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ABSTRACT
Antibody-drug conjugates (ADCs) are of great interest as targeted cancer therapeutics. Preparation of
ADCs for early stage screening is constrained by purification and biochemical analysis techniques that
necessitate burdensome quantities of antibody. Here we describe a method, developed for the
maytansinoid class of ADCs, enabling parallel conjugation of antibodies in 96-well format. The method
utilizes »100 mg of antibody per well and requires <5 mg of ADC for characterization. We demonstrate
the capabilities of this system using model antibodies. We also provide multiple examples applying this
method to early-stage screening of maytansinoid ADCs. The method can greatly increase the throughput
with which candidate ADCs can be screened in cell-based assays, and may be more generally applicable
to high-throughput preparation and screening of different types of protein conjugates.
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Introduction
Monoclonal antibodies targeting antigens found on tumor
cells have elicited much interest as cancer therapeutics, but
have historically shown moderate single-agent activity. Anti-
body-drug conjugates (ADCs) are hybrid biotherapeutics
that combine the specificity of monoclonal antibodies with
potently cytotoxic small molecules.1,2 Approved ADCs have
shown significant single agent activity in the clinic against
several cancers, as well as favorable safety profiles in com-
parison with traditional chemotherapy.3-5 Properly designed,
ADCs retain the binding activity of the parent antibody –
and thus any inherent anti-tumor activity – and add to it
the cell-killing activity of the conjugated small molecules.
The chemical linkage between antibody and small molecule
is intended to remain intact while the ADC is circulating,
with release only after receptor-mediated endocytosis and
catabolism of the antibody.

A widely used and clinically proven ADC format utilizes
thiol-functionalized maytansinoids as the effector mole-
cules.4,6,7 Maytansinoids DM1 and DM4 (Fig. 1A) embody the
desired attributes of ADC effectors: high cytotoxic potency, fac-
ile conjugation to antibody, and favorable biophysical proper-
ties of antibody conjugates incorporating them. They are linked

to antibodies via heterobifunctional crosslinkers that form thio-
ether or disulfide linkages to the maytansinoid and amide link-
ages to solvent-exposed lysine residues on the antibody.8

(Fig. 1A)
Contemporary discovery of ADCs proceeds from identifica-

tion of a molecular target to the generation of a panel of anti-
bodies against it by suitable in vivo or in vitro methods.9 Such
antibodies must then be screened for activity in the appropriate
ADC format. Key attributes for the antibody portion of an
ADC are less well-understood than for the effector, but they
include specificity for target, high expression yield, and com-
patibility with the conjugation chemistry and effector molecule
of choice. In addition, the final ADC must maintain favorable
physicochemical properties (e.g., high affinity, low aggregate
formation). Similarly, our understanding of the desired proper-
ties of ADCs is presently limited – in part due to the multiple
internalization and processing steps involved in releasing the
final cell-killing agent. As an example, specific high-affinity
binding to target is necessary, but, even among multiple such
clones, there may be significant differences in ADC activity
both in vitro and in vivo.10 While the molecular bases for these
differences remain poorly understood, it is reasonable to expect
that differences in the precise binding mode (e.g., epitope,
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crosslinking) may lead to differences in biological fate (e.g.,
internalization into various compartments of the endocytic
pathway). This has led to interest in combinations of unconju-
gated antibodies binding distinct epitopes of the same
target,11-13 as well as identification of antibodies with improved
internalization, either by screening14 or selection.15

Current antibody selection and purification techniques can
provide large numbers of high affinity antibodies directed
against a given target.16 Rapid selection of a lead ADC from
among these candidates can be challenging because antibodies
are time-consuming to produce and most existing conjugation
techniques are low-throughput and material-intensive.

The two primary constraints driving conjugation through-
put and antibody reagent consumption during ADC prepara-
tion are purification and characterization. For purification,
many laboratories routinely use small gel filtration columns for
early research scale conjugation of antibodies. While conve-
nient, these columns suffer from fixed input volumes (typically
»0.4 mL, corresponding to »1 mg or more of antibody), as
well as high cost and very low throughput (maximum »20 in
parallel, with the help of custom racks17). For characterization,
ADCs are subject to a number of analyses (e.g., UV-vis, SEC,
LC-MS) that require relatively large quantities of material – as
much as 0.25 mg of ADC. Finally, replicate reactions are often
carried out (for example, to titrate to a desired drug:antibody
ratio (DAR)), which increases material requirements well above
the 3 mg range. By contrast, the material needed to actually
assay for cytotoxicity is typically well below 20 mg of ADC.

Use of isotype-specific secondary ADCs to “piggyback” the
effector payload on an unmodified candidate immunoglobulin
(for example, see ref 18) has served as a common shortcut.
However, these secondary assays suffer inherent problems due
to the dissociation of primary and secondary antibodies at low
concentrations and the unknown effects of the secondary

reagent on antibody internalization. They also provide no
information on the properties of the eventual lead ADC, since
no ADC is prepared.

