced by conjugating the SMD to the Ab through the side chains
of either surface-exposed lysines or free cysteines generated
through reduction of interchain disulfide bonds (3, 4). Because
antibodies contain many lysine and cysteine residues, conven-
tional conjugation typically produces heterogeneous mixtures
that present challenges with respect to analytical characterization
and manufacturing. Furthermore, the individual constituents of
these mixtures exhibit different pharmacology with respect to their
pharmacokinetic, efficacy, and safety profiles, hindering a rational
approach to optimizing this modality (5).
Recently, it was reported that the pharmacological profile of

ADCs may be improved by applying site-specific conjugation
technologies that make use of surface-exposed cysteine residues
engineered into antibodies (THIOMABS) that are then conju-
gated to the SMD, resulting in site-specifically conjugated ADCs
(TDCs) with defined Ab–drug ratios. Relative to the heterogeneous
mixtures created using conventional conjugation methodologies,
site-specifically conjugated TDCs demonstrated equivalent in vivo

potency, improved PK, and an expanded therapeutic window (6, 7).
Although this approach may be useful for generating site-specifi-
cally conjugated ADCs, THIOMABS produced using this process
are not directly amenable to conjugation, but instead, require
a multistep process that includes decapping of the engineered
cysteine residues, which inevitably results in the partial breaking
and reformation of structurally important internal disulfide
bonds. Site-specific ADCs generated by enzymatic modification
also have demonstrated improved stability and pharmacokinet-
ics; however, a surface-exposed transglutamase tag (LLQG)
needs to be engineered into antibodies at a permissive site (8).
To provide a more facile and generally applicable approach

for synthesizing site-specifically conjugated ADCs, we developed
a recombinant DNA-based eukaryotic protein expression system
using Chinese hamster ovary (CHO) cells to biosynthetically
incorporate nonnative amino acids into a given Ab scaffold (9).
Nonnative amino acids, such as para-acetylphenylalanine (pAF)
and para-azidophenylalanine (pAZ), can provide orthogonal
conjugation chemistries that otherwise are not available from func-
tional groups present in the 20 canonical amino acids. Nonnative
amino acid incorporation technology using Escherichia coli expres-
sion systems can provide large quantities (>5 g/L) of proteins for
clinical use (10). However, E. coli expression is limited to relatively
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simple, nonglycosylated proteins. The production of more complex
glycosylated proteins, such as full-length antibodies, requires a
eukaryotic expression system such as CHO cells. Previous attempts
to incorporate nonnative amino acids in eukaryotic organisms have
metwith limited success as the product titers achievedwere not high
enough for product development and commercialization (11, 12).
We report here, the development of a stable expression system

using CHO cells (EuCODE) that produces antibodies in-
corporating nonnative amino acids with titers over 1 g/L. We
have applied this technology to the generation of site-specific
Ab drug conjugates (NDCs) synthesized by site-specific cou-
pling of the potent tubulin inhibitor, monomethyl auristatin D
(MMAD) (13), to genetically encoded pAF residues in anti-
5T4 (A1) and anti-Her2 (Her) antibodies. 5T4, also known as
trophoblast glycoprotein, is a cell surface antigen that inter-
nalizes rapidly, and is highly expressed on colorectal and
gastric cancers (14). Human epidermal growth factor receptor
2 (Her2) is the target of the therapeutic agents Trastuzumab
and Trastuzumab-mcc-DM1 (T-DM1), and is highly expressed
in breast cancers (15). The resulting NDCs were compared in
rodent efficacy studies to both conventional ADCs (generated
from reduced interchain cysteines) and engineered cysteine
TDCs. The NDCs demonstrated superior efficacy and phar-
macokinetic properties, and in a single-dose rat toxicology
study, the anti-Her2 NDC was well tolerated at dose up to 90
mg/kg. Finally, in vitro plasma stability studies showed that the
site of conjugation had a significant impact on the stability of
rationally designed cleavable linkers.

