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ABSTRACT: Antibody drug conjugates (ADCs) harness the target specificity of a monoclonal antibody (mAb) and the high
cytotoxicity of a small molecule, enabling improved delivery of a potent antitumor agent compared to traditional chemotherapy
for cancer therapy. Only two ADCs have been marketed, both of which are produced via nonsite-specific conjugation of the
cytotoxic drug to either interchain cysteine (Adcetris) or lysine (Kadcyla). A growing body of evidence suggests that site-specific
ADCs, because of their payload homogeneity, will improve pharmacokinetics and have wider therapeutic windows when
compared to heterogeneous ADCs. Previously, we have demonstrated the use of a cell free expression system (Xpress CF+) for
rapid production of site-specific ADCs. Here we report the generation of a variety of ADCs via conjugation between a site-
specific incorporated non-natural amino acid (nnAA), para-azidomethyl-L-phenylalanine (pAMF), and dibenzocyclooctyl-
(polyethylene glycol)4 (DBCO-(PEG)4) linked payloads using this platform. We developed a reversed phase HPLC method for
drug to antibody ratio (DAR) characterization, which is applicable to both reduced and intact ADCs. We demonstrate that these
ADCs are of near complete conjugation and exhibit potent cell killing activity and in vitro plasma stability. Moreover, we
generated an ADC conjugated at both light and heavy chains, resulting in a DAR close to 4. With the increased number of
payloads, the resultant DAR 4 ADC is potentially more efficacious than its DAR 2 counterparts, which could further improve its
therapeutic index. These studies have demonstrated the competency of Xpress CF+ for site-specific ADC production and
improved our understanding of the site-specific ADCs in general.

■ INTRODUCTION

The first generation of antibody drug conjugates (ADCs) were
realized via drug conjugation on wild-type amino acids such as
lysines1 and reduced interchain cysteines,2,3 which results in a
distribution of cytotoxic drugs over many different sites of the
ADC.4,5 As a consequence, the heterogeneous product mixture
has shown to have a narrow therapeutic index that is the
amalgamation of different species with different efficacy and
safety profiles.6−8 On the other hand, the drug conjugation in
site-specific ADCs is only through precise incorporated or
modified handles, such that the drug to antibody ratio (DAR)
and drug distribution can be controlled.4,5,9 This control allows
for the careful querying and optimization of important drug
properties such as potency, pharmacokinetics, and safety.6,10−13

The first site-specific ADC to be exemplified was
THIOMAB, which was achieved by engineering additional
cysteines for drug conjugation.10 With a DAR of 2, the
homogeneous THIOMAB exhibits improved efficacy as well as
in vivo stability compared to its heterogeneous ADC control
with a DAR of 3.5 from heterogeneous conjugationultimately
giving rise to a widened therapeutic window. Inspired by
THIOMAB, tremendous endeavors have followed, mostly
focusing on how to introduce the site-specific handle for
conjugation. A variety of approaches have demonstrated
successful applications in site-specific ADC generation, which
have been comprehensively summarized in multiple re-
views.4,9,14 The primary categories include: (1) non-natural
amino acid (nnAA) incorporation by utilizing stop (amber or
opal) codon or four-base codons (e.g., p-acetophenylalanine

(pAcF),15 p-azidophenylalanine (pAzF),16 p-azidomethylphe-
nylalanine (pAMF)17 and Pcl (pyrroline-carboxy-lysine)),18 (2)
enzymatic conjugation via recognition of a consensus sequence
(e.g., transglutaminase19 and formylglycine-generating en-
zyme20), and (3) manipulation of glycan21,22 or interchain
cysteines in the native antibody.23−25

Previously, we have established Xpress CF+, an in vitro
transcription/translation system using E. coli based extract, for
rapid production of site-specific ADCs containing pAMF.17

Cell free expression systems are recognized for their high
manipulability, productivity, and scalability in protein produc-
tion.26−28 It also has advantages over cell based expression
systems for site-specific ADC generation, especially when using
amber codon suppression for nnAA incorporation.9,14,29 First,
the open nature of cell free expression system yields unimpeded
access of the nnAA to the enzymes required for its
incorporation, which can be problematic in cellular systems
due to poor cell membrane permeability. Second, as the amber
codon is naturally recognized by release factor 1 (RF1) for
translation termination, it is crucial to suppress the RF1
function in order to facilitate high-level nnAA incorporation in
site-specific ADCs.30 Unfortunately, the RF1 attenuation is
complicated due to its essentiality in cell viability, such that it
requires extensive strain engineering to fulfill this task in cell
based expression systems.31,32 In contrast, cell free expression
systems offer a simple solution to this challenge by taking
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advantage of the fact that the cell free protein synthesis is in fact
decoupled from the cell growth.33−35 In Xpress CF+, the
function of RF1 is preserved during cell growth, and then
deactivated prior to protein production, which is achieved by
engineering an OmpT (outer membrane aspartyl protease)
recognizable sequence into RF1 to trigger OmpT cleavage of
RF1 upon the lysis of the cell wall.14

