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Antibody-drug conjugates (ADCs) allow selective targeting of
cytotoxic drugs to cancer cells presenting tumor-associated surface
markers, thereby minimizing systemic toxicity. Traditionally, the
drug is conjugated nonselectively to cysteine or lysine residues in
the antibody. However, these strategies often lead to heteroge-
neous products, which make optimization of the biological, physical,
and pharmacological properties of an ADC challenging. Here we
demonstrate the use of genetically encoded unnatural amino acids
with orthogonal chemical reactivity to synthesize homogeneous
ADCs with precise control of conjugation site and stoichiometry.
p-Acetylphenylalanine was site-specifically incorporated into an
anti-Her2 antibody Fab fragment and full-length IgG in Escherichia
coli and mammalian cells, respectively. The mutant protein was
selectively and efficiently conjugated to an auristatin derivative
through a stable oxime linkage. The resulting conjugates demon-
strated excellent pharmacokinetics, potent in vitro cytotoxic activ-
ity against Her2* cancer cells, and complete tumor regression in
rodent xenograft treatment models. The synthesis and character-
ization of homogeneous ADCs with medicinal chemistry-like control
over macromolecular structure should facilitate the optimization of
ADCs for a host of therapeutic uses.

breast cancer | protein conjugation

major challenge in the development of new drugs is the

ability to selectively modulate a specific target in the tissue
of interest while minimizing undesirable systemic side effects.
In the past decade, antibody-drug conjugates (ADC) have shown
considerable promise as anticancer agents by preferentially target-
ing cytotoxic drugs to cells presenting tumor-associated antigens
(1-4). It is hypothesized that the ADCs are endocytosed after
binding cell-surface antigens and the antibody molecule is de-
graded in the lysosome, releasing the cytotoxic drug into the
cytosol (5, 6). Antibody-drug conjugates have had significant
achievements as well as notable failures in the clinic. The first
Food and Drug Administration-approved ADC, gemtuzumab
ozogamicin (Mylotarg; Wyeth/Pfizer), was a conjugate of the
DNA cleaving agent calicheamicin to an anti-CD33 antibody for
the treatment of acute myelogenous leukemia (7). Despite early
encouraging clinical activity and fast-track approval, Mylotarg was
removed from the market because of toxicity and lack of efficacy
in larger trials (8). More recently, however, brentuximab vedotin
(Adcetris/SGN-35; Seattle Genetics), an anti-CD30 auristatin
conjugate, became the first drug approved for Hodgkin’s
lymphoma since 1977 (9, 10), and there are many more ADCs
in development (11-15). Although the approval of Adcetris
shows the potential of ADCs to impact major unmet needs in
oncology, the withdrawal of Mylotarg shows that further work is
necessary to optimize this new class of drugs.

In contrast to small molecules, in which chemically defined
structures are synthesized in an attempt to improve drug proper-
ties, the most widely used technologies for constructing antibody-
drug conjugates rely on nonspecific electrophilic modification of
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cysteine or lysine residues. There is limited stoichiometric control
because of the large number of disulfide bonds and lysine residues
in antibody molecules, which leads to a typical distribution of zero
to eight toxins per antibody (16, 17). In addition, coupling occurs
at many different sites leading to a heterogeneous mixture of
ADC s, the components of which likely have distinct affinities,
stabilities, pharmacokinetics, efficacies, and safety profiles.
Genentech reported a site-specific ADC (Thiomab) that was
synthesized by introducing an additional cysteine into anti-
bodies (18, 19). Thiomab showed similar efficacy to randomly
labeled ADCs despite having fewer (only two) drugs per an-
tibody, but had an improved therapeutic index and better
pharmacokinetics in rodents. These results support the notion
that precise chemical control over the site and stoichiometry
of conjugates can lead to improved therapeutics. However,
this methodology has not been generally adopted, likely in part
because of challenges in scalability, which involves disulfide
bond reduction and reoxidization steps, and the instability of
maleimide-thiol conjugates (20).