To address this challenge, we describe here a platform for
parallel preparation, purification and characterization of
maytansinoid ADCs at the »100 mg scale in individual wells
of a 96-well plate. The conjugates prepared can be assayed
for various physicochemical properties, and then evaluated
in cytotoxicity assays to rank antibody performance and to
triage unstable or inactive candidate antibodies from the lead
selection pool. Thus, this method both increases the
throughput of evaluable antibodies and reduces the amount
of reagent needed.

We established a single chromatographic assay to deter-
mine the essential physicochemical properties of each
ADC (concentration, % monomer, DAR) using »5 ug of
conjugate in <10 minutes. Our method allows antibody
conjugation to be carried out at low concentrations (0.5-
2 mg/mL) and small total quantities (50-200 mg). This
enables screening of antibodies as direct conjugates fol-
lowing production at the »1 mg scale, increasing the
breadth with which antibody space can be sampled for
effective ADCs.

Using model antibodies, we show that this platform can
generate well-characterized, specific, and potent maytansi-
noid ADCs. We also studied the effects of DAR on cytotoxic
potency and show that, with properly designed cell assays,
the DAR-potency relationship is linear over a wide range,
reducing the need for DAR normalization (i.e., generating
ADCs with a narrow final DAR range) to rank ADCs by
potency. For cases where DAR normalization is desired, we
also show that low pH conjugation can normalize the DAR,
albeit with reduced ADC yields. These and other observa-
tions are presented in the context of case studies

Figure 1. (A) Chemical structure of antibody-SMCC-DM1 and antibody-SPDB-DM4 conjugates. (B) Scheme of antibody conjugation described in this work.
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demonstrating the use of the platform for screening maytan-
sinoid ADCs.

Results

Analytical methods

In order to rapidly characterize large numbers of maytansi-
noid ADCs, we established a size exclusion LC method using
a narrow-bore, high-pressure UHPLC column (SE-UPLC).
Chromatograms generated by SE-UPLC directly measure the
level of soluble aggregate (or % monomer), as well as the
DAR (by integration of the conjugate peak in the 252 and
280 nm channels).8,19 We found good correlation between %
monomer and DAR as measured by SE-UPLC and standard
ADC SE-HPLC methods (Fig. S1A, B; Table S1). Impor-
tantly, the SE-UPLC method can provide good data with as
little as 3 mg of ADC and a run time of as little as 8 minutes,
while the SE-HPLC methods require a minimum of »30 mg
of material and a run time of 30 minutes. Furthermore, we
found that the ADC concentration could be measured from
the peak area in the 214 nm SE-UPLC chromatogram by fit-
ting to a standard curve. Again, ADC concentration as well
as DAR measured by SE-UPLC showed good correlation
with measurements of identical samples made by UV-Vis
spectrometry (Fig. S1C, Table S2).

Conjugation setup

An overview of the antibody conjugation platform is shown
in Fig. 1B. Separate 200 mL conjugation reactions are set up
in each well of a commercially available 96-well plate with
a 30 kilodalton molecular weight cutoff filter at the bottom.
Buffer and antibody are added to each well, followed by an
in situ generated maytansinoid-linker-NHS ester (Fig. 1B),
which reacts with primary amines of the antibody to give
the final antibody-linker-maytansinoid conjugate. After the
reaction is complete, unreacted small molecules are washed
away by iterative rounds of centrifugation and buffer addi-
tion. The conjugated antibody product remains in the well
throughout the ultrafiltration steps and is exchanged into
the desired storage buffer. In preliminary experiments, the
number of centrifuge/wash cycles was optimized by moni-
toring the average decrease in residual maytansinoid per
wash cycle using an HPLC-based assay (Fig. S2) (see also
the Cytotoxicity section below).

As an initial validation of the platform, we conjugated 3
well-characterized human IgG1 antibodies with 2 linker-pay-
load formats (SMCC-DM1 and SPDB-DM4) at pH 8 in tripli-
cate. The resulting ADCs were produced in good yields
(60–80% for SMCC-DM1 and »50% for SPDB-DM4) and with
>97% monomer (Fig. 2). The conjugations were also robust, in
most cases showing little variation between replicates conju-
gated with the same quantity of in situ SMCC-DM1 or SPDB-
DM4.

Titration curves relating antibody:SMCC-DM1 equivalency
of the reaction to the DAR of the final ADC product were gen-
erated for each antibody conjugated (Fig. 3). These curves were
also generated at 4 different antibody concentrations as part of

the same simultaneous experiment. As expected, the curves
were largely linear except at very high SMCC-DM1:antibody
ratios (�40 mole:mole). In every case, conjugates with DAR
3.0-4.0 could be generated for every antibody concentration
tested.