Results and Discussion
EuCODE Technology in CHO cells. To develop a commercially viable
Ab production system in mammalian cells for the generation of
NDCs, we used an engineered E. coli-derived tyrosyl-tRNA/
aminoacyl-tRNA synthetase orthogonal pair and amber non-
sense codon (TAG) for the specific incorporation of nonnative
amino acids into antibodies (16, 17). Unlike E. coli, where the
amber codon is the least used among the three nonsense codons
and rarely terminates essential genes (18), eukaryotic cells such
as CHO use all three codons (TAG, TAA, TGA) with nearly
equal frequency and uniform distribution throughout their ge-
nomes (19). Given the long production times required when
using CHO cells (a few weeks vs. only a few days in E. coli), it has
been commonly assumed that the universal elongation of TAG-
terminated host cell proteins would negatively impact the vitality
and productivity of the host CHO cell. To overcome this issue,
we created a CHO platform cell line from CHO K1 (ATCC), in
which the engineered orthogonal tyrosyl-tRNA (20) and ami-
noacyl-tRNA synthetase were stably integrated into the CHO K1
genome. This platform cell line was used for stable cell line gen-
eration for Ab production. To ensure high level expression of the
orthogonal amber suppressor tRNA, we created a vector (pAF-
tRNA) that encoded up to 40 copies of tRNACUA whose expres-
sion was driven by an internal promoter sequence. A second vector
(pAF-RS) was generated that encodes the pAF-RS gene, codon
optimized for CHO expression, whose expression was driven by
a CMV promoter. The pAF-RS vector was electroporated into
CHO K1 cells to generate a RS stable pool under the selective
pressure of zeocin. The orthogonal tRNA vector was then elec-
troporated into the RS stable pool to generate a tRNA/RS stable
pool under the selective pressure of puromycin. The tRNA/RS
stable pool was enriched by FACS sorting using transient expres-
sion of a mutant GFP gene as a marker. An amber codon was
engineered at residue position 56 of the GFP gene expressed
under a CMV promoter on a transient vector and was transfected
into the tRNA/RS stable pool. In a single cell, the full-length GFP
was expressed only in the presence of nonnative amino acid and
with the stable expression of both tRNACUA and pAF-RS. Fol-
lowing a single-cell isolation step from the FACS-enriched tRNA/
RS stable pool, we suspension-adapted the adherent stable cell
line into serum-free medium EX302 and obtained a platform
CHO cell line, 4E2. This cell line was found to be stable in cell

culture for over a month as measured by the transient expression
titers of an amber-human growth hormone mutant. The genomic
DNA of 4E2 was isolated and characterized by GFP-specific PCR
confirming that no GFP vector was stably integrated into the
genome of 4E2.
From the platform cell line 4E2, first-generation stable cell

lines expressing the mutant Ab A1 HC-A114pAF (Scheme S1)
(Kabat numbering) were generated using Lonza’s GS Ab ex-
pression system (21) with a methionine sulfoximine (MSX) con-
centration of 50 μM. The stable cell lines were further amplified/
subcloned at 250 μM MSX to isolate second-generation stable
cell lines. The second-generation stable cell line, which un-
derwent fed-batch evaluation, yielded Ab titers in excess of 1 g/L
in the presence of 1 mM pAF in 30-mL shake flasks (Fig. 1B). At
the end of the fed-batch process, cell viability remained over
75%, consistent with a process that can be used to support
clinical scale production and eventual commercialization (Fig.
1A). It should also be noted that the peak cell densities achieved
thus far are only around 7 × 106 cells per mL. Compared with
current industry standards for Ab manufacturing where peak cell
densities routinely exceed 1.5 × 107 cells per mL, we believe
there is still opportunity, through media and process optimiza-
tion, to further increase nonnative amino acid-containing Ab
titers well beyond 1 g/L. The current fed-batch process was
successfully scaled in a 5-L bioreactor (Fig. 1 A and B). Fur-
thermore, with the stable cell line expression system, in the ab-
sence of pAF, no full-length Ab titers were detectable. In
addition, due to incomplete Amber suppression efficiency, we
expected that early termination of heavy-chain translation would
result in the accumulation of some N-terminal truncation products.
By positioning the amber mutation proximal to the N terminus, the
full-length product can be purified using a single protein A chro-
matography step because the early truncation product does not
bind to protein A (Fig. S1A).
To demonstrate the robustness of this product-specific stable

cell generation system, we generated stable cell lines for a num-
ber of antibodies, including anti-5T4, anti-EGFR, anti-Her2, and
anti-PMSA full-length antibodies. The colony formation num-
bers and the shape of the Ab titer distribution curves among
these clones are consistent, and similar to, standard WT Ab
clone generation. Multiple nonnative amino acid-containing Ab
titers have exceeded 1 g/L in fed-batch processes without re-
quiring extensive process and media development. The stability
of an anti-Her2 Ab producing stable clone was determined to
exceed 60 generations of culture passage based on full-length Ab
titers obtained in a 7-d batch culture. In addition to the in-
corporation of pAF, stable cell lines that incorporate pAZ have
also been generated, thereby extending orthogonal site-specific
conjugation to 2+3 “click” chemistry (22). We do not yet fully
understand how EuCODE stable cell lines can deliver high Ab
productivity while at the same time maintaining high cell via-
bility, but we hypothesize that the stably expressed tyrosyl-tRNA/
RS intracellular concentrations were optimized during our cell
line development process to balance amber suppression effi-
ciency and cell viability.
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Fig. 1. Fed-batch cell culture results of A1 HC-S115pAF stable cell line. (A)
Growth profile in shake flask and 5-L bioreactor. (B) Titer (in milligrams per
liter) in shake flask and 5-L bioreactor.
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For research quantities of mutant antibodies, stable pools
expressing the Ab of interest were generated from the platform
cell line 4E2. In the presence of 100 μM MSX, bulk stable Ab
mutant titers up to 60 mg/L were achieved. Where transient Ab
expression was desired, Ab expression was accomplished using
the FreeStyle CHO-S system, a vector that encodes tRNACUA,
pAF-RS, Ab heavy- and light-chain genes, and media supple-
mented with pAF (1–4 mM). In the presence of pAF, Ab titers of
up to 10 mg/L have been obtained with this production system.