Here we report the synthesis of chemically defined ADCs
in which the site and stoichiometry of conjugation are con-
trolled using genetically encoded unnatural amino acids with
orthogonal chemical reactivity relative to the canonical 20 amino
acids. This approach produces homogeneous molecular entities,
rather than mixtures, and allows for medicinal chemistry-
like optimization of physical properties, efficacy, pharmaco-
kinetics, and safety profiles. An orthogonal amber suppressor
tRNA/aminoacyl-tRNA synthetase (aaRS) pair is used to site-
specifically incorporate p-acetylphenylalanine (pAcPhe) in response
to an amber nonsense codon into antibodies recombinantly
expressed in either bacterial or mammalian cells (21-24). The
keto group of pAcPhe can be selectively coupled to an alkoxy-
amine derivatized drug of interest to form a stable oxime bond
in excellent yield (25-27). To illustrate this concept, a C-terminal
alkoxy-amine auristatin derivative was conjugated to trastu-
zumab (Herceptin, anti-Her2) mutants containing pAcPhe at
one of several positions in the antibody constant regions. The
resulting ADCs showed excellent efficacy and pharmacokinetics
in an in vivo rodent xenograft model against mammary fat pad
tumors induced by Her2-transduced MDA-MB-435 human
breast cancer cells.
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Results and Discussion

Design of an Anti-Her2 ADC. Trastuzumab (anti-Her2 antibody)
strongly binds Her2 (ErbB2), a member of the epidermal growth
factor receptor family of receptor tyrosine kinases that is over-
expressed in 25-30% of breast cancers (28). Furthermore, the
Her2 receptor shows little normal tissue expression and is
known to internalize readily, making it a good candidate for
ADC targeting. Indeed, Genentech has nonspecifically conju-
gated maytansine (DM1) to trastuzumab to produce an ADC
that has shown excellent efficacy in preclinical and phase I and II
clinical trials (11, 29).

The most commonly used toxins for ADCs in clinical de-
velopment are maytansine (11-13), calicheamicin (7, 14), and
auristatin (10, 15). We chose to use auristatin, a highly potent
tubulin inhibitor, because it is well characterized and can be
modified for facile coupling to an antibody (10, 30). Although
the first generation of auristatin-linker conjugates were coupled
to the N terminus of the peptide and contained a cathepsin B
protease cleavage site, Doronina et al. synthesized C-terminally
linked derivatives that were reported to be more cytotoxic and have
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improved pharmacological profiles (30). Furthermore, Oflazoglu
et al. have demonstrated that in some cases ADCs synthesized
with noncleavable linkers are as potent as those containing cleav-
able linkers (31), presumably because of degradation of the ADC
in the lysosome and release of drug. Therefore, we first chose to
investigate ADCs containing a noncleavable linker (nAF) coupled
to the C terminus of auristatin F (AF) (Fig. 14 and Scheme S1).
The linker contains two ethylene glycol moieties modified with
a terminal alkoxy-amine group to improve solubility and
minimize export of the more hydrophilic derivatized analogs
by drug pumps (32).

Preparation of Anti-Her2-Auristatin Conjugates. We generated auri-
statin conjugates of both the Fab fragment and the full-length
IgG1 of trastuzumab to compare their in vitro activities. To site-
specifically incorporate pAcPhe into the anti-Her2 Fab fragment,
an orthogonal amber suppressor tRNA/aaRS pair, derived from
the corresponding tyrosyl Methanococcus jannaschii pair and
evolved to selectively incorporate pAcPhe (21-23), was coex-
pressed separately with anti-Her2 Fab genes containing a TAG
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Site-specific conjugation of alkoxy-amine-derivatized auristatin to anti-Her2 Fab and I1gG with pAcPhe. (A) The noncleavable auristatin derivatized

gh pAcPhe residues. (B) SDS/PAGE gel of anti-Her2-Fab (HC-A121X) and anti-

Her2-1gG (HC-A121X) before and after coupling to auristatin. The unreduced Fab migrates at ~48 kDa and the reduced (50 mM DTT) Fab migrates as a single

band at ~24 kDa. The IgG includes natural heterogeneous N-linked glycosylat

ion; the reduced light chain is ~24 kDa and heavy chain is ~55 kDa (includes

glycan). The 4-12% Tris-Glycine gel (Invitrogen) has Benchmark prestained protein ladder in the first lane and was stained with Coomassie. (C-F) ESI-MS of

Fab (HC-A121X) and IgG (HC-A121X) before and after conjugation to auristatin.
(E and F) show only the heavy chain after deglycosylation with PNGase and red
between the conjugated and unconjugated heavy chains, corresponding to con