Though site-specific ADCs have a much simplified
composition, they still require stringent control during
manufacturing to ensure batch-to-batch consistency. Among a
variety of properties, DAR and drug distribution are the quality
attributes responsible for determining the efficacy and safety of
ADCs.5,36 Methods developed for conventional ADCs can be
easily adapted for site-specific ADCs as well. Mass spectrometry
(MS) has been widely used for ADC characterization such as
ESI-TOF-MS36−38 and less popular MALDI-TOF-MS,39−41

based on the absolute mass shift upon conjugation. Except for
ADCs conjugated via interchain cysteines,42 MS can simulta-
neously quantify DAR and drug distribution of ADCs. Given
that many payloads are highly hydrophobic, another commonly
used analytical tool is chromatographic separation based on
hydrophobicity, such as hydrophobic interaction chromatog-
raphy (HIC),43,44 and reversed phase (RP) chromatogra-
phy.36,45,46 Typically, HIC is performed on intact ADCs under
nondenaturing condition, while RP is applied to reduced ADCs
under denaturing condition to overcome its relatively low
resolution.47,48 Alternatively, other approaches are available
depending on the chemistry of the linker and drug. For
instance, imaged capillary isoelectric focusing (icIEF) has been
reported to successfully separate lysine-conjugated ADCs,
because conjugation on lysine eliminates the basic primary
amine and consequently decreases the pI of the antibody.36,49

Another method is the application of UV/vis spectroscopy for
DAR analysis, which relies on differences in the maximal
absorbance (Amax) between the drug and the antibody.36,50

Here we report the use of Xpress CF+ for the production of
a variety of site-specific ADCs, the molecular diversity of which
comes from different conjugation sites, different payloads, and a
combination of both. We also developed a reversed-phase
HPLC method and confirmed that the employed azide/alkyne
copper-free click chemistry is capable of yielding ADCs with
near complete conjugation. These cell-free produced site-
specific ADCs exhibit high potency in cell killing as well as high
stability in plasma. Moreover, we generated a site-specific ADC
conjugated at both light chains (LC) and heavy chains (HC),
resulting in a DAR close to 4. The DAR 4 site-specific ADC
provides the possibility to further improve the therapeutic index
due to the higher potency. These studies have demonstrated
the competency of Xpress CF+ for site-specific ADC
production and improved our understanding of the site-specific
ADCs in general.

■ MATERIALS AND METHODS
Materials. Tris(2-carboxyethyl) phosphine (TCEP) was

purchased from Thermo Scientific (Waltham, MA). para-
Azidomethyl-L-phenylalanie (pAMF) and all payloads were
synthesized by ACME bioscience (Palo Alto, CA), including
dibenzocyclooctyl-(polyethylene glycol)4-monomethyl aurista-
tin F (DBCO-PEG(4)-MMAF), dibenzocyclooctyl-(polyethy-
lene glycol)4-valine-citrulline-monomethyl auristatin E (DBCO-
PEG(4)-vc-MMAE), and dibenzocyclooctyl-(polyethylene gly-
col)4-emtansine (DBCO-PEG(4)-maytansinoid). Horseradish
peroxidase (HRP) conjugated goat antihuman Fc was

purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Tetramethyl benzidine substrate was purchased
from KPL (Gaithersburg, ML). Cell Titer-Glo reagent was
purchased from Promega Corp. (Madison, WI).

Protein Engineering. Using site-directed mutagenesis,
amber codon (TAG) was engineered into the wild type
trastuzumab HC or LC at the selected sites for conjugation.
They are S7 and T22 in LC (Kabat numbering), S136, R355,
N389, and F404 in HC (EU numbering) (Figure 1).