Low pH conjugation
Standard antibody-maytansinoid conjugation protocols use
pH 7–8 for lysine/NHS chemistry.20 This provides for rapid

Figure 2. Initial qualification of conjugation using the microscale conjugation plat-
form. Each of 3 antibodies was conjugated at microscale (3 replicates each, 100 mg
per replicate) with SMCC-DM1 and SPDB-DM4 at pH 8, and with SMCC-DM1 at pH
6. (A) Yield as determined by volume measurement and concentration from SE-
UPLC. (B) % Monomer and (C) DAR, each determined by SE-UPLC. Each bar is an
averageC SD of 3 replicates.
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reaction of the NHS ester, although hydrolysis of the NHS
ester also competes with protein modification. This also
leads to relatively steep, linear curves for drug incorpo-
ration. For the current platform, we sought conjugation
conditions that would reduce the sensitivity of the reaction
conditions to the antibody:NHS ratio, leading to similar
final DARs in multiple reactions with varying antibody con-
centration. This would be especially useful for large num-
bers of target antibodies, or batches of antibodies that are
not normalized to the same input concentration. We
observed that conjugation of standard antibodies at pH 6
with a large excess of in situ SMCC-DM1 resulted in a flat-
tened DAR titration curve at different input antibody stock
concentrations compared with conjugation at pH 8
(Fig. 4A). The exact mechanism for this is not immediately
obvious, and is likely to be a complex combination of both
the slower reaction rate between antibody lysines and NHS
ester, and the decreased hydrolysis rate of the NHS ester.
Antibody conjugations at pH 6 had not reached completion
at »24 hrs, so reaction times were extended to this duration
for conjugation under these conditions (Fig. 4B).

Cytotoxicity
Antibody A2 recognizes the myeloid cell surface marker CD33,
a widely used target for ADC therapy. Several test conjugates of
Antibody A2 with SMCC-DM1 were produced at both pH 8
and pH 6 and purified in the 96-well format described. These
conjugates were active in a cell-killing assay (IC50 »100-300
pM) against the CD33-positive MOLM-13 leukemia cell line
(Fig. 5A), and the activity was similar to a conjugate produced
at larger scale using conventional methods. The lack of non-
specific cytotoxicity (as judged by cell killing in the presence of
an excess of unconjugated antibody) also suggests that free
maytansinoid species are effectively removed by the iterative
ultrafiltration purification strategy. In order to examine this
final point more closely, conjugates were prepared and purified
to different extents (by removing from the plate after 3, 6, 9
and 12 washes). These partially purified conjugates were then
assayed for activity on the CD33-negative JeKo-1 lymphoma
cell line to measure the amount of non-specific cytotoxicity
(Fig. 5B). After only 3 washes, some non-specific potency was
observed; however, additional washes beyond 6 did not
decrease non-specific cell killing.

Finally, to investigate the relationship between DAR and
cytotoxic potency, we used microscale conjugation to generate
a set of 5 SMCC-DM1 conjugates of ML66, an anti-EGFR anti-
body that lacks intrinsic pro-apoptotic activity, with DAR span-
ning 1.5 to 6.9. When assayed on a high-expressing EGFRC cell
line (MDA-MB-483), the cytotoxic potency of these ADCs

Figure 3. Example titrations of different human IgG1s with SMCC-DM1 using anti-
body stocks of different concentrations. Each point is the average of 2 replicate
purified conjugation reactions. Each reaction contained 100 mL of antibody stock
at the indicated concentration in a 200 mL reaction volume. Antibodies: (A) mAb
A2; (B) mAb A3; (C) mAb A4.

Figure 4. (A) Dependence of DAR on antibody concentration at pH 8 and pH 6. At
pH 8, as antibody concentration increases, the DAR steeply decreases. At pH 6, the
DAR is insensitive to antibody concentration changes. For pH 8, the concentration
of SMCC-DM1 is 38 mM for all points; for pH 6, the concentration of SMCC-DM1 is
150 mM for all points. Each point is the average of 2 microscale reactions. (B) Reac-
tion progress at pH 6 was measured by setting up a reaction in an autosampler
vial and measuring the DAR of the crude reaction product by SE-UPLC at the
indicated times.
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showed a clear increase with increasing DAR (Fig. 5C), with the
fitted IC50 values spanning about a 4-fold range (Fig. S3).
Indeed, when cell killing is plotted as a function of the DM1
concentration (rather than the antibody concentration), the
curves largely overlap (Fig. 5D).

Antibody lead triage

Proof-of-concept

As proof-of-concept, the microscale antibody-maytansinoid
conjugation platform was used to examine a panel of 19 anti-
Antigen B human IgG1 antibodies that were prescreened for
favorable biophysical properties and produced at the 15-80 mg
scale. The entire panel of 19 antibodies was conjugated with
SPDB-DM4 at pH 8 using duplicate reactions each with
100 mL of antibody stock (100 mL corresponded to »150 mg).
All 19 antibodies gave sufficient quantity of ADC for cytotoxic-
ity assay, with the average DAR 3.1 § 0.5 (see Table S3 for full
conjugation results).