Fab spectra (C and D) correspond to the fully intact fragment, but IgG spectra
uction with 10 mM DTT. All masses are as expected with a ~874-Da difference
jugation of one noncleavable auristatin per Fab or full-length heavy chain. No

unreacted antibody was observed by SDS/PAGE or ESI-MS, suggesting >95% coupling efficiency.
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codon at residue K169 (LC-K169X) or S202 (LC-S202X) on the
light chain, or A121 (HC-A121X) on the heavy chain (Fig. S14)
(25, 26). These sites were chosen on the basis of their surface
accessibility and previously demonstrated high expression yields
and high coupling efficiencies (18, 26). The yields of all of these
mutants were ~2 mg/L when grown in shake flasks and > 400 mg/L
in high-density fermentors after periplasmic lysis and protein G
purification, which is similar to the yield of wild-type Fab expressed
and purified under the same conditions. The mutant anti-Her2
Fabs resolved into bands of ~48 kDa under nonreducing conditions
and ~24 kDa after treatment with 10 mM DTT, when analyzed by
gel electrophoresis (SDS/PAGE) (Fig. 1B and Fig. S1B). Elec-
trospray-ionization mass spectrometry (ESI-MS) confirmed the
expected molecular masses of the pAcPhe mutants (Fig. 1C and
Fig. S2). The mutants bound the ErbB2 extracellular domain (Fc
fusion; R&D Systems) with an affinity indistinguishable from
the wild-type Fab, as determined by ELISA, with half-maximal
binding (ICsg) of ~1 nM (Fig. S3).

An amber codon was substituted in the full-length anti-Her2
IgG1 gene at heavy-chain residue A121 (HC-A121X). The pAcPhe-
containing antibody was recombinantly produced in suspension
Chinese hamster ovary (CHO-K1) cells, in which an orthogonal
Escherichia coli tyrosyl-derived tRNA/aaRS pair (24) that incor-
porates pAcPhe was first stably integrated into the genome using
selectable markers. Next, the light chain and mutant heavy chain
(HC-A121X) genes for the IgG were stably incorporated into
the tRNA/aaRS-expressing CHO cell line. Stable pools yielded
~20 mg/L of the pAcPhe mutant antibody and stable clones
produced over 300 mg/L. Folded IgG was collected from media
and purified by protein G-affinity chromatography. The mutant
anti-Her2-IgG was characterized by nonreducing SDS/PAGE
(Fig. 1B) and showed a band at ~200 kDa. Reducing conditions
(50 mM DTT) revealed a light-chain band at ~24 kDa and
heavy-chain band at ~55 kDa, which includes N-linked glyco-
sylation in the Fc region. To determine the molecular mass, the
sample was treated with PNGase F (PROzyme) at 37 °C for >4 h
to remove the glycans, followed by reduction with 10 mM DTT.
ESI-MS analysis revealed a mass of 49,246 Da, corresponding to
the trastuzumab heavy chain with pAcPhe replacing an alanine
(Fig. 1E). The ELISA binding data for the mutant IgG was
similar to that of Herceptin (ICsy of ~0.3 nM) (Fig. S3).

AF was synthesized as previously reported (30). The non-
cleavable ethylene glycol linker derivatized with an alkoxy-amine
was synthesized, as previously described (33), and attached to the
C terminus of AF (SI Materials and Methods). The pAcPhe-
containing anti-Her2 Fab (100 pM) was coupled to the alkoxy-
amine linker-derivatized AF (3 mM) in 100 mM ammonium
acetate buffer, pH 4.5, at 37 °C for 16-48 h, followed by washing
in an Amicon 10,000 molecular weight cutoff (MWCO) concen-
trator to remove excess drug-linker. Analysis by ESI-MS revealed
that the Fab-drug conjugate had a mass 874 Da larger than the
unconjugated Fab mutant, which corresponds to the mass of one
nAF per Fab (Fig. 1D and Fig. S2). Under these conditions, no
unconjugated Fab or degradation products were observed by
SDS/PAGE or ESI-MS, indicating a >95% coupling efficiency.
Conjugation reactions with the full-length IgG were carried out
with 66.7 uM antibody and 1.3 mM auristatin-linker for 4 d in the
same buffer. Anti-Her2-IgG-nAF was analyzed by ESI-MS after
being treated with PNGase and DTT (Fig. 1F), which again
revealed a mass difference of 8§72 Da between the unconjugated
(49,246 Da) and drug-conjugated heavy chain (50,118 Da).
Unreacted anti-Her2-IgG heavy chain or degradation products
were undetectable by SDS/PAGE or ESI-MS, indicating an overall
yield of >95% for conjugation of two auristatin derivatives per
IgG. Thus, homogeneous products of Fab with one toxin and IgG
with two toxins were produced by means of genetically encoded
unnatural amino acids.