Cell-Free Protein Expression and Purification. Cell-free
protein expressions were performed as previously described
with the following modifications.17 A mixture of extract
SBEZ023 and SBDG108 was used at a ratio of 15% to 85%,
where SBEZ023 contains amber suppressor tRNA17 and
SBDG108 contains chaperones required for antibody folding
and assembly.51 To reduce potential mis-incorporation and
promote pAMF incorporation, the concentrations of phenyl-
alanine and tyrosine in the cell-free reactions were reduced to
0.5 mM, while pAMF was included at 2 mM in the cell free
reactions. tRNApAMF synthetase was added exogenously at 2.5
μM. Similar to natural trastuzumab (WT), the expressions of
these trastuzumab-derived site-specific ADCs were carried out
at a ratio of 3:1 for HC:LC plasmids at a total of 10 μg/mL (4
nM).52 Expressions were set up at 30 °C overnight in thin-film
Petri dish format without shaking. The pAMF-containing
antibodies were purified as previously described.17 The purity
was >90%, evaluated by SDS-PAGE. The fidelity of pAMF
incorporation and payload conjugation were confirmed by LC-
MS as previously described.17

Drug Conjugation. Purified trastuzumab-derived variants
containing pAMF were conjugated to three well-established
microtubule disrupting agents, MMAF, MMAE, and maytansi-
noid (Chart 1).
The cytotoxic moieties are attached to a DBCO-PEG(4)

linker, enabling copper free click chemistry between the azide
group on pAMF and the alkyne from DBCO for antibody-drug
conjugation.53 In detail, 5 mM stock solution of the payloads in
DMSO was mixed with 2−3 mg/mL of purified pAMF

Figure 1. Positions of conjugation sites on a human IgG1 (1HZH) as
an illustrative example.60 All six residues selected for pAMF
incorporation shown here are conserved in trastuzumab. Two LC
positions are labeled in red, and four HC positions are labeled in blue.
One of the HC-S136 is not shown due to the lack of defined structure
in the crystal.
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containing antibodies at a drug to antibody molar ratio of 10:1
for overnight incubation at room temperature. To prepare the
partially conjugated ADCs, the drug and antibody was mixed at
a ratio of 1:1. Mixtures with various drug:antibody ratios from
1:4 to 10:1 were also prepared in order to identify the minimal
drug requirement for complete conjugation. Lastly, the ADCs
were prepared at drug:antibody ratio of 6:1, and samples were
taken at 0.5, 1, 2, 3, 4, 5, 6, 7, and 20 h and quenched with
sodium azide at a final concentration of 0.1 M.
DAR Determination. Reduced samples were prepared as

follows: 2−3 mg/mL of ADCs in PBS was diluted to 0.5 mg/
mL in 7.2 M guanidine-HCl, 0.3 M sodium acetate, pH 5.3, and
reduced by addition of TCEP at a final concentration of 10
mM. The mixture was incubated at 37 °C for 15 min in an
Eppendorf Thermomix R while shaking at 300 rpm. For intact
samples, ADCs were diluted to 1 mg/mL in PBS. Both reduced
and intact RP-HPLC analysis was performed on a Proteomix
column (5 μm, 1000 Å, 2.1 × 150 mm from Sepax
Technologies, Newark, DE), connected to an Agilent 1200
HPLC system containing a binary gradient pump, temperature-
controlled column compartment, autosampler, and a diode
array detector. The system ran at 0.5 mL/min at 80 °C using
0.1% trifluoroacetic acid (TFA) in water (mobile phase A,
MPA) and 0.1% TFA in acetonitrile (ACN) (mobile phase B,
MPB), and absorbance was monitored at 280 nm (reference
wavelength at 360 nm). The DAD detector was set at 0.02 min
for peak width, 1.6 Hz for data acquisition, and 0.12 s for time
constant. A total of 2 μg of sample (either reduced or intact)
was injected into the system and eluted with a 20 min method
consisting of a 1 min isocratic hold at 30% MPB, a 14 min
linear gradient from 30% to 45% MPB, a 3 min wash using 95%
MPB, and last a 2 min re-equilibration at 30% MPB.
DAR can be characterized using both reduced and intact RP-

HPLC methods. For reduced method, DAR was determined

using eq 1 for ADCs with LC conjugation and eq 2 for HC
conjugation, respectively (Figure S1):

=

×
+

DAR 2
Peak Area of Conjugated LC

Peak Area of Unconjugated LC Peak Area of Conjugated LC

LC

(1)

=

×
+

DAR 2
Peak Area of Conjugated HC

Peak Area of Unconjugated HC Peak Area of Conjugated HC

HC

(2)

As reduction results in HC/LC and HC/HC dissociation,
the reduced method measures the single chains of HC or LC in
either unconjugated or conjugated states. Therefore, DAR of
the intact antibody is twice the fractional conjugation of the
respective individual chain.
For the ADC conjugated on both LC and HC, DARTotal is

the sum of DARLC and DARHC (eq 3):

= +DAR DAR DARTotal LC HC (3)

The intact RP-HPLC method measures the populations of
unconjugated species (DAR0), one drug species (DAR1), and
two drugs species (DAR2). Their corresponding peak areas are
used in eq 4 to obtain DARTotal:

=

×

+ ×

DAR 1
Peak Area of DAR1

Total Peak Areas of DAR0, DAR1, and DAR2

2
Peak Area of DAR2

Total Peak Areas of DAR0, DAR1, and DAR2

Total

(4)

Chart 1
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DAR determination by LC-MS was performed as an
orthogonal method to RP-HPLC and followed the procedure
as described previously.17

In Vitro Plasma Stability. The ADC was incubated at 100
μg/mL in PBS, human plasma, cynomolgus monkey plasma,
mouse plasma, and rat plasma for 5 min, 1 d, 2 d, 3 d, 4 d, and 7
d. When harvesting, 100 μL of streptavidin magnetic beads
were coated with either 10 μg of biotin-HER2-ECD
(extracellular domain and binding target for trastuzumab) for
human plasma incubation or biotin-anti-hFc for all other
plasma incubations and then mixed with 100 μL of plasma
samples. For DAR characterization, the bead captured ADC
was released from the magnetic beads by incubation in 25 μL of
1% TFA for 5 min at room temperature. The mixture was then
spun in a desktop centrifuge. The supernatant was prepared for
the reduced RP-HPLC analysis as described above.
HER2 ECD ELISA. To measure total IgG concentration in

plasma samples, 96-well ELISA plates were coated with 0.5 μg/
mL HER2 ECD in carbonate/bicarbonate buffer (pH 9.6) at 4
°C overnight. After removal of the coat solution, nonspecific
binding sites were blocked with blocking solution [0.5% bovine
serum albumin (BSA) in PBS] for 1−2 h at room temperature.
The plates were then washed with washing buffer (0.05%
Tween in PBS), and the standards or samples diluted in ELISA
assay buffer [PBS containing 0.5% BSA, 0.05% Tween, 10 ppm
proclin 300, 0.2% bovine g-globulin, 0.25% CHAPS, 0.35 M
NaCl, 5 mM EDTA (pH 7.4)] were added. After 2 h of
incubation, plates were washed, and HRP conjugated goat
antihuman Fc was added and incubated at room temperature
for additional 2 h. Plates were then washed again, followed by
the addition of tetramethyl benzidine substrate for color
development. The reaction was stopped after 10−15 min by the
addition of 1 M phosphoric acid. Plates were read on a
Molecular Devices microplate reader at a wavelength of 450

nm. The concentration of IgG in the samples was extrapolated
from a four-variable fit of the standard curve.

Cell Cytotoxicity Assay. Cytotoxicity effects of the
conjugated trastuzumab variants on cells were measured with
a cell proliferation assay. SKBR3 cells (a total of 103 cells per
well) were seeded in a volume of 40 μL in a 96-well half area
flat bottom white polystyrene plate. The cells were allowed to
adhere overnight at 37 °C in a CO2 incubator. ADC variants
were formulated at 2× concentration in DMEM/F12 medium
and filtered through MultiScreen HTS 96-Well Filter Plates
(Millipore; Billerica, MA). Filter sterilized, conjugated, or
unconjugated trastuzumab variants were added into treatment
wells, and plates were cultured at 37 °C in a CO2 incubator for
up to 7 days. For cell viability measurement, 80 μL of Cell
Titer-Glo reagent was added into each well, and plates were
processed as per product instructions. Relative luminescence
was measured on an ENVISION plate reader (PerkinElmer;
Waltham, MA). Relative luminescence readings were converted
to % viability using untreated cells as reference. Data were fitted
with nonlinear regression analysis, using log (inhibitor) vs
response, variable slope, four-parameter fit equation on
GraphPad Prism (GraphPad v 5.00, Software; San Diego,
CA). Data were expressed as % relative cell viability vs dose of
ADC in nM.

■ RESULTS

Conjugation Sites. A total of six trastuzumab-derived site-
specific ADCs were selected for this study, where the codon
corresponding to LC-S7, LC-T22, HC-S136, HC-R355, HC-
N389, and HC-F404 was replaced by an amber codon for
pAMF incorporation, respectively (Figure 1). These sites were
among the top-ranked positions based on their performance in
amber codon suppression, conjugation efficiency, and potency
in a previous screening effort of many solvent-accessible
residues in trastuzumab IgG.9,14,29 The pAMF-containing

Figure 2. Xpress CF+ produced site-specific ADCs exhibit different hydrophobicity upon pAMF incorporation and MMAF conjugation. As shown in
the RP-HPLC chromatograms of the reduced, unconjugated, and conjugated antibodies, pAMF incorporation at different positions on LC (a) and
HC (b) increases hydrophobicity of the impacted chains compared to WT (gray dashed lines). MMAF conjugation further raises the hydrophobicity
of the influenced LC (c) and HC (d). The extent of hydrophobicity change depends on the incorporation position.
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antibodies were expressed at 0.5−1 L scale in the thin film
format.52