Syntheses of ADCs. The Ab purification and conjugation process
for making NDCs is simple and robust. Nonnative amino acid-
containing full-length antibodies (IgG1) were purified from cell
culture medium on a protein A column followed by cation exchange
column chromatography. Similar to WT antibodies, typical purifi-
cation yields were over 90%. These antibodies were conjugated to
SMDs derivatized with short “noncleavable” PEG linkers contain-
ing a terminal alkoxyamine (NC-D1) (Scheme 1 and Scheme S2).
At pH 4.0, the alkoxyamine functional group reacts with the aro-
matic ketone on pAF to form an oxime bond that is stable under
physiological conditions (10). The residual SMD was removed by
ultrafiltration to yield nearly homogenous NDCs with two drugs per
Ab. The overall conjugation yield was over 95%.
The mutant Ab A1 HC-S115pAF and the corresponding NC-

D1 conjugate were analyzed by RP-HPLC in both nonreduced
and reduced forms to assess conjugate purity and to confirm
heavy-chain specificity (Fig. S1 B and C). The chromatogram of
the nonreduced form shows a single main peak eluting at 8.2
min. Upon conjugation, the retention time of the main peak
shifts to 11 min, consistent with the formation of a single con-
jugated species. Peak integration of the RP-HPLC chromato-
gram indicated that the Ab conjugate is ∼98% pure (Fig. S1B).
Analysis of the reduced A1 HC-S115pAF NC-D1 conjugate
compared with native or mutant Ab shows a shift in retention
time for the heavy chain peak, whereas the retention time of the
light chain remained unchanged (Fig. S1C). Thus, the RP-HPLC
data confirm that conjugation of NC-D1 occurs specifically on
the heavy chain and largely leads to the production of a single
species. A shoulder peak on the reduced heavy chain was ob-
served preconjugation and postconjugation. Mass spectrometry
analysis of the shoulder and main peaks appeared to be com-
parable and this shoulder was determined to be a hydrophilic
variant (likely different glycosylation forms), not a result of the
conjugation.

Intact mass analysis of the reduced and deglycosylated WT
A1, A1 HC-S115pAF, and A1 HC-S115pAF-NC-D1 exhibited
mass shifts consistent with a single substitution of pAF for
a serine residue as well as a single SMD-linker conjugated to the
pAF-containing heavy chain (Fig. S2). To further evaluate the
specificity of pAF incorporation and site-specific conjugation,
trypsin digests of the samples were analyzed by liquid chroma-
tography and tandem mass spectrometry with MS2 enabled
(LC/MS/MS). The UV (214 nm) profiles show an absence of the
WT T11 peptide at 46.3 min with a new peak at 50.2 min. Upon
conjugation, the peak further shifts to the right to 60.2 min.
MS/MS analysis of these new peaks confirmed pAF incorporation
at the site HC-S115 in the variant and efficient and complete
conjugation of NC-D1 to the two pAF residues in the variant
(Fig. S3).
The ketone group of pAF, which is incorporated into anti-

bodies at a 2:1 amino acid-to-Ab ratio, selectively reacts with
alkoxyamine groups appended to the SMD. The selectivity of the
reaction ensures a drug-to-Ab ratio (DAR) of 2 even in the
presence of severalfold molar excess of SMDs, and following
prolonged reaction times. The orthogonal conjugation chemistry
precludes the possibility of overconjugation, which may create
unwanted higher DAR species, which is inevitable for ADCs
created using conventional conjugation methods (23, 24). Others
have previously reported that ADCs with a DAR of 2 display an
improved therapeutic window compared with higher drug-loaded
ADC species that tend to have poor pharmaceutical properties
and may be associated with significant toxicities (5).

