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ABSTRACT
For antibody-drug conjugates to be efficacious and safe, they must be stable in circulation to carry the
payload to the site of the targeted cell. Several components of a drug-conjugated antibody are known to
influence stability: 1) the site of drug attachment on the antibody, 2) the linker used to attach the payload to
the antibody, and 3) the payload itself. In order to support the design and optimization of a high volume of
drug conjugates and avoid unstable conjugates prior to testing in animal models, we wanted to proactively
identify these potential liabilities. Therefore, we sought to establish an in vitro screening method that best
correlated with in vivo stability. While traditionally plasma has been used to assess in vitro stability, our
evaluation using a variety of THIOMABTM antibody-drug conjugates revealed several disconnects between
the stability assessed in vitro and the in vivo outcomes when using plasma. When drug conjugates were
incubated in vitro for 24 h in mouse whole blood rather than plasma and then analyzed by affinity capture
LC-MS, we found an improved correlation to in vivo stability with whole blood (R2 = 0.87, coefficient of
determination) compared to unfrozen or frozen mouse plasma (R2 = 0.34, 0.01, respectively). We further
showed that this whole blood assay was also able to predict in vivo stability of other preclinical species such
as rat and cynomolgus monkey, as well as in human. The screening method utilized short (24 h) incubation
times, as well as a custom analysis software, allowing increased throughput and in-depth biotransformation
characterization. While some instabilities that were more challenging to identify remain, the method greatly
enhanced the process of screening, optimizing, and lead candidate selection, resulting in the substantial
reduction of animal studies.
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Introduction

Antibody-drug conjugates (ADCs) typically consist of mono-
clonal antibodies covalently bound to cytotoxic drugs or non-
cytotoxic payloads via a chemical linker.1,2 Combining the
specific targeting capabilities of a monoclonal antibody with
the cancer-killing ability of a cytotoxic drug allows ADCs to
distinguish between healthy and diseased tissue and poten-
tially widens the therapeutic window by reducing toxicities.3,4

Using a site-specific conjugation strategy, homogeneous
ADCs with a defined drug-to-antibody ratio (DAR) can be
produced by reaction at engineered cysteine residues at spe-
cific sites in antibodies without disruption of interchain dis-
ulfide bonds. ADCs with site-specific conjugation, which are
also called THIOMABTM antibody-drug conjugates (TDCs),
have demonstrated an improved therapeutic index in precli-
nical settings.5,6 In order to further improve the therapeutic
window, a new generation of conjugates that incorporates
different linkers and cytotoxic agents is being developed to
improve the safety and efficacy profiles. In vitro stability
studies are often used during drug discovery because they

provide information that can be used to prioritize compounds
for in vivo studies and alert researchers to potential liabilities
of structural modifications.7–9 This is especially important for
drug conjugates such as ADCs and TDCs, which contain
linker-drugs that may be susceptible to chemical or enzymatic
modifications (e.g., enzyme hydrolysis).10

Drug conjugates bring the payload to the site of the tumor
via the circulatory system. To be efficacious, they must retain
the drug in circulation long enough to reach the targeted cell,
internalize, and release the drug inside the cell to induce cell
death. Therefore, understanding the stability of both the lin-
ker and drug is valuable when identifying factors for rational
conjugate design. As we explore and evaluate different sites of
attachment of the linker-drugs to the antibody, various linkers
and a variety of drugs with alternative mechanisms of action,
the ability to better predict in vivo stability in a timely manner
becomes crucial. Because several components of an ADC and
TDC have potential stability liabilities, early screening for
these liabilities in vitro can not only reduce the number or
size of in vivo studies and increase the rate at which stable
conjugates are identified, but also provide important
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information that can help discovery teams design modified
structures and interpret in vitro and in vivo efficacy
experiments.11–14 Plasma stability has been shown to play an
important role in the discovery and development of both
small and large molecule drugs.15,16 Knowing that both the
site of conjugation on the antibody and the specific linker-
drug can affect stability,16–18 we wanted to evaluate how
stability analysis, typically performed with plasma, can opti-
mally guide drug conjugate development.