To compare ADCs produced at microscale with material
from larger scale, a subset of 10 of the Antigen B targeting anti-
bodies was conjugated with SPDB-DM4 using conventional
research scale techniques (3-8 mg of input Ab). Simultaneous
6-day continuous exposure cytotoxicity assays were run com-
paring the potency of the microscale and research scale ADCs,
using both antigen-positive and antigen-negative cell lines.
Comparison of the targeted IC50s showed good agreement and
Bland-Altman analysis21,22 measured the average bias between
methods as 2.6-fold, within the practical range for cell-based
screening assays (Fig. 6A, Fig. S4). Importantly, comparison of
ranking of ADCs using these methods illustrates that research
scale and microscale conjugates identify essentially the same set
of lead ADCs (Fig. 6B).

Use test with human antibodies
As a use test, 85 antibodies against Antigen C, which were
not prescreened for any biophysical or biological proper-
ties, were expressed on the 1-2 mg scale. The entire library

Figure 5. Cytotoxic potency of maytansinoid ADCs produced by microscale meth-
ods. (A) Microscale anti-CD33 conjugates produced at both pH 8 and pH 6 were
compared with conjugate produced using standard methods were assayed for
cytotoxic potency against MOLM-13 cells, both alone (solid curves) and in the pres-
ence of saturating unconjugated antibody (1 mM) to block specific uptake (dashed
curves). (B) Cytotoxicity assay of identical mAb A2-SMCC-DM1 ADCs which were
purified by the indicated number of wash steps. The cell line used (JeKo-1) does
not express the antigen recognized by mAb 2, hence the cytotoxicity observed is
due only to nonspecific uptake or cytotoxic impurities. Each wash consisted of the
addition of fresh buffer and ultrafiltration. (C) mAb A6-SMCC-DM1 conjugates
were generated with a range of DAR using microscale conjugation at pH 8. These
conjugates were then assayed for cytotoxic potency on a high antigen (EGFR) den-
sity cell line (MDA-MB-483). The kill curves are plotted with antibody concentration
as the X-axis. (D) The same data as in part C, but plotted with DM1 concentration
as the X-axis. Figure 5. Continued.
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was conjugated with SMCC-DM1 using microscale
conjugation.

As a broad test of the effects of conjugation at pH 6, the
entire panel of 85 antibodies was conjugated with SMCC-
DM1 at pH 6 with duplicate 100 mL reactions (antibody
stocks ranged in concentration from 0.37-1.26 mg/mL).
Analysis of the reaction products showed 24 conjugates
were produced with >20 mg and monomer >90%. Of the
61 antibodies that did not meet these criteria, most (56/61)
conjugated with inadequate yield. These 61 antibodies were
re-conjugated at pH 8 using constant volumes of antibody
stock (100 mL per reaction) and SMCC-DM1 (final concen-
tration D 38 mM). This round of conjugation yielded 25
additional ADCs at >20 mg and DAR 2-6. Finally, the
remaining ADC products from the first 2 rounds of conju-
gation were pooled and re-analyzed by SE-UPLC, giving an
additional 15 ADCs meeting the yield, DAR and monomer
criteria, for a combined success rate of 75% (64 out of 85
antibodies) (Table 1 and Tables S4A-C). The average DAR
for the entire set was 3.4 § 1.1.

These 64 ADCs targeting Antigen C were assayed using a 5-
day continuous exposure cytotoxicity assay in 384-well format.

The cell line used was a high antigen density cell line against
which unconjugated antibodies targeting Antigen C show no
cytotoxic activity. As expected, the IC50 values spanned a broad
range from »50 pM to »10 nM (based on DM1 concentration,
(Fig. 7)). The lower value of 50 pM is similar to the IC50 for
unconjugated cell-permeable maytansinoid species, and is
therefore the expected maximal maytansinoid ADC potency
for this cell line.

Use test with murine antibodies
As an additional use test, the microscale conjugation method
was used to test 17 murine antibodies (IgG1 and IgG2a iso-
types) against Antigen D. These hybridoma-derived antibodies
were not prescreened in any other fashion. In our experience,
compared with human antibodies, murine antibodies exhibit
lower yields and higher propensity to aggregate when conju-
gated with maytansinoids (unpublished results). This may be
due in part to differences in isoelectric point or thermal stabil-
ity. Initial attempts to conjugate murine antibodies at micro-
scale with SMCC-DM1 at pH 6 were not encouraging due to
low yields. Conjugation at pH 8 showed better yields, but lower
success rates compared with human antibodies. Interestingly,
the yields from successful murine conjugations were not drasti-
cally lower than for human antibodies, suggesting that the
mechanism for higher failure rates might be related to some
stochastic aggregation event during purification. Test antibody
conjugations suggested a success rate of 1 in 5 reactions might
be expected. Therefore, we attempted conjugation of these 17
antibodies at pH 8 using up to 6 replicate conjugations/anti-
body (97 total reactions). Gratifyingly, we were able to produce
15 out of 17 conjugates (88% success rate) with DAR between

Table 1 Summary of conjugation reactions for 85 antibodies against Antigen C.