Potent and Selective in Vitro Cytotoxic Activities. To compare the
cytotoxic activity of site-specific A1 HC-S115pAF-NC-D1 with
conventional ADCs, A1 mc-D1 was created by chemical modi-
fication of reduced interchain disulfide bonds. The SMD used
for this conventional conjugation approach has a maleimido
caproyl (mc) noncleavable linker (Scheme 1). An average DAR
of ∼4.0 for A1 mc-D1 was determined by MS. The cytotoxic
activity of site-specific A1 HC-S115pAF-NC-D1 and conven-
tional A1 mc-D1 were evaluated on two 5T4-positive cell lines,
MDAMB435/5T4 and MDAMB468, and a 5T4-negative cell line,
Raji. The IC50 values are listed (Table S1). Even with a twofold
difference in drug loading (4.0 for A1 mc-D1 and 2.0 for A1 HC-
S115pAF-NC-D1), nearly equivalent potencies (IC50 values of 56
and 44 ng/mL, respectively) were measured for these two con-
jugates when evaluated on MDAMB435/5T4 cells. In the low–
5T4-expressing cell line, MDAMB468, A1 HC-S115pAF-NC-D1
is twofold more potent than conventional A1 mc-D1. The sig-
nificant difference in the in vitro potency between 3+ (MDA
MB435/5T4, cells expressing high levels of 5T4) and 2+ (MDA
MB468, endogenously expressed 5T4) is likely due to different
levels of 5T4 expression in the two cell lines (25).
To further explore the potency of the NDCs, we compared the

cytotoxicity of anti-Her2 Ab-derived NDC (HC-A114pAF) with
a conventional ADC (again generated by modification of in-
terchain disulfide bonds) and with a THIOMAB generated from
a site-specifically engineered cysteine (HC-A114C) in the anti-Her2
Ab, TDC (6). To minimize the structural differences in the differ-
ent conjugate formats, we used 1-(4-acetylbenzyl)-1H-pyrrole-2,5-
dione as the spacer element to closely emulate the oxime linkage
present in the pAF-based oxime conjugates, while also providing
a maleimido handle for conjugation to the cysteine residues (mNC-
D1) in both conventional ADC and TDC conjugates (Scheme 1).
The DARs of NDC (Her HC-A114pAF-NC-D1), conventional
ADC (Her mNC-D1), and TDC format (Her HC-A114C-mNC-
D1) were 2.0, 4.5, and 2.3, respectively (Table S2). Antigen-binding
sites of HCC1954, N87, BT474-M1, and MDAMB361DYT2 were
determined by flow cytometry to be 6.68 × 105, 4.60 × 105, 4.04 ×
105, and 1.52 × 105, respectively (Fig. S4). The cytotoxic activity of
these three anti-Her2 Ab conjugates [site-specific NDC (Her
HC-A114pAF-NC-D1), conventional (Her mNC-D1), and site-
specific cysteine (Her HC-A114C-mNC-D1)] were evaluated
on four endogenous Her2-positive cell lines (HCC1954, N87,
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Scheme 1. Drug and linkers used in efficacy studies. A noncleavable linker
with MMAD (NC-D1) was used in synthesizing site-specific NDCs (A1 HC-
S115pAF-NC-D1 and Her HC-A114pAF-NC-D1). Linker mc-D1 was used to
synthesize conventional anti-5T4 ADC (A1 mc-D1) by conjugation through
interchain cysteines. mNC-D1 was used to synthesize anti-Her2 Ab conven-
tional drug conjugate (Her mNC-D1) and a site-specifically engineered cys-
teine-containing ADC (Her HC-A114C-mNC-D1). The resulting drug loading
per Ab was around 4:1 and 2:1 for conventional conjugations and site-spe-
cific conjugates, respectively.
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BT474-M1, and MDAMB361DYT2) and a Her2-negative cell
line (MDAMB468) (Fig. S5). From the IC50 values (Table S2), it is
apparent that the NDC (Her HC-A114pAF-NC-D1) is ∼1.2- to
12-fold more potent than the conventional conjugate, Her mNC-
D1, on these cells even with the drug loading on NDC (Her HC-
A114pAF-NC-D1) being twofold less than the drug loading on
conventional conjugate (Her mNC-D1). Furthermore, nonspecific
cytotoxicity of Her HC-A114pAF-NC-D1 on Her2-negative cells,
MDAMB468, is approximately eightfold less than that of con-
ventional Her mNC-D1 on the same cell line. Interestingly, the
engineered cysteine site-specific ADC, Her HC A114C-mNC-D1,
which is also a near two-drug loaded conjugate, appeared to be
less potent than the conventional conjugate (Her mNC-D1) (IC50
values of 18 vs. 9.5 ng/mL, respectively, on HCC1954 cells, and
1,552 vs. 570 ng/mL, respectively, on MDAMB361DYT2 cells).
These data, especially with low antigen expressing (2+) cell lines,
demonstrate that the site-specific NDC (Her HC-A114pAF-NC-
D1) is the most potent and selective conjugate among the site-
specific pAF (NDC), conventional, and site-specific cysteine (TDC)
conjugates evaluated. The improved in vitro efficacy and selec-
tivity of NDCs may derive from a combination of the superior
stability of the oxime linkage before internalization and more
efficient intracellular drug release within the endosome/lyso-
some after internalization. More investigation is warranted to
fully understand the mechanism behind these findings and
whether structural effects on the Ab surface play a role in the
difference between Her HC-A114pAF-NC-D1 and Her HC
A114C-mNC-D1 (26).