For this study, the six pAMF containing trastuzumab-derived
variants were conjugated to DBCO-PEG(4)-MMAF, DBCO-
PEG(4)-vc-MMAE, and DBCO-PEG(4)-maytansinoid via copper
free click chemistry. To simplify the nomenclature, the
unconjugated antibodies were denoted by their pAMF position
such as HC-F404, while the names of the corresponding ADCs
were extended to include the drug name such as HC-F404-
MMAF.
Hydrophobicity Increase in Antibodies upon pAMF

Incorporation. pAMF is a hydrophobic nnAA, the incorpo-
ration of which induces a demonstrable hydrophobicity increase
of the antibody. In the reduced RP-HPLC chromatograms,
there are two main peaks observed within the gradient for these
unconjugated pAMF containing antibodies, corresponding to
LC and HC. Compared to WT trastuzumab without pAMF,
LCs and HCs with pAMF are clearly right-shifted (Figure 2a−
b). Interestingly, the extent of hydrophobicity change varies
depending on the position of pAMF. Between the two pAMF
containing LCs, LC-T22 appears to be more hydrophobic than
LC-S7 (Figure 2a). pAMF incorporation has different degrees
of effect on the HC hydrophobicity as well, with a descending
order of hydrophobicity from HC-S136, HC-R355, HC-N389
to HC-F404 (Figure 2b).
In addition to the main peaks, we also observed a small peak

in front of the pAMF containing LC or HC peaks. These minor
peaks elute closely but not exactly at the retention time for WT
LC or HC (Figure 2a−b). These species presumably are
product related impurities. For DAR determination, as these
minor species are unable to be conjugated with drugs, their
corresponding peaks are categorized under “unconjugated” LCs
or HCs. Therefore, the DAR values reported by RP-HPLC may
be slightly underestimated due to the presence of minor
impurities.
High DARs for Xpress CF+ Produced Site-Specific

ADCs. The three drugs used in the experiments, MMAF,
MMAE, and maytansinoid, are all highly hydrophobic.
Therefore, the resultant ADCs exhibit increased hydrophobicity
upon drug conjugation. In the reduced RP-HPLC chromato-
grams of LC conjugates, the conjugated LCs are further shifted
to the right, while the unconjugated LCs remain unshifted. The
same phenomenon was observed for HC conjugates, but with a
lesser degree of a retention time shift, likely due to the relatively
larger size and already inherent longer retention time of the HC
as compared to the LC. We generally observed at least two
peaks in the regions of the unconjugated species (Figure 2c−d).
They may come from (1) unconjugated species due to kinetic
barriers given that the drugs were supplied in great excess; and
(2) impurities coeluting with either unconjugated LCs or HCs.
Like pAMF incorporation, drug conjugation also has

differential impacts on the hydrophobicity of ADCs among
the variants tested. For LC conjugates, LC-T22-MMAF appears
to be slightly more hydrophobic than LC-S7-MMAF (Figure
2c). However, the difference between the two LC conjugates
(Δ = 0.16 min) is smaller than that between the two pAMF
containing LCs (Δ = 0.33 min), suggesting that the conjugated
drug dominates the hydrophobicity of the conjugated LCs.
Among four HC conjugates, the same trend of hydrophobicity
was observed for these HC conjugates as for their unconjugated
counterparts (Figure 2d). Surprisingly, the order of the
hydrophobicity of these pAMF containing HCs, as well as
their corresponding MMAF conjugates, happens to be in

alignment with the pAMF incorporation position in the
sequence. The closer to the N-terminus the incorporated
pAMF is located for drug conjugation, the more hydrophobic
the resultant pAMF containing antibody and ADC are.
Whether this correlation has an underlying structural reason
is unclear, and requires examination of more sites on multiple
antibodies. Due to the limited number of LC conjugates in this
study, no trend could be deduced yet.
Using peak areas from the reduced RP-HPLC method, we

confirmed high DAR values for all six site-specific ADCs. For
instance, MMAF conjugation yields DARs ranging from 1.67 to
1.89 (Table 1). MS analysis was performed as an orthogonal

approach and produced comparable results (Table 1 and S1).
As MS based DAR determination uses the information on
DAR0, DAR1, and DAR2 species only, there is no interference
from product-related or nonproduct related impurities. On the
other hand, RP-HPLC relies on the chromatographic resolution
of each species, and uses peak areas for DAR calculation.
Therefore, the subtle discrepancy in DAR values acquired by
these two different approaches is likely due to impurities, as
well as the inherent variabilities of the respective methods.
When site-specific ADCs with high purity were analyzed,
matching DAR values could be obtained using RP-HPLC and
LC-MS.
Besides MMAF, we also conjugated MMAE and maytansi-