Input antibodies Conjugates� Success rate

First round (pH 6) 85 24 28%
Second round(pH 8) 61 25 41%
Two rounds pooled 36 15
TOTAL 85 64 75%

54-252 ug of antibody used per round.
� Success defined as DAR 2-6, monomer > 90%.

Figure 7. Cytotoxic potency of 64 anti-Antigen C antibodies as SMCC-DM1
conjugates.

Figure 6. Agreement between IC50 values determined for research and microscale
SPDB-DM4 ADCs targeting Antigen B. For each antibody, conjugates made by both
methods were simultaneously assayed for cytotoxicity on cells expressing Antigen
B. (A) Agreement between research and microscale ADCs depicted in a Bland-Alt-
man plot comparing IC50 values in log space. The mean of the differences between
assays D 0.41, so the bias is 100.41, corresponding to a 2.6-fold mean difference
between microscale and research scale, with microscale appearing more potent.
The standard deviation of the differences between assays D 0.38, so the 95% con-
fidence interval of a pair of microscale and research scale IC50s D 100.76 D 5.6-fold
above and below the mean. (B) ADCs targeting Antigen B were ranked based on
cytotoxic IC50 using research scale and microscale conjugates, and the rank order
is compared.
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3.0-4.0 (Fig. 8A and Table S5). Furthermore, the success rate
was higher than expected, with most antibodies (65%) showing
a success rate of 1 in 3 or higher. Analysis of these conjugates
for binding and cytotoxicity showed that none lost the ability
to bind antigen upon conjugation (Fig. S5) and that a range of
cytotoxic IC50 values were again observed (Fig. 8B). As
expected, no direct correlation between cytotoxicity and either
Kd or antibodies bound per cell was observed for this set of
antibodies, further highlighting the need for functional screens
as part of ADC discovery campaigns.

Discussion

Maytansinoid ADCs have shown intriguing efficacy and safety
in the clinic,4,23 leading to increased interest in applying this
technology across a range of tumor antigens to produce novel
cancer therapeutics. It is not readily obvious which antibodies
will make potent ADCs, so improved techniques for conjugat-
ing antibodies are valuable for accelerating early lead screening.
We therefore set out to develop a platform for direct antibody-
maytansinoid conjugation with convenient reaction, purifica-
tion, and analysis using a 96-well format.

We aimed to generate quantities of ADC sufficient for bio-
chemical characterization and for multiple rounds of cell
assays. After optimization of our SE-UPLC analysis method
(requiring »5 mg of ADC) and factoring in material needed for
cytotoxicity analysis (2-5 mg per cell line), the minimum goal
was set at the production of 20 mg of ADC per reaction. Based
on this, the working scale for conjugation was set at 50-150 mg

of antibody per reaction. In order to accommodate these quan-
tities and volumes of reagents, as well as the more dilute anti-
body stocks typically obtained from early stage expression and
purification, we re-evaluated our conjugation strategy and
established conjugation reaction conditions needed to give
ADCs within a desired DAR range.

We experimented with various ADC purification strategies
to find a method that could be readily implemented in a 96-
well format. In our hands, high-throughput gel filtration chro-
matography did not adequately remove small molecule may-
tansinoid impurities. This criterion is critical, as such
contaminants can be potently cytotoxic, and thus result in false
positives when the resulting ADCs are screened in cell assays.
By comparison, centrifugal ultrafiltration showed more vari-
ability in yields, but stringently removed small molecule impu-
rities. We were able to optimize purification by ultrafiltration
to give minimal non-specific cytotoxicity (Fig. 5B). In addition,
our ADC panels are routinely assayed for cytotoxicity against
antigen-negative cells sensitive to the maytansinoid payload as
an additional control.

We have alluded to the importance of DAR as an ADC qual-
ity attribute and, in particular, for interpreting the potency
ranking of candidate ADCs. For antibodies that lack intrinsic
cytotoxic activity, we expect that cytotoxic potency will scale
linearly with DAR because the amount of maytansinoid deliv-
ered will be equivalent to the number of internalization events
factored by the DAR. Indeed, we find that this is the case for
target antigens that lack intrinsic cytotoxic activity and cell
lines with moderate to high antigen density (Fig. 5C).