In Vitro Cytotoxicity. Anti-Her2-auristatin conjugates were tested
on Her2-expressing breast cancer cells for cytotoxicity (MDA-
MB-435 cells transduced with Her2, and SK-BR-3 cells), and
Her2™ cells (MDA-MB-435) for selectivity. MDA-MB-435/Her2*
cells were generated by stable transduction of triple negative
MDA-MB-435 cells with Her2 using a lentiviral vector that con-
tains the full Her2 transmembrane receptor gene (26), providing an
isogenic comparison cell line to the original Her2™ MDA-MB-435
cell line (34-36). Anti-Her2-IgG with two nAFs conjugated at
HC-A121X kills MDA-MB-435/Her2* cells with a ECs of 0.37 +
0.38 nM (mean + SD), but does not kill MDA-MB-435/Her2™
cells (ECso >200 nM) (Fig. 2 A and B). The unconjugated
auristatin-linker derivative kills both Her2* and Her2™ MDA-MB-
435 cells with an ECsp ~1 nM (1.5 + 1.7 nM and 0.92 + 2.4 nM,
respectively). The cytotoxicity of the auristatin-linker is similar
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Fig. 2. Invitro cytotoxicity assays. (A) Anti-Her2-IgG(HC-A121X)-nAF (ECsq 0.37 + 0.38 nM) is more cytotoxic than the unconjugated auristatin-linker (ECsp 1.5 +

1.7 nM) and almost 100-times more cytotoxic than Fab(LC-K169X)-nAF (ECso 21.3 + 13.7 nM) on MDA-MB-435/Her2* cells. (B) IgG(HC-A121X)-nAF has little effect
on MDA-MB-435/Her2~ cells but the Fab-nAF is cytotoxic at >40 nM. The ECsq of the auristatin-linker alone on MDA-MB-435/Her™ cells is 0.92 + 2.4 nM.
(C) The cytotoxicity of nAF conjugated to sites LC-5202X (ECsp 2.1 + 2.8 nM) and HC-A121X (ECso 1.8 + 0.33 nM) on the Fab were slightly greater than
the cytotoxicity of Fab(LC-K169X)-nAF (ECso 8.3 + 3.4 nM) on SK-BR-3 cells. Percent viability is normalized between no compound and 5 uM taxol
controls. Error bars represent SD of three replicates.
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to that of IgG-nAF conjugate (which has two auristatins per
molecule), despite distinct mechanisms of cellular uptake (passive
diffusion and receptor internalization, respectively). These results
indicate that active drug is being efficiently released, presumably
because of lysosomal degradation of the ADC. The anti-Her2-Fab
(LC-K169X)-nAF (ECsy 21.3 =+ 13.7 nM), which only has one
drug per Fab fragment, is ~100-times less cytotoxic than the IgG-
nAF (two drugs per IgG) on MDA-MB-435/Her2* cells. This
difference is likely due to increased binding and internalization
efficiency of the full-length antibody relative to the Fab fragment.
Fab-nAF also showed some nonspecific cytotoxicity on MDA-
MB-435/Her2™ cells at high concentrations (>40 nM).

Previous studies have shown that the site of conjugation is
important for binding and activity of antibody conjugates for
certain applications (25, 37). Three sites on the Fab (LC-K169X,
LC-S202X, HC-A121X) were evaluated for activity on SK-BR-3
cells. The HC-A121X ADC showed similar cytotoxity (ECsg
1.8 + 0.33 nM) to the LC-S202X ADC (ECs 2.1 + 2.8 nM),
which was slightly better than the LC-K169X ADC (ECsg 8.3 +
3.4 nM) (Fig. 2C). All three residues were originally selected
to be surface-exposed, in flexible loop regions, and directed away
from the antigen binding sites (Fig. S14) so as to minimize effects
on binding and internalization. The similar efficacy of these mol-
ecules suggests that the site of conjugation does not significantly
affect lysosomal release of the active drug.