noid onto these antibodies. The site-specific ADCs conjugated
with MMAE or maytansinoid show the similar trend of the site-
determined hydrophobicity change as with MMAF conjugation
(Figure S2). The ADCs conjugated with MMAF, MMAE, and
maytansinoid at the same position, however, exhibit different
apparent hydrophobicities, resulting from the different hydro-
phobicities of these drugs (Figure 3). Comparison of the
conjugation on the same site illustrates that maytansinoid
conjugation yielded the highest DAR values among the three
drugs, regardless of conjugation on the LC or HC, while
MMAE conjugation resulted in the lowest DAR values,
especially for the HC conjugates (Table 1).
MMAF and maytansinoid are attached to the same

noncleavable linker, while MMAE is attached to a cleavable
linker (Chart 1). As the same batch of pAMF containing

Table 1. DARs Obtained by Different Methods

drug reduced RP intact RP LC-MS

LC-S7 MMAF 1.84 1.71 1.79
MMAE 1.84 1.57
maytansinoid 1.92 1.79

LC-T22 MMAF 1.89 1.73 1.82
MMAE 1.88 1.64
maytansinoid 1.93 1.79

HC-S136 MMAF 1.72 1.64 1.72
MMAE 1.62 1.47
maytansinoid 1.84 1.70

HC-R355 MMAF 1.67 1.67 1.74
MMAE 1.60 1.51
maytansinoid 1.71 1.77

HC-N389 MMAF 1.71 1.76 1.80
MMAE 1.67 1.61
maytansinoid 1.75 1.84

HC-F404 MMAF 1.75 1.82 1.89
MMAE 1.67 1.73
maytansinoid 1.84 1.86
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antibodies were used for conjugation, the slightly lower DARs
of MMAF or MMAE conjugated ADCs may be due to the
impurity of in payload stock solutions. Indeed, we discovered
that the DBCO-PEG(4)-MMAF stock contains several peaks on
a HISEP column, indicating product impurities in the stock
solution (data not shown). Though the identities of these
impurities are not clear, we speculate that some species may
still enable conjugation on pAMF of the antibodies, but lack
part of, or entire highly hydrophobic moiety, which would
reflect as “unconjugated” species in RP chromatograms, leading
to lower DAR estimation. These outcomes might be readily
prevented by using freshly prepared high-purity linker-drug
stock for conjugation, designing a more stable drug-linker, and
preserving the ADCs with appropriate formulation and storage
condition.
Conjugation Efficiency. We typically used a drug−

antibody molar ratio of 10:1 for conjugation. Though each
antibody needs only two drugs to achieve complete conjugation
theoretically, the reaction slows down with the decrease of the
available reactants. Therefore, drugs are provided in excess to
promote faster conjugation. However, it is more cost-effective
and environmentally responsible to use the minimal amount of
drug required to maintain the same conjugation efficiency.
Thus, we examined a wide range of drug−antibody ratios from
1:4 to 10:1 for MMAF conjugation to HC-F404. With an
overnight incubation at room temperature, the drug−antibody
ratio of 6:1 and above delivered the same result as 10:1 (Figure
4).
Next, we investigated the kinetics of MMAF conjugation to

HC-F404 at drug:antibody ratio of 6:1. The conjugation was
>95% complete within 2 h (Figure 5). Longer incubation only
yields a marginal increase in DAR. We also evaluated the

conjugation kinetics at drug:antibody ratio of 10:1 and found
that the additional excessive drug did not promote faster
conjugation (data not shown).
Temperature is another important determinant of con-

jugation efficiency. The reaction is generally accelerated at
higher temperature such as 30 °C or beyond and decelerated at
lower temperature. Considering that the antibodies may be
more prone to degradation or aggregation under higher
temperature, we performed all conjugation at room temper-
ature, a trade-off between the conjugation efficiency and
antibody integrity. As such, it is advantageous that efficient
azide−alkyne conjugation can be achieved at neutral pH and
room temperature, in comparison to other conjugations such as
oxime-acetyl reaction, which is typically performed at 37 °C,
pH 4.5 for 16−48 h.15

Exploring Site-Specific ADCs with DAR of 4.
Furthermore, we generated a site-specific ADC with MMAF
conjugation at both LC-S7 and HC-S136. Using the reduced

Figure 3. Hydrophobicity of site-specific ADCs is influenced by drug.
The representative RP-HPLC chromatograms were acquired on LC-
S7 (a) and HC-F404 (b) conjugated with MMAF (blue), MMAE
(red), and maytansinoid (green), respectively. Compared to
unconjugated species (black dashed line), the hydrophobicity of the
conjugated LC or HC is significantly increased, the extent of which
depends on the hydrophobicity of the drug per se.