Figure 8. Conjugation and screening of murine antibodies targeting Antigen D. (A) Summary of 97 reactions to conjugate murine antibodies with SMCC-DM1 showing
success/failure rates for conjugation of each antibody. (B) Cytotoxic potency of 14 anti-Antigen D antibodies as SMCC-DM1 conjugates.
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When implementing a new method that replaces an existing
one, a key question is whether the new method generates com-
parable data, leading to similar decisions. Our comparison
between cytotoxic IC50 values of microscale and research scale
ADCs targeting Antigen B (Fig. 6A) demonstrates the utility of
this method for ranking candidate ADCs at the research stage.
The forced rank comparison (Fig. 6B) further emphasizes that
the same lead antibody pool is identified by both screens. Anal-
ysis of this limited data set (Fig. 6A, Fig. S4) does reveal a small
bias (2.6-fold) toward higher potency in the microscale conju-
gates. Sources for this effect are unclear, but could include dif-
ferences in purification, handling, or concentration
measurements. Accounting for the observed bias, the data fall
within a 95% confidence interval of 5.6-fold above and below
the mean. This degree of variation would not lead to very dif-
ferent decisions on the ADCs to pursue, particularly at the early
research stage, as demonstrated by the comparison of rank
ordering by each method. Future efforts to refine the biochemi-
cal methods, as well as analyze larger data sets, may better char-
acterize the differences between methods (both in statistical
magnitude and in biochemical mechanism). Having demon-
strated the practical utility of microscale conjugation, we pro-
pose that it can adequately substitute for research scale
conjugation using the linker and effector combinations tested
thus far.

Using the 85 antibody library against Antigen C, we tested
the use of microscale conjugation to screen ADCs from non-
prescreened antibody libraries. Although our initial titration
screens indicated slightly lower but comparable yields at pH
6 vs pH 8 for test antibodies (Fig. 2), conjugation of this early
stage library at pH 6 gave a lower success rate than at pH 8. It
is unclear why this pH dependence is observed, but we suspect
that antibody aggregation plays a role in the total yields
observed for microscale conjugation, and the lower pH condi-
tion, combined with the presence of organic solvents and other
reaction components, may subject antibodies to greater stress
than pH 8. Given the variable tendencies of antibodies to aggre-
gate,24 it is difficult to predict how general this effect would be.
Ultimately, for the na€ıve library against Antigen C we achieved
a conjugation success rate of 76%, enabling screening of a large
number of unique ADCs against this target using <600 mg of
each antibody as input.

Despite the need to carry out downstream humanization,
murine antibodies continue to be a convenient tool for early
stage antibody and ADC development. Therefore, we applied
our current microscale platform to a panel of murine antibod-
ies to test its performance. Again, we observe a wide range of
cytotoxic potencies in the resulting panel of ADCs, and notably
no loss of antigen binding following lysine conjugation. We
suspect that conjugation of murine antibodies will generally
require slightly higher input quantities of antibody compared
with fully human antibodies. However, our example screen
enabled 88% success rate for ADC screening using input of
only 500-600 mg of murine antibody. The ease with which this
new capability was added underscores the adaptability of the
microscale conjugation method to quickly provide libraries of
ADCs using small quantities of input antibody.

Our continued screening efforts using human IgG1 antibod-
ies have focused on pH 8 conjugation with 2–4 replicate

reactions per antibody (i.e., 200-400 mg of antibody) to gener-
ate 10-25 member panels of ADCs. In practice, the choice of
experimental design (i.e., replicate numbers, reaction pH, scale)
for a particular antibody panel and target is determined by
multiple considerations, including the type of antibodies (e.g.,
murine vs. human), total size of the input antibody library, the
quantity available of each library member, and the range of
DAR tolerated in the final ADC panel. As noted above, murine
antibodies require a greater number of replicates and thus
more input material, but microscale conjugation still offers sig-
nificant advantage over research scale techniques in terms of
material use and throughput. The DAR range required largely
depends on reagent availability and biology of the target anti-
gen. If, as in the 3 cases presented, the cell line(s) used for
screening are high in antigen density and do not demonstrate
antibody activity, then a narrow DAR range may not be neces-
sary due to the approximately linear relationship between DAR
and cytotoxic IC50 (Fig. 5D). In cases where there is significant
antibody activity, or a broader range of input antibody concen-
trations, then the DAR can be normalized either using low pH
conjugation or by setting up multiple pH 8 reactions per clone
(effectively titrating as shown in Fig. 3). As illustrated by the
examples here, we have observed success rates of 70-100% for
conjugation of antibody panels using less than 1 mg of input
antibody (as low as »200 mg in some cases). We estimate an
70-90% success rate for research scale (5 mg input) conjugation
of na€ıve hybridoma-derived antibody libraries, suggesting that
the microscale ADC conjugation platform offers similar overall
conjugation success rate with dramatically higher throughput
and lower reagent demands. For example, the conjugation cam-
paign carried out for Antigen C, consisting of 146 antibody
reactions and 182 ADCs analyzed, was completed by one indi-
vidual over the course of 12 normal working days.

Through the course of multiple screenings, we have
observed a general agreement between yield and conjugate
quality for micro- and research scale conjugations: some anti-
bodies conjugated well at both scales, while the few available
antibodies that conjugated poorly at research scale also conju-
gated poorly at microscale (data not shown). Future studies will
more rigorously examine the ability of microscale conjugation
to predict the compatibility of antibodies with conjugation
reactions. Additional data on the effects of antibody prescreen-
ing on conjugation outcomes may also enable novel screening
workflows that augment (or even replace) prescreening with
microscale conjugation to enrich antibody libraries in members
suitable for therapeutic development as ADCs.