Nonnative Amino Acid Conjugates Demonstrate Superior in Vivo
Efficacy Compared with the Conventional or a Site-Specific Cysteine-
Derived Conjugate. To determine whether NDCs have enhanced
efficacies in vivo, A1 HC-S115pAF-NC-D1 and Her HC-A114pAF-
NC-D1 were evaluated in several in vivo xenograft studies and
compared with conjugates created via conventional conjugation
or site-specifically engineered cysteine conjugation. The ADCs
were administrated to mice bearing s.c. tumor xenografts estab-
lished from cancer cell lines. In the case of the anti-5T4 ex-
ample, A1 HC-S115pAF-NC-D1 and A1 mc-D1 were evaluated
in two different models, MDAMB435/5T4 (Fig. 2 A and B) and
MDAMB361DYT2 (Fig. S6 A and B) xenograft models, which
have different levels of 5T4 expression. Animals were treated with
A1 mc-D1 and A1 HC-S115pAF-NC-D1 i.v. at 1, 3, and 10 mg/kg
Q4dx4 starting on day 1. As shown (Fig. 2 A and B and Fig. S6 A
and B), dose-dependent antitumor activity of A1 mc-D1 and A1

HC-S115pAF-NC-D1 was demonstrated in two models. Although
A1 mc-D1 displayed limited in vivo efficacy, A1 HC-S115pAF-
NC-D1 was highly efficacious and caused complete regression of
tumor growth in 8 of 8 mice and in 10 of 10 mice treated at 10 mg/kg
in MDAMB435/5T4 and MDAMB361DYT2 tumor models, re-
spectively. Furthermore, all animals treated at 10 mg/kg appeared
to be tumor free—no evidence of tumors was present during gross
pathology examination at the termination of the study, except in the
case of one animal that had a single small tumor of 44 mm3 at the
end of the experiment in the MDAMB361DYT2 model. For
the 3 mg/kg treatment group in MDAMB361DYT2, there were 5
of 10 animals without evidence of disease, and 4 of 5 animals
with remaining measurable tumors had reduced tumor size com-
pared with the initial tumor volume at the end of the experi-
ment. Similarly, two of eight animals treated at 3 mg/kg in the
MDAMB435/5T4 model had no measurable tumors.
Even more potent in vivo activities were observed with the

anti-Her2 example using Her HC-A114pAF-NC-D1 in two xe-
nograft models, MDAMB361DYT2 and HCC1954 (Fig. S6 C
and D). In these studies, Her HC-A114pAF-NC-D1 completely
inhibited tumor growth in 8 of 10 animals treated at 1 mg/kg,
and in all 10 animals treated at both 3 and 10 mg/kg in the
MDAMB361DYT2 model. In the HCC1954 xenograft model,
treatment at 3 mg/kg with Her HC-A114pAF-NC-D1 caused
complete regression of tumor growth in all eight treated mice. In
addition, six of eight animals treated at 1 mg/kg had no evi-
dence of tumors at termination of the study. These promising
results led us to directly compare Her HC-A114pAF-NC-D1 to
conventional Her mNC-D1 and to cysteine site-specific conjugate
Her HC-A114pAF-mNC-D1 at 1 mg/kg in two xenograft models,
MDAMB361DYT2 and HCC1954. As shown in Fig. 2 C and D,
for animals treated at 1 mg/kg Q4dx4, Her HC-A114pAF-NC-D1
was the most efficacious (values of P < 0.005 for comparison
against Her HC-A114C-mNC-D1 on day 13 and beyond in the
HCC1954 model, and day 33 and beyond in the MDAMB361-
DYT2 model, and for Her mNC-D1 on day 35 and beyond in
the HCC1954 model). The results also showed that the con-
ventional Her mNC-D-1 was more potent than Her HC-
A114C-mNC-D1 in both models tested (values of P < 0.005 for
comparison against Her HC-A114C-mNC-D1 on day 13–16
in the HCC1954 model, and on day 41 and beyond in the
MDAMB361DYT2 model). Additionally, all three ADCs caused
complete regression of tumor growth in all animals treated at
3 mg/kg, with no statistical difference among the groups.
Therefore, we conclude that even though NCDs have fewer

drugs per antibody, they display superior in vivo efficacy in ro-
dent models compared to conventional conjugates which have
twice the drug load. Furthermore, these NDCs are more effica-
cious than corresponding site-specific engineered cysteine con-
jugates containing a comparable drug load and a similar linkage.