Figure 4. Drug-to-antibody ratio for complete conjugation. Using the
reduced RP-HPLC method as a monitoring tool, (a) a range of drug−
antibody molar ratios from 1:4 to 10:1 were used for MMAF
conjugation on HC-F404. The conjugations were performed at room
temperature overnight. Complete conjugation was observed at drug−
antibody ratio of 6:1.

Figure 5. Conjugation kinetics of HC-F404-MMAF. At minimal
drug−antibody ratio (6:1) required for complete conjugation,
conjugation is complete within 2 h at room temperature. Conjugation
beyond 2 h showed no changes in the RP-HPLC chromatography.
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RP-HPLC method, LC-S7-MMAF yields DAR of 1.81 and HC-
S136-MMAF DAR of 1.85, resulting in an additive DAR of 3.66
for the dual conjugated site-specific ADC (Figure 6). LC-MS

analysis determined the DAR to be 3.52. As the drug load is
doubled, this DAR4 site-specific ADC rendered an approx-
imately half of EC50 value as its DAR2 controls (LC-S7-MMAF
and HC-S136-MMAF) in the cell killing assay (Sutro
proprietary data). Assuming the DAR4 site-specific ADC
shares similar stability to its corresponding DAR2 ADCs, it
would presumably widen the therapeutic window.54

Intact RP-HPLC. Previously, most published RP-HPLC
methods were developed for ADCs with heterogeneous
conjugation; it is critical to reduce the sample to separate
HCs and LCs in order to overcome the relatively low resolution
of RP-HPLC.45,47,48 In the circumstance of site-specific ADCs,
the sample composition is significantly simplified, making intact
DAR characterization by RP-HPLC possible. However, no
report has been published on this topic at the time of this
writing. As such, we investigated if the developed RP-HPLC
method is also competent to analyze intact ADCs. Using HC-
F404-MMAF as an example, we observed three peaks with
baseline resolution in the intact RP chromatogram, correspond-
ing to unconjugated antibody (DAR0), antibody conjugated on
one site (DAR1), and antibody conjugated on both sites
(DAR2) (Figure 7). The identities of these species were
confirmed using partially conjugated HC-F404-MMAF and by
LC-MS (data not shown). To our knowledge, this is the first
successful application of RP-HPLC in characterization of DAR

as well as drug distribution on the intact ADCs. In most cases,
the intact RP-HPLC method reported slightly lower, but still
comparable DAR values than the reduced RP-HPLC method
(Table 1). Interestingly, these site-specific ADCs also clearly
manifest varied hydrophobicity in the intact chromatograms,
though no trend can be identified (Figure S3). It is noteworthy
that a variety of RP columns have been inspected during intact
DAR RP-HPLC method development, including commonly
used Varian PLRP-S, C4, C8, and C18 columns (data not
shown). The selected Proteomix column gave the best
performance in the separation of DAR0, DAR1, and DAR2
species in site-specific ADCs. This intact RP-HPLC method is
also quality control (QC) friendly and can serve as a release
assay, as minimal sample preparation is needed leading to a
robust analysis.

Cell Killing and in Vitro Plasma Stability of Xpress CF+
Produced Site-Specific ADCs. The 6 Xpress CF+ produced
site-specific ADCs were conjugated to MMAF, MMAE, or
maytansinoid and subjected to cell killing analyses using the
HER2 positive breast cancer cell line SKBR3. All of them
showed similar potency regardless of the conjugated drugs
(Figure 8). The stability of the site-specific ADCs was assessed
from the perspective of DAR and total protein. HC-F404-
MMAF was incubated in PBS, human plasma, cynomolgus
monkey plasma, mouse plasma, and rat plasma for up to 7 days,
and then analyzed by RP-HPLC for DAR values and ELISA for
total antibody concentration. Neither drug loss through
deconjugation (Figure 9) nor antibody loss through protein
degradation (Figure S4) was observed.

■ DISCUSSION
Using Xpress CF+, an E. coli based cell free expression system,
we produced six trastuzumab variants with pAMF site-
specifically incorporated in VL, CH1, and CH3 domains,
respectively. These pAMF containing antibodies enabled
efficient conjugation of MMAF, MMAE, and maytansinoid
via DBCO-PEG(4) linker. A RP-HPLC assay was developed for
DAR characterization, which is versatile for both reduced and
intact site-specific ADCs. These Xpress CF+ produced site-
specific ADCs possess high DAR values, potent cell killing, and
in vitro plasma stability. In addition, we generated a DAR 4 site-
specific ADC with MMAF conjugation at both LC and HC,
which further improved the cell killing activity.