We next tested the cytotoxicity of anti-Her2-IgG(HC-A121X)-
nAF on three additional breast cancer cell lines: HCC-1954
(Her2*), BT-474 (Her2"), and MCF-7 (Her2") (Fig. S4). In
general, the anti-Her2-IgG-nAF ADC showed similar ECsgs in
SK-BR-3 cells (IgG-nAF ECs; 0.17 & 0.05 nM; nAF ECs 0.82 +
0.54 nM), HCC-1954 cells (IgG-nAF ECs; 0.11 + 0.22 nM; nAF
ECsy 0.53 + 0.27 nM), and BT-474 cells (IgG-nAF ECs, 0.35 +
0.20 nM; nAF ECsj 2.0 + 6.1 nM) (summarized in Table S1).
This observation is consistent with previous literature for anti—

Her2-IgG-DM1 ADCs (11). In the above three cell lines, the
IgG-nAF had better cytotoxicity than unconjugated auristatin-
linker, but the cytotoxicity of both are correlated in each cell line,
suggesting the differences are more because of drug sensitivity
than receptor levels or rate of internalization. MCF-7 is a Her2™ cell
line and showed no cytotoxicity with IgG-nAF (<40 nM), despite
being susceptible to unconjugated nAF (ECsy 3.2 + 2.0 nM).

A very important factor for the safety and efficacy of any ADC
is its stability in serum. Therefore, the serum stability of anti—
Her2-IgG-nAF was evaluated by incubating the conjugate with
mouse serum for 3 d at 37 °C. The cytotoxity of the ADC was
then compared with the corresponding untreated ADC, which
was diluted into serum immediately before assay. The activities
of the serum-incubated and untreated ADCs were identical on
MDA-MB-435 Her2" and Her2™ cells (Fig. S5). The result indi-
cates no loss of activity because of ADC degradation, which is
consistent with the known stability of oxime bonds and in contrast
to site-dependent stability of maleimide-thiol conjugates (20).

Antitumor Activity in Vivo. Next, we examined the pharmacoki-
netics of anti-Her2-IgG(HC-A121X)-nAF in rodents because
most ADCs have reduced half-lives compared with the native
antibody (20, 38, 39). A single dose of 1 mg/kg anti-Her2-IgG-nAF
in PBS was injected intravenously in five rats, and serum was
collected at regular intervals for 14 d and analyzed by ELISA
using antihuman k-antibody. The serum concentration decreases
for both IgG-nAF and the corresponding unconjugated mutant
IgG at the same rate (Fig. 3D). Pharmacokinetic parameters
were calculated by noncompartment modeling, and also did not
show significant differences in clearance rates for IgG-nAF and
IgG at 0.31 + 0.03 mL/h/kg and 0.3 + 0.11 mL/h/kg, respectively
(Table S2). Thus, our site-specific ADCs have pharmacokinetics
similar to the unconjugated antibody, and improved relative to
many nonspecifically conjugated ADCs (38, 39). It is likely that

Fig. 3. In vivo efficacy and pharmacokinetics. (A)
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In vivo efficacy studies were performed with two
5 mg/kg i.v. doses of anti-Her2-IgG(HC-A121X)-nAF,
anti-Her2-1gG alone, or DPBS against MDA-MB-435/
Her2* tumors in C.B-1.7/SCID mice. Anti-Her2-1gG
(HC-A121X)-nAF (H) shows reduction of MDA-MB-
435/Her2™ F-luc tumors 14 d after treatment (n = 8
mice/group; significant, P < 0.01). Tumors were
implanted in the fourth mammary fat pad and sizes

1.0E+09 were monitored by longitudinal noninvasive bio-
5.0E+08 luminescence imaging (IVIS 200; Caliper Life Science).
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nonspecific conjugates of hydrophobic drugs lead to a population
of antibodies with reduced solubility.