Several in vitro assays are designed to address ADC stabi-
lity. Historically, we, as well as others,19 have used plasma that
was collected and stored frozen (this type of material is
defined here as “frozen” and compared with “unfrozen” mate-
rial) prior to its use evaluating the stability of specific
ADCs (e.g. conjugated with the microtubule inhibitor mono-
methyl auristatin E (MMAE) via a cleavable linkers using
maleimide chemistry). In vitro stability screening has also
been done in the presence of lysosomal enzymes for multiple
ADCs.20 Though we have observed that in vitro plasma sta-
bility of certain MMAE ADCs translates well with in vivo
outcomes, there were cases with other linker or drugs where
the in vitro plasma stability did not correlate as well. In these
cases, the discrepancy was either due to the amount of decon-
jugation of the drug from the antibody or due to
a modification to the drug that was not predicted with frozen
plasma but occurred in vivo. Similarly, stability screening
using human liver S9 fractions showed good correlation
with in vivo results for some ADCs evaluated, but the tech-
nique presented limitations related to chemical concerns for
ADCs containing acid-labile linkers, as well as possible dis-
ulfide bond reduction, due to the incubation conditions.
Because we wanted to support the design and optimization
of novel attachment chemistries and second-generation pay-
loads with different mechanism of actions, we sought to
establish an in vitro screening method that best mimicked
the stability seen in vivo for all ADCs. The goal was to ensure
that not only the attachment chemistry, but also any modifi-
cations to the linker or drug, were accurately detected and
would predict any unknown in vivo instabilities. Therefore,
we evaluated the stability profiles of a panel of conjugates with
various conjugation sites, linkers, and drug chemistries using
different matrices, including frozen plasma, unfrozen plasma,
and whole blood, and correlated them to in vivo stability
(“unfrozen” refers to matrix collected and stored on ice before
use in the assay, used within 18 h of collection, and never
frozen). Here, we describe an in vitro whole blood stability
assay, coupled with affinity capture liquid chromatography-
mass spectroscopy (LC-MS), to characterize modifications of
drug conjugates in biological matrices. With this method, we
were able to reduce disconnects between in vitro and in vivo
stability results, and therefore improve our ability to predict
in vivo stability across multiple species. We believe that this
assay provides an improved in vitro screening tool to identify
stability concerns of drug conjugates with new linker-drugs,
such as ADCs and TDCs, which could also be applied to other
conjugated molecules. This approach has led to the improved
translation of mouse stability outcomes from in vitro to
in vivo, translation across other non-clinical species, and
a reduction of unnecessary animal studies.

Results

Correlation of in vitro and in vivo stability in mouse

A total of 13 TDCs (Supplementary Figure 1) prepared using
different chemotherapeutic agents through cleavable or non-
cleavable conjugation chemistries were evaluated for stability
in frozen mouse plasma. The in vitro outcomes were subse-
quently correlated with in vivo stability results (shown
as percent drug loss over 24 h) in mice (Figure 1(a,b)). The
TDCs tested were composed of five different target antibodies
with payload conjugated to the same site, HC A118C,21 with
three different drug classes, a tubulin binder (monomethyl aur-
istatin E,MMAE) and twoDNAdamaging agents (anthracycline
analog, PNU; pyrrolobenzodiazepine, PBD). The drug was
attached to the antibody by one of two conjugation chemistries
(disulfide or maleimide) using either non-cleavable or cleavable
linkers where the linker is stable under a wide variety of condi-
tions but can be efficiently and selectively cleaved by either
reduction, proteolysis, or acid. TDCs were incubated in plasma
for up to 96 h at 37°C, followed by affinity capture LC-MS
analysis. An MS software analysis tool was customized to assess
the in vitro stability of the TDCs, and the percent loss or
modification of drug, relative to the 0 h time-point, were com-
pared with in vivo stability. A lack of correlation was observed
between the in vivo stability and the stability in frozen plasma at
24 h (R2= 0.01) (Figure 1(a)) and 96 h (R2= 0.0002) (Figure 1(b)).
Using unfrozen plasma, the correlation, although slightly
improved, was still poor at the 24 hr (R2= 0.34) (Figure 1(c))
and 96 hr (R2= 0.03) time-points (Figure 1(d)). Extending the
incubation in plasma from 24 h (frozen R2 = 0.01, unfrozen R2 =
0.34) to 96 h (frozen R2 = 0.0002, unfrozen R2 = 0.03) made the
correlation to the in vivo results at matching time-points worse.