The Effect of Drug Absorption on Chromatography-
Based DAR Determination. All three payloads used in this
work have little contribution to absorption at the monitoring
wavelength (280 nm), making it feasible to use peak area (or
peak height) for DAR determination without any correction for
absorbance contributions from the drugs. However, when a
payload has a strong absorption at the monitoring wavelength,
its impact on relative absorption coefficients of the different
DAR species should be considered.

Selection of DAR Characterization Method. The
selection of appropriate method(s) for DAR characterization
depends on the properties of the ADCs. As the most widely
used method for DAR determination, LC-MS is not limited by
either the complexity or the linker-drug chemistry of the ADCs,
given that the differentiation is based on mass.36,37 However,
the data analysis is generally more complicated and time-
consuming. HIC and RP have been applied to ADCs with
nonsite-specific conjugation of MMAE on interchain cys-
teines,36,45,46 though their use on other heterogeneous ADCs
have not been reported yet. Additionally, HIC is the only

Figure 6. Xpress CF+ produced a site-specific ADC with MMAF
conjugation on both LC and HC. Using the reduced RP-HPLC
method, MMAF conjugation on LC exhibited DAR of 1.81, and
MMAF conjugation on HC DAR of 1.85, respectively. Therefore, the
additive DAR of the resultant site-specific ADC is 3.66.

Figure 7. Intact DAR characterization by RP-HPLC. RP-HPLC
chromatograms revealed baseline resolution of DAR0, DAR1, and
DAR2 species for unconjugated (black), partially conjugated (red) and
fully conjugated (blue) HC-F404-MMAF.
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method capable of isolating different species in native
conformation for further investigation.46 RP is compatible
with LC-MS to enable high-resolution separation prior to MS
analysis.37 However, as both HIC and RP rely on hydro-
phobicity difference among species with various levels of
conjugation, they may not be suitable for monitoring certain
drug conjugations, for instance gemcitabine, the conjugation of
which does not introduce a detectable hydrophobicity change
(data not shown). Other less commonly used methods may be
only applicable in certain circumstances. icIEF based DAR
characterization requires that the drug conjugation has impact
on the pI of the ADCs.49 UV/vis spectroscopic analysis relies
on the distinguishable difference of Amax values of UV/vis
spectra between the drug and the antibody.50 Furthermore,
prior to DAR analysis by UV/vis, the excess free drug-linker is
required to be removed completely. The applications of all
aforementioned methods, which were previously developed for
heterogeneous ADCs, can be extrapolated to site-specific
ADCs. Apparently, the merits and limitations of these methods
are still present in DAR characterization of site-specific ADCs,
but the decreasing heterogeneity of site-specific ADCs may
loosen the limitation to some extent. For example, contrary to
popular practice of applying RP to reduced ADCs to achieve
higher resolution, we have demonstrated that RP is also capable
of separation of intact site-specific ADCs with 0, 1, and 2 drugs
conjugated.

Xpress CF+ ADC Technology Scalability. It is note-
worthy that Xpress CF+ system possesses an almost linear
scalability, from small scale in 96-well plate (∼100 uL), to
medium scale in Petri dish, wave bag, or stirred tank reactor
(0.5−4 L), to manufacturing scale fermenters.26,27 Recently, we
have successfully performed a 85 L production of pAMF
containing mAb1 using Xpress CF+, where the resultant end
product had a DAR of over 1.9 after well-established
purification and conjugation processes (Sutro proprietary data).

Control of Free Drug. As providing drug in excess is a
necessity in order to achieve near complete conjugation, it is
critical to remove the remaining unconjugated drug, the
presence of which would complicate the efficacy and safety
profiles of the ADC product. A common practice is to
implement additional purification steps after conjugation to
remove the free drugs such as gel filtration at laboratory scale or
tangential flow filtration (TFF) at manufacturing scale.
Meanwhile, appropriate analytical method(s) need to be in
place to identify, characterize, and control any residual free drug
that is not completely removed by the purification effort.55−58

Due to its outstanding sensitivity and precision, RP-HPLC
assays are a commonly used platform for free drug assay
development.36 For example, quantification of free drug can be
achieved on a HISEP column with direct injection of ADCs
containing free drug.59

Figure 8. Cell killing of Xpress CF+ produced site-specific ADCs. MMAF, MMAE, and maytansinoid conjugated ADCs showed potent cell killing
on SKBR3 cells after 5-day treatment.

Figure 9. In vitro plasma stability of HC-F404-MMAF. DAR values remained almost unchanged after 7 day incubation in PBS (blue), human plasma
(red), cynomolgus plasma (green), mouse (purple), and rat plasma (orange), indicating that the linker-drug on ADC is stable in plasma.
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