Mouse xenograft studies were conducted with MDA-MB-435/
Her2™" cells injected in the fourth mammary fat pad of female
C.B-17/SCID mice. The cells were stably transduced with Firefly
luciferase (F-luc) so that tumor growth rates could be determined
by longitudinal noninvasive bioluminescence imaging (IVIS 200;
Caliper Life Science) (40-43). Eight days after mammary fat pad
implantation of 2.5 x 10° tumor cells, the lesions emitted 10°
photons per cm?/s, and the mice were grouped into anti-Her2-
IgG-nAF, unconjugated anti-Her2-IgG, and DPBS (Dulbecco’s
PBS) treatment arms (n = 8 each). IgG-nAF and IgG groups
received two doses of 5 mg/kg on days 8 and 11, injected in-
travenously. Tumors treated with anti-Her2-IgG-nAF were
barely detectable 14 d after treatment (significant, P < 0.01),
whereas tumors in the unconjugated anti-Her2 IgG and DPBS
groups continued to grow (Fig. 34 and Fig. S6). As SCID mice
do not have adaptive immune systems, a significant treatment
effect of unconjugated IgG by antibody-dependent cell-mediated
cytotoxicity was not expected. Moreover, the similarity in re-
sponse of the unconjugated IgG and DPBS groups indicates
complement does not contribute significantly in this system.

Given the impressive response of tumors to the ADC, a second
mouse in vivo study was conducted with a single dose of 5 mg/kg,
1 mg/kg, or 0.2 mg/kg (Fig. 3B). One 5-mg/kg dose cleared tumors
within 14 d (significant, P < 0.01), indicating that this site-
specific ADC with two drugs per antibody is highly efficacious.
The 1-mg/kg dose decreased the tumor size but did not clear
the tumors in <21 d and 0.2 mg/kg did not significantly differ
from the PBS group. To test for in vivo selectivity for Her2-
overexpressing tumors, MDA-MB-435/Her2™ tumors were treated
in a similar manner with a single dose of 5 mg/kg IgG-nAF and
showed no significant difference from DPBS for 20 d after treat-
ment (Fig. 3C). Throughout these studies the mice remained in
good health and no weight loss or other overt toxicity was observed.
H&E staining of liver and kidneys showed no obvious differences
between treatment and control groups. Additionally, the groups
did not differ in complete blood cell or metabolic profiles. Our
results show that ADCs constructed with unnatural amino acids
are highly potent and selective against Her2" tumors in vivo.

Conclusion

Genetically encoded unnatural amino acids with orthogonal
chemical reactivity were used to create site-specific antibody-drug
conjugates. The microtubule toxin AF was coupled to a single
genetically encoded pAcPhe in an Fab and to two sites on an IgG,
without coupling to any of the 20 canonical amino acid side chains.
Antibodies containing pAcPhe were expressed as Fab fragments
in E. coli and full-length IgG in mammalian cells, with yields
comparable to the corresponding wild-type proteins. The oxime
ligation reaction was optimized to afford high coupling efficiencies
(>95%). The resulting conjugates showed selective in vitro cyto-
toxicity: anti-Her2-IgG-nAF had ECs values in the 100-400 pM
range on four Her2™ cell lines. In xenograft models, MDA-MB-
435/Her2* mammary fat pad tumors completely regressed to
baseline levels in response to a single dose of 5 mg/kg anti-Her2-
IgG-nAF; the ADC had no effect on Her2™ MDA-MB-435 tumors.
The pharmacokinetic profile of anti-Her2-IgG-nAF is similar
to that of unconjugated IgG, and the ADC was stable in mouse
serum. Thus, our anti-Her2-IgG-nAF conjugate is potent, selective,
and has excellent serum half-life.

The ability to conjugate the drug component of an ADC se-
lectively to a desired surface-exposed residue allows for struc-
ture-activity relationships to be evaluated in a manner similar to
small molecule medicinal chemistry. Traditional protein conju-
gation chemistries via lysine or cysteine residues can generate
mixtures of up to 10° species (16, 17) with different conjugation
sites and stoichiometries, making optimization difficult. In contrast,
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conjugation to pAcPhe is chemically defined, efficient, and scal-
able, and the oxime linkage is highly stable, which should also re-
duce toxicity because of release of the free toxin in vivo. Indeed,
although trastuzumab-DM1 has shown efficacy in humans, it has
also induced irreversible axonal degradation in nonhuman pri-
mates, which may be because of either release of the free toxin or
ADC species in the heterogeneous mixture with altered specific-
ities or pharmacology (29). Moreover, maleimide conjugation has
been shown to adversely affect the stability of ADCs (20). Non-
specific conjugation has also been shown to impact the selectivity of
antibody-DNA conjugates in the applications of immuno-PCR and
other diagnostics (37).