We observed several in vitro plasma stability disconnects for
TDCs compared to in vivo stability when using −80°C stored
plasma or unfrozen plasma. Figure 1(e,f) shows the deconvo-
luted mass spectra stability profiles of two TDCs incubated in
mouse plasma (frozen and unfrozen) for 24 h compared to
in vivo at the same time-point. Results shown in Figure 1(e)
indicate that an anti-human epidermal growth factor receptor 2
(HER2) TDC conjugated to an anthracycline analog drug via
a disulfide linker (anti-HER2 7C2 HC A118C NMS-1858) was
more stable in mouse plasma at 24 h compared to in vivo. The
loss of drug from the antibody and loss of part of the drug (-E,
ether cleavage) occurred to a much greater extent in vivo com-
pared to in vitro when using plasma. Similarly, as shown in
Figure 1(f), an anti-HER2 TDC conjugated to MMAE with
a disulfide linker (anti-HER2 4D5 HC A118C PDS-MMAE)
demonstrated greater stability in both frozen and unfrozen
plasma at 24 h compared to in vivo, where greater drug loss
from the antibody was observed.

To overcome these disconnects, we sought to develop
a whole blood stability assay with improved correlation to
in vivo stability by obtaining whole blood from mouse (as well
as rat, cynomolgus monkey [cyno] and human), and incubating
the same 13 TDCs for up to 24 h at 37°C, followed by affinity
capture LC-MS analysis (Supplementary Figure 2). This assay
greatly improved the correlation between in vitro and in vivo
stability of the TDC at 24 h for mice (R2= 0.87) (Figure 2(a))
compared to the frozen and unfrozen plasma (R2= 0.34, 0.01,
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respectively; Figure 1(a,b)). The extent of drug deconjugation
and drug modification seen in whole blood was more similar to
the TDC stability seen in vivo for both the anti-HER2 7C2 HC
A118C NMS-1858 and anti-HER2 4D5 HC A118C PDS-
MMAE (Figure 2(b-c)) compared to plasma (Figure 1(c-d)).

Additional TDCs were evaluated for stability in whole blood
for a total of 98 different conjugates (14 different cytotoxic
drugs plus 2 non-cytotoxic drugs conjugated at different sites
to various antibodies with different linkers) and correlated with
in vivo stability at 24 h (Figure 3(a)). For the sites evaluated, the
antibody target did not significantly affect the stability profile of
the linker or drug. The overall R2 value for the in vitro whole
blood and in vivo stability correlation at 24 h with this larger
sample set was 0.45. The stability outliers identified consisted of
three drugs (tubulysin, diazonamide, and cryptophycin), where
a drug modification occurred to a lesser extent in the whole
blood than in vivo (Figure 3(b, c, d)). The R2 value of the

correlation in the absence of these 3 drugs improved to 0.83
with an n = 88. To address these disconnects, the impact of pH
or pH change during incubation in the biological matrices was
evaluated (Supplementary Figure 3), and showed that there was
only a slight difference or change in pH in plasma and whole
blood; however, plasma samples became slightly more basic
while whole blood samples became slightly more acidic. The
pH difference after 24 h between plasma and whole blood was
>0.5. Based on preliminary data (not shown), this difference in
pH did not impact the stability profile of the outliers.