Our methods constitute a substantial advance in screening
and characterization of ADCs, as few descriptions of protein
conjugation at this scale and throughput have appeared in the
literature. Notably, Lyon et al. described a highly parallel ADC
screening technique in a patent application, using conjugation
of antibodies through reduced interchain disulfides with a mix-
ture of maleimido-caproyl-monomethyl auristatin F
(mcMMAF), Alexa 647-maleimide, and NEM as capping
reagent.25,26 This platform uses hybridoma supernatants as
inputs, so no quantitation of input antibody quantity or quality
is made. Depending on the culture volume the resulting fluo-
rescent ADC was used for a binding assay or for a 2-point cyto-
toxicity assay. By contrast, the method here is intended for use
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at a later stage of antibody screening, and so uses purified anti-
body as input and provides material sufficient for both a multi-
point cytotoxicity assay and an SEC assay to assess conjugate
aggregation.

The use of ultrafiltration for purification allows for strin-
gent removal of small molecules independent of any tags or
handles incorporated in the protein, allowing for direct
screening of putative candidate macromolecules agnostic of
their structural or sequence features. Zimmerman et al. also
recently described an elegant screening approach that could
be used to test mutant antibodies incorporating an azide
amino acid for their reactivity in a strain-promoted azide-
alkyne cycloaddition reaction, and for the cytotoxicity of
the resulting MMAF conjugate.27 In principle, this platform
provides relative uniformity in DAR due to the site-specific
conjugation chemistry employed, and appears capable of
impressive throughput. However, it is reliant on specialized
robotic equipment, and the ADCs produced are both agly-
cosylated and His6-tagged, features which may decrease the
generality of this approach.

Advances in cell handling and analysis techniques have
allowed massively parallel screening of small molecules for
a desired phenotype.28 Current techniques for antibody con-
jugation generally lack the throughput to fully leverage
these capabilities. The microscale conjugation techniques
described here begin to address this opportunity. Moreover,
the past decade has seen increased interest in protein conju-
gation, with new and intriguing chemistry being devel-
oped29,30 as well as ambitious synthetic targets being
pursued and produced.31,32 Some of these chemical
approaches have been applied to ADCs by conjugating
known small molecule effectors to IgG scaffolds,27,33,34 but
given the diversity of chemistries, protein scaffolds35,36 and
potential payloads,37 it seems likely that interest in generat-
ing and screening diverse types of conjugates (e.g., ref. 38)
for therapeutic and diagnostic applications will increase in
the coming years. Additional screening approaches could
also be enabled by microscale conjugation of different pay-
loads, such as fluorophores,39 to better characterize uptake
of different binding agents or across different targets.
Finally, we demonstrated the applicability of microscale
conjugation to ADC lead selection, but it is reasonable to
expect this may be applied to proof-of-concept studies for
new targets or antibody/targeting protein formats, screening
of conjugation reaction conditions, and, with integration of
the proper biophysical instrumentation,40 for screening of
formulation or developability41 of candidate ADCs at early
stages.

In summary, we described the development and imple-
mentation of a 96-well plate based platform for conjugat-
ing antibody libraries in parallel at greatly reduced scale,
and demonstrated its utility for screening the resulting
maytansinoid ADCs. The platform can produce small
quantities of ADC with quality matching that of larger-
scale preparation methods, while enabling much higher
throughput than conventional benchtop conjugation with
comparable time and effort. Finally, the process is rela-
tively simple to implement and requires little investment
in specialized instrumentation.

Materials and Methods

Reagents and antibodies

For the proof-of-concept studies and for screening ADCs tar-
geting Antigens B and C, all antibodies used were humanized
IgG1 (ImmunoGen, Inc.; Novartis). For Antigen D, antibodies
were murine IgG1 or IgG2a (ImmunoGen, Inc.).

Preparation of linker-drug adduct

Drug and linker were reacted prior to use in antibody conjuga-
tion. The final reaction conditions for sulfo-SMCC-DM1
adduct were 60% dimethylacetamide (DMA) (SAFC: W2750),
40% 50 mM sodium succinate pH 5.0 (Sigma: S2378), 1.5 mM
sulfo-SMCC in DMA (Pierce: 22322), 1.8 mM DM1 in DMA.
The DMA and 50 mM succinate pH 5.0 were combined first
before adding the sulfo-SMCC and DM1 (ImmunoGen42).
After 10 minutes, excess DM1 was capped by spiking 50 mM
NEM in ethanol (Sigma: E1271; Pharmco-AAPER: 111000200)
at 1% by volume.

The final reaction conditions for SPDB-DM4 conjugation
were 60% DMA (SAFC: W2750), 40% 50 mM sodium succi-
nate pH 5.0 (Sigma: S2378), 1.0 mM SPDB in DMA (Immuno-
Gen internal), 1.2 mM DM4 in DMA (ImmunoGen7). The
DMA and 50 mM sodium succinate pH 5.0 were combined first
before adding the SPDB and DM4.