NDCs Demonstrate Superior Pharmacokinetics. Pharmacokinetic
analysis was performed in mice treated with a single 3 mg/kg
dose of WT A1 Ab, conventional A1 mc-D1 conjugate, pAF-
containing Ab alone, or its NC-D1 conjugate in the anti-5T4
example. As shown in Fig. 3, systemic exposure of the A1 HC-
S115pAF-NC-D1 was similar to that of the WT A1 Ab. Ab ex-
posure of the A1 HC-S115pAF-NC-D1 was unexpectedly higher
than the nonconjugated A1 HC-S115pAF-variant Ab (P = 0.0056).
Surprised by this finding, we repeated the experiment and obtained
the same results. Furthermore, we measured FcRn and albumin
binding and observed no difference in binding affinities between
the NDC and unconjugated Ab. The percentage exposure of NDC/
total Ab for A1 HC-S115pAF-NC-D1 was ∼85%. This indicates
that the conjugate remains mostly intact over the course of 14 d.
This is a significant improvement compared with conventional A1
mc-D1 and site-specific cysteine conjugates reported in the lit-
erature (6, 15). We believe the improved PK of NDCs may be
attributable to the intrinsic chemical stability of the oxime con-
jugation chemistry as well as improved homogeneity and the
absence of fast-clearing higher DAR species.

A B

C D

Fig. 2. Nonnative amino acid site-specific conjugates display superior in vivo
efficacy compared with conventional and site-specific cysteine conjugates dosed
on days 1, 5, 9, and 13. (A and B) In vivo efficacy determination of A1 mc-D1 and
A1HC-S115pAF-NC-D1 in 5T4-positive tumor models of MDAMB435/5T4 at 1, 3,
and 10 mg/kg. (C and D) Comparison of Her HC-A114pAF-NC-D1 conjugate with
Her mNC-D1 and Her HC-A114C-mNC-D1 in two Her2-positive tumor models of
MDAMB361DYT2 and HCC1954 at 1 mg/kg.
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The PK study of the anti-5T4 Ab, ADC, and NDC collectively
revealed that the improved in vivo efficacy of NDCs may be due
to the much improved pharmacokinetics relative to the corre-
sponding conventional ADC. It has been previously reported
that ADCs created via conventional conjugation methodologies
have a shorter half-life and lower overall exposure than their
corresponding WT antibodies (27). In contrast, our anti-5T4
NDC had a PK that was equal to or slightly better than the WT
Ab. The anti-drug ELISA also confirmed that the oxime linkage
between the SMD and Ab is highly stable in vivo—a significant
improvement relative to conventional maleimido linkages that
have been reported to be chemically unstable in plasma (26, 28).

Plasma Stability of NDCs with Cleavable Linkers. To demonstrate
that the site of conjugation matters, we created NDCs with
cleavable linkers. These linkers, such as the valine–citrulline–
p-aminobenzyloxycarbonyl (PABC) linker, have been widely used
in ADC designs. After the ADCs are internalized into the cancer
cells, the valine–citrulline dipeptide is readily cleaved in the ly-
sosome by the protease cathepsin B. Following elimination of the
PABC spacer, free drug is released inside the cell (23). Cleavable
linkers provide an intracellular SMD release mechanism after
internalization that does not require total lysosomal Ab degra-
dation when a more stable noncleavable linker is used. However,
when cleavable linkers are used, the stability of the linker in
physiological environments has been a concern. Premature linker
cleavage before internalization into cancer cell results in unwanted
systemic toxicity (29). To determine whether the conjugation site
affects the stability of the valine–citrulline–PABC drug linker,
HC-D1 and SHC-D1 were conjugated to A1-HC-A114pAF or A1
HC-S115pAF and incubated in mouse or rat plasma at 37 °C for
a period of 72 h. Release of free dolastatin was quantitated by
LC/MS/MS at the indicated time points. Fig. S7 shows significantly
improved stability of valine–citrulline–PABC at site A114 over site
S115 in both mouse and rat plasma matrices. With SHC-D1, only
0.7% free MMAD was detected in rat plasma and 1.8% in mouse
plasma after 72 h. With a longer PEG linker, HC-D1 appeared
stable at site A114 in rat plasma, but was 25% cleaved when
conjugated to site S115. This was also observed in mouse plasma
where the level of nonspecific protease activity appeared to be
in greater abundance than in rat. Complete cleavage of HC-D1
was observed after 72 h at site A114; however, similar levels of
MMAD were detected after 4 h at site S115. Although SHC-D1
exhibits greater stability than HC-D1, the linker was still suscep-
tible to MMAD release at site S115 as shown in Fig. S7. The levels
of free MMAD present after 4 h in mouse plasma at site S115 with
SHC-D1 was 22%, with complete degradation after 72 h. In-
cubation of free MMAD in mouse and rat plasma was also per-
formed to demonstrate stability of the free dolastatin upon release.
No loss or modifications were observed supporting low detection