Control over the linkage and stoichiometry of drug coupling
should also facilitate the generation and optimization of ADCs
containing alternative payloads (e.g., kinase inhibitors, proteo-
some inhibitors, or DNA-modifying agents) or combinations of
drugs. Drugs traditionally used for autoimmune, inflammatory,
metabolic or other diseases could also have enhanced therapeutic
indices and half-lives when coupled to the appropriate targeting
antibody. In addition, it is likely that the site of conjugation will
affect circulating or intracellular drug release when cleavable
linkers are required to release unmodified drug (e.g., protease
accessibility or disulfide stability). Finally, the same chemistry can
be used to rapidly couple imaging agents to antibodies or frag-
ments thereof, facilitating analysis of tumor localization/imaging
with therapeutic treatment.

Materials and Methods

Expression of Antibodies with Unnatural Amino Acids. Expression of anti—
Her2-Fab fragments was previously described (25) using pEVOL-pAcPhe
(23). The mammalian expression system in suspension CHO cells involves
stable incorporation of tRNA/aaRS pair and antibody genes.

Synthesis of Auristatin and Linkers. AF was synthesized as previously described
(30). The noncleavable ethylene glycol linker was prepared as previously
described (33) from commercial materials, and coupled to AF as described
in SI Materials and Methodss.

Conjugation. Oxime ligation between pAcPhe on the antibody and alkoxy-
amine-functionalized auristatin was carried out in 100 mM acetate buffer
pH 4.5 with 100 uM (5 mg/mL) Fab and 3 mM AF (30-fold excess) for 1-2 d at
37 °C. I9gG was conjugated at 66.7 pM (10 mg/mL) and 1.3 mM AF (20-fold
excess) for 4 d at 37 °C. Buffer exchange with acetate buffer was done in
an Amicon concentrator with 10,000 MWCO for Fabs and 30,000 MWCO for
IgGs. Excess small molecule was removed by extensive washing through
a 10,000 MWCO or 30,000 MWCO Amicon concentrator with PBS (pH 7.4).

ELISA. ELISA of anti-Her2 antibodies used human ErbB2 receptor Fc conjugate
(R&D Systems) as capture antibody plated on high-binding 96-well plates
(Nunc Maxisorp) and blocked with 3% milk (BioRad) in PBS with 0.1% Tween
20. Antibody and ADC were plated at dilutions from 0 to 40 nM in triplicate.
Antibody concentrations were determined by BCA Protein Assay Kit (Pierce)
using BSA as standards. After brief washing, goat antihuman «x-HRP conju-
gate (Sigma) was used at 1:1,000 dilution in blocking buffer. QuantaBlue
fluorogenic peroxidase substrate (ThermoFisher) was used for detection and
the plate was read on a spectrofluorometer (Molecular Devices) at excitation
325 nm and emission 420 nm.

In Vitro Cytotoxicity Assay. MDA-MB-435, SK-BR-3, HCC-1954, BT-474, and
MCF-7 cell lines were obtained from ATCC. Cells were cultured and assayed in
DMEM (Cellgro) with 10% (vol/vol) FBS (Gibco), 100 IU/mL penicillin, and 100
pg/mL streptomycin (Cellgro) for MDA-MB-435, SK-BR-3, and MCF-7. HCC-
1954 cells were cultured in RPMI-1640 (Cellgro) and BT-474 cells were cul-
tured in Hybri-care (ATCC), both supplemented with 10% FBS and PS. MDA-
MB-435 Her2" cells were generated by transducing with lentivirus containing
the wild-type Her2 receptor gene, as previously described (26). For the cy-
totoxicity assays, the cancer cell line of interest was plated in 96-well plates
at ~1,000 cells in 90 pL per well in respective culture media and incubated
overnight at 37 °C and 5% CO,. Compounds were filtered (0.22 um; Millipore)
and 10x solutions were prepared in PBS as serial dilutions from 0 to 2 uM. Ten
microliters from the 10x stocks were added to the 90 pL of cells in triplicate.
Wells with PBS only and 5 pM taxol were used as 100% viability and 0% viability
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controls, respectively. The wells on the outermost edges of the plate were filled
with 200 pL of blank media and a metal plate cap was placed to prevent
evaporation of sample wells. After 3 d of incubation, 20 pL of CellTiter-Blue
(Promega) was added and incubated for 4 h before fluorescence was read
at 560 nm excitation and 590 nm emission. Relative fluorescent units (RFU) were
normalized to percent viability between no compound and taxol controls using
the formula:

%Viability = (RFU — RFUsaxo1)/(RFUs — RFUgaol) X 100%. [11

Error bars in graphs represent SD of three replicates. ECso values and ECso SDs
were determined using the Web applet at http://www.changbioscience.com/
stat/ec50.html using the four parameter (log) setting.

Serum Stability Assay. Anti-Her2-lgG(HC-A121X)-nAF was incubated in
mouse serum (BioChemed Services) at a 1:5 ratio for 3 d at 37 °C. Control
sample was prepared by diluting IgG-nAF in mouse serum (1:5) immediately
before the cytotoxicity assay.

Pharmacokinetic Study. Anti-Her2-I9G(HC-A121X)-nAF and unconjugated
anti-Her2-1lgG(HC-A121X) were administered to male, jugular vein cannulated,
Sprague-Dawley rats (Charles River Laboratories) as a single bolus in-
travenous injection through the cannulus at time 0. Blood was collected at
regular intervals for 14 d and processed to serum. The antibody and ADC
were quantified in rat serum by capturing with human ErbB2-Fc (R&D Sys-
tems) and detecting with goat anti-human «x-biotinylated polyclonal anti-
body (SouthernBiotech) using 96-well ElectroChemiLuminescent technology
(Meso Scale Discovery). The dynamic range for the assay is 10 ng/mL to
100,000 ng/mL. The serum concentrations for intravenously injected rat time
points (from 6 to 336 h) were analyzed by noncompartment modeling
using WinNonlin PK/PD Modeling and Analysis software (PharSight). All
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procedures were approved by the Ambrx, Inc. Animal Care and Use Com-
mittee and were performed according to national and international
guidelines for the humane treatment of animals.

In Vivo Efficacy Model. All efficacy studies were conducted in 6- to 8-wk-old
female C.B-17/5CID mice (Taconic Farms). The 2.5 x 10° MDA-MB-435/Her2+
F-luc cells in 30 pL were injected into the fourth mammary fat pad. Tumor cell
growth was monitored biweekly by noninvasive bioluminescence imaging (IVIS
200; Caliper Life Science). Once an average lesion signal of 108 photons per cm?
s was detected, mice were randomized into control or treatment groups. In the
first study (Fig. 3A), mice were grouped (n = 8 each) on day 8 after tumor cell
implantation and injected with 5 mg/kg anti-Her2-l9G-nAF, 5 mg/kg anti-Her2-
1gG, or DPBS intravenously (100 pL). A second dose of 5 mg/kg I9G-nAF or IgG
were administered on day 11. The dose titration study (Fig. 3B) involved a single
dose of anti-Her2-lgG-nAF at 5 mg/kg, 1 mg/kg, 0.2 mg/kg, or DPBS control
intravenously (n = 8 each) 8 d after tumor cell injection. In vivo selectivity (Fig.
3C) was evaluated by injecting MDA-MB-435/Her2~ F-luc cells and a single
treatment of 5 mg/kg anti-Her2-lgG-nAF or DPBS (n =5 each) 9 d after tumor
cell injection. After treatment, tumors continued to be monitored biweekly,
and the mice were euthanized on day 29. Tumors were excised and weighed.
H&E staining of liver and kidneys, hematological profile (Hemavet; Drew Sci-
entific), and metabolite profiles (serum submission to RADIL, University of
Missouri) were analyzed between treatment and control groups. P values and
significance were analyzed by one-way ANOVA and Dunn'’s multiple compar-
ison test. All procedures were approved by The Scripps Research Institute Ani-
mal Care and Use Committee and were performed according to national and
international guidelines for the humane treatment of animals.
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