Conjugation conditions

For pH 6 reactions using sulfo-SMCC-DM1, 100 mL of each
antibody (0.25–1.0 mg/mL), 50 mL 0.2 M sodium phosphate
pH 6 (BDH: 67447; Mallinckrodt Chemicals: G02672), 20 mL
PBS (Gibco: 10010), 20 mL sulfo-SMCC-DM1 adduct, and
10 mL DMA were combined in a microtiter plate with a 30 kDa
molecular weight cut-off (MWCO) membrane bottom (Pall:
5035).

For pH 8 reactions using sulfo-SMCC-DM1, 100 mL of each
antibody (0.25–1.0 mg/mL), 50 mL 0.2 M sodium phosphate
pH 8 (BDH: 67447; Mallinckrodt Chemicals: G02672), 25 mL
phosphate-buffered saline (PBS) (Gibco: 10010), 5 mL sulfo-
SMCC-DM1 adduct, and 20 mL DMA were combined in a
microtiter plate with a 30 kDa MWCO membrane bottom
(Pall: 5035 or 8035).

For reactions using SPDB-DM4, 100 mL of each antibody
(0.25–1.0 mg/mL), 50 mL 0.2 M sodium phosphate pH 8
(BDH: 67447; Mallickrodt Chemicals: G02672), 25 mL PBS
(Gibco: 10010), 5 mL SPDB-DM4 adduct, and 20 mL DMA
were combined in a microtiter plate with a 30 kDa MWCO
membrane bottom (Pall: 5035).

For reactions run under non-standard conditions, amounts
of DMA and PBS were adjusted to maintain 10% total DMA
and 200 mL total reaction volume.

After all of the reagents were combined, the plate was sealed
(Whatman: 7704-0001) and vortexed to mix. Reactions were
allowed to proceed for at least 18 hours at room temperature,
or 24 hours in the case of pH 6 reaction.
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Conjugate purification

To remove excess linker-drug from the reaction mixture at the
end of the reaction time, the plate was placed on top of a deep
well microtiter plate (Axygen Scientific: PDW20C) and spun in
a centrifuge (1500 £ g for 10 minutes) then 200 mL buffer was
added to each well. These steps were repeated 5 more times
increasing the spin time to 15 minutes.

After iterative centrifugations and buffer additions, the puri-
fied conjugates were moved to a microtiter plate with 0.2 mm
membrane bottom (Pall: 5042). A vacuum manifold (Pall:
5017) was then used to filter the conjugates into a round bot-
tom microtiter plate (Greiner Bio-One: 650261).

SEC analysis

Five microliters of each sample was injected onto an HPLC sys-
tem (Agilent 1200 UPLC) equipped with an SEC column (BEH
200 A

�
, 4.6 £ 150 mm column; Waters: 186005225) with a 0.3

or 0.35 mL/min flow rate using a 170.8 mM potassium phos-
phate (Sigma: P0662, Sigma: P3786), 212 mM potassium chlo-
ride (Sigma: P9541), 15% isopropanol (Fisher: BP26324), pH
7.0 mobile phase. Absorbances were measured at 214 nm,
252 nm, and 280 nm. The area under the curve (AUC) is used
to calculate DARs as previously described.8 Concentration was
extrapolated from the AUC of 214 nm using a standard curve
(data not shown).

UV-Vis analysis

All spectrophotometric measurements were taken with an Agi-
lent 8453 with absorbance at 600 nm subtracted as a baseline.
DARs and concentrations were calculated as previously
described.8

In vitro cytotoxicity assay

Cytotoxicity assays shown in Fig. 5A-C were carried out as pre-
viously described.43 For screening of ADCs against Antigen C,
human cancer cells expressing Antigen C were cultured in
EMEM medium (ATCC, Manassas, VA) supplemented with
10% fetal bovine serum, 10 mg/mL insulin (Sigma, St. Louis,
MO), penicillin and streptomycin (Mediatech, Herndon, VA).
Cells were plated on 384-well plates (Grenier Bio-One
#781091, Monroe, NC), at a dilution of 400 cells in 22.5 mL
growth medium. The cells were incubated for 16-24 h at 37�C,
5% CO2. ADCs were diluted 1:100 in growth medium, then
diluted serially 1:4 and 2.5 mL added to cells in triplicate with a
Beckman FX automated liquid handler. Plates were sealed with
gas permeable plate seals (Thermo Fisher Scientific #241205,
Waltham, MA) and cultured for 5 d at 37�C, 5% CO2. Cell via-
bility was measured by addition of 12.5 mL CellTiter-Glo
reagent (Promega #7573, Madison, WI) followed by shaking in
the dark for 30 min. The luminescence intensity of the plates
read on an Enspire 2300 multimode plate reader (Perkin Elmer,
Shelton CT).
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