of free MMAD was due to linker stability and not through payload
degradation or detection limitations of the assay. These results
demonstrate that conjugation site can have a profound impact on
protease cleavable linker stability, presumably by affecting steric
access of the protease to the susceptible bond.

Rat Toxicology Study of NDCs. The safety profile of Her HC-
A114pAF-NC-D1 was evaluated in male Sprague–Dawley rats.
Administration of a single i.v. dose of 20, 60, or 90 mg/kg of Her
HC-A114pAF-NC-D1 was generally well tolerated with no overt
signs of toxicity. All treated rats gained weight for the duration of
the study similar to vehicle control rats (Fig. S8), and there were
no significant clinical observations noted for the duration of the
study (14 d). On study day 5, there was a slight increase in al-
kaline phosphatase (ALP) in rats treated with 60 or 90 mg/kg of
Her HC-A114pAF-NC-D1 compared with vehicle control (Table
S3). These values returned to levels similar to control rats by day
14. Similar elevations in liver enzymes have been observed with
thioTMAb-mpeo-DM1 (89 mg/kg or greater) and Trastuzumab-
MCC-DM1 (20 mg/kg or greater) (15, 30). Minimal hematologic
changes included elevated neutrophils in rats treated with 60 or
90 mg/kg Her HC-A114pAF-NC-D1 on study day 5 (Table S4),
similar to what has previously been observed with thioTMAb-
mpeo-DM1 (30). There were no additional changes in hematology
or clinical chemistry values in rats treated with Her HC-A114pAF-
NC-D1 compared with vehicle control-treated animals.
In all dose concentrations of Her HC-A114pAF-NC-D1 evalu-

ated, there were pathology findings in the kidney, liver, lungs, and
testes (Table S5). Test article-related findings in the kidney were
primarily in the 60 and 90 mg/kg-treated animals and included
interstitial inflammation, congestion, and tubular basophilia, sig-
nifying tubular regeneration. The interstitial inflammation was also
observed in rats treated with 127 mg/kg of thioTMAb-mpeo-DM1
(30). In the liver, test article-related findings included dose-
dependent congestion (all dose levels) and degeneration and/or
necrosis (90 mg/kg only). Similar findings were also observed in
rats treated with thioTMAb-mpeo-DM1 at all dose levels eval-
uated (47, 89, and 127 mg/kg). This finding is consistent with the
increased ALP values observed at study day 5 indicative of liver
injury. Dose-dependent spermatogenic degeneration was also
observed in the testes of rats treated with Her HC-A114pAF-
NC-D1. Test article-related findings in the lungs included dose-
dependent congestion, alveolar edema, and increased alveolar
macrophages. Similar findings were observed in rats treated with
thioTMAb-mpeo-DM1 (30). Additional findings in rats treated
with 60 or 90 mg/kg of Her HC-A114pAF-NC-D1 included
subacute inflammation in the thymus and decreased lympho-
cytes in the thymus and spleen.
We conclude that administration of a single dose of 20, 60, or

90 mg/kg of Her HC-A114pAF-NC-D1 was generally well tol-
erated in male Sprague–Dawley rats. There were some subtle
changes in hematology and clinical chemistry values (ALP and
increased neutrophils) observed on day 5, which partially or
completely resolved by day 14, indicative of a return to steady-
state levels. In contrast to thioTMAb-mpeo-DM1 (127 mg/kg) or
Transtuzumab-MCC-DM1 (50 mg/kg), there were no overt tox-
icology findings such as body weight loss in rats treated with Her
HC-A114pAF-NC-D1 (15, 30). There were pathology findings
observed in all dose concentrations of Her HC-A114pAF-NC-D1,
primarily in the kidney, liver, lungs, and testes indicative of drug-
induced off-target toxicity. Most findings were dose responsive
with more significant effects observed in animals treated with 60
or 90 mg/kg of Her HC-A114pAF-NC-D1. In a separate study,
using a cytotoxic drug different from MMAD, we compared the
relative toxicity of NDCs vs. conventional ADCs (reduced in-
terchain cysteine conjugates) and determined that NDCs have
a superior preclinical toxicology profile in rats compared with
cysteine-conjugated ADC. This will be described elsewhere.
To assess systemic exposure in the rat toxicology study, blood was

sparsely sampled from 6 to 336 h. Serum was assayed for concen-
trations of total Ab (Ab) and for intact Ab drug conjugates (NDC).

Fig. 3. Pharmacokinetics of Ab A1 and its conjugates A1 HC-S115pAF-NC-D1
and A1-mc-D1 over 14 d in mice dosed i.v. with 3 mg Ab/kg (single dose). For
the conjugates, the total Ab (Ab with or without drug, A1 HC-S115pAF-NC-
D1_Ab, or A1-mc-D1_Ab), NDC (A1 HC-S115pAF-NC-D1), and ADC (A1-mc-
D1_ADC) were determined.
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The time vs. concentration curves illustrate that there is increased
exposure with increasing dose (Fig. S9). The curves for Ab and NDC
follow similar decay patterns, suggesting that the NDC is stable in
the rat circulation (Fig. S9). Serum concentration values were ana-
lyzed by noncompartment analysis for pharmacokinetic parameters.
The half-life, clearance, and volume of distribution remained rel-
atively constant with increasing dose, whereas the area under the
curve (AUC) and C0 increased with increasing dose whether
assayed for total Ab (Ab) or intact NDC. AUC increased in a dose-
proportional manner, increasing 2.6- and 1.5-fold for a 3- and
1.5-fold increase in dose, respectively, verifying that there was sys-
temic exposure during the toxicology study. Taken together, these
data indicate that HC-A114pAF-NC-D1 is very stable even at the
highest dose of 90 mg/kg and persists in the animal’s circulation in
the intact form for several weeks.

Conclusion
In summary, an expanded genetic code in CHO cells provides
a robust method for the synthesis of optimized NDCs. NDCs syn-
thesized through conjugation of SMDs with site-specifically in-
corporated nonnative amino acids have improved pharmaceutical
properties. Compared with conventional cysteine conjugated ADCs,
NDCs demonstrate superior in vitro efficacy and selectivity, in vivo
pharmacokinetics and efficacy in rodent models, and more in-
terestingly, superior efficacy in lower antigen (2+)-expressing target
cells. These data support clinical evaluation of the anti-Her2 NDC
(31). This approach also provided us with an opportunity to better
understand how changes in conjugation site, conjugation chemistry,
and stoichiometry may affect the pharmacological properties of
ADCs. This further validates the emerging trend in the ADC field
toward chemically defined site-specific Ab conjugates. NDCs dis-
closed herein are highly stable and well tolerated in rat. With the
achievement of over 1 g/L Ab titers in several stable cell lines, the
EuCODE platform is well positioned for next generation Ab drug
development.

Materials and Methods
Nonnative Amino Acid-Containing Ab Transient Expression. CHO-S suspension-
adapted cells were obtained from Invitrogen. Routinemaintenance culture of
CHO-S cells was performed in CHO-S FreeStyle chemical defined media
(Invitrogen) supplemented with 8 mM L-glutamine (Invitrogen/Gibco). Cells
were maintained according to Invitrogen’s protocol. FreeStyle MAX trans-
fection reagent was purchased from Invitrogen. The procedure of transfection
was performed according to Invitrogen’s FreeStyle MAX reagent protocol. The
cell density was adjusted to 1 × 106 cells/mL right before transfection and the
addition of pAF. Transfected cells were incubated at 37 °C, 8% (vol/vol) CO2 on
orbital shaker set to 125 rpm. After 7 d, the supernatant was collected for
purification and the productivity of Ab was determined by IgG ELISA.

Nonnative Amino Acid-Containing Ab Stable Expression. Cells were maintained
in a mixture of CD FortiCHO (Life Tech) and EX-Cell 302 (Sigma; SAFC) with
GS supplement (Sigma) and 250 μM MSX (Millipore). Cells were inoculated
at density of 0.3 × 106/mL in shake flask (Corning) and 5-L bioreactor
(Sartorius vessel and Finess controller) on day 0. The 1 mM pAF was added
to culture on day 5 for both shake flask and 5-L bioreactor. Ten percent
(initial culture volume) of Cell Boost 5 (CB5) (HyClone) was added to cul-
ture in shake flask and bioreactor on day 5. Temperature was shifted from
37 °C to 32 °C for both shake flask and bioreactor. Additional 10% (vol/vol)
CB5 was added to culture on day 7. Glucose level was monitored using
NOVA Flex and additional glucose was added to culture when glucose level
was below 2 g/L in culture media. Viable cell count and viability were mea-
sured by Vi-Cell instrument (Beckman Coulter). Productivity was measure by
HPLC (Agilent).
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