Stability translation across other species and
species-dependent differences

In addition to mouse, which is primarily used as an efficacy
model for ADCs, we also investigated the translation of in vitro
to in vivo stability using the whole blood assay for rat, cyno, and

Figure 1. Lack of in vitro plasma stability translation to in vivo results. Correlation of mouse in vivo stability with in vitro stability for 13 TDC conjugates in frozen
mouse plasma (a and b) and unfrozen mouse plasma (c and d) at 24 hr or 96 hr where 0 = no loss (stable) and 100 = complete loss (unstable); “loss” = linker-drug
deconjugation and/or inactivating payload metabolism. Axes represent percent loss of drug relative to 0 h. (e, f) Specific examples of mouse plasma stability of MS
spectra DAR profiles (top, middle) showing disconnect with in vivo stability (bottom) for an anti-HER2 TDC conjugated with an anthracycline analog (PNU) (e) and an
anti-HER2 TDC conjugated to MMAE (f). MS peak labels indicate an antibody (Ab, glycated (Glc)) with one linker drug (+ LD) or two (+ 2*LD) can have drug lost and
replaced by a cysteine (+ Cys) or a glutathione (+ GSH) or modified (-E).
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human (Figure 4(a-c)), as these species are utilized in toxicity
and pharmacokinetics (PK) studies.We observed relatively simi-
lar stabilities in vitro and in vivo for all three species, where the
change in DAR2 was within ±10%. For rat (Figure 4(a)), where
we had a larger data set (n = 11), the R2 was 0.75. While we had

fewer data points for cyno (Figure 4(b)), the in vitro and in vivo
stabilities were within ±6% change in DAR2 of each other for the
5 conjugates evaluated (PBD TDCs with different linkers).
Although the number of samples was limited, using in vivo
samples (Figure 4(c)) from humans dosed with a TDC bearing

Figure 2. Improved correlation of in vitro stability with in vivo stability using whole blood. Correlation of TDC in vivo stability with unfrozen whole blood compared
to in vivo at 24 h (a) using the same 13 conjugates evaluated in plasma (Figure 1). (b, c) Specific examples of MS spectra of in vivo DAR stability profiles (B, C bottom)
compared to stability profile in whole blood (top) for an anti-HER2 TDC conjugated with an anthracycline analog (PNU) (b) and an anti-HER2 TDC conjugated to
MMAE (c). Axes in (A) represent the loss of drug percentage relative to 0 hr. MS peak labels indicate an antibody (Ab, glycated (Glc)) with one linker drug (+ LD) or
two (+ 2*LD) can have drug lost and replaced by a cysteine (+ Cys) or a glutathione (+ GSH) or modified (-E). A 96 h time-point in whole blood was not evaluated
because, after 48 h at 37°C, the samples could not be processed due to clotting of the whole blood.

Figure 3. Identification of stability outliers between mouse in vitro whole blood and in vivo outcomes. Additional TDC conjugates were evaluated for stability and
their in vitro and in vivo correlation compared (a). TDC conjugates outside of the ± 20% (dashed line) of linear regression line (solid line) were identified as outliers
and spectra are shown (B, C, D). Axis in (A) represents a change in DAR2 at 24 h in matrix relative to buffer at 0 hr. MS peak labels indicate an antibody (Ab, glycated
(Glc)) with one linker drug (+ LD) or two (+ 2*LD) can have drug lost and replaced by a cysteine (+ Cys) or a glutathione (+ GSH) or modified (acetyl loss – Ac, methyl
loss – Me, amide and ester hydrolysis – B).
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the microtubule inhibitor MMAE, we observed similar stability
profiles for two different patients compared to our in vitro data
at 24 h. Although whole blood stability correlated with in vivo
stability, we were able to observe a stability disconnect between
plasma and whole blood for cyno with a TDC conjugated to an
anthracycline analog (PNU) drug (anti-HER2 4D5 HC A118C
NMS-03123048) (Figure 4(d)). Similar to the analysis for mice,
this TDC was more stable in both frozen and unfrozen cyno
plasma after 24 h compared to 24 h in whole blood where both
drug deconjugation and drug modification were observed. This
result better matched what was seen in vivo at 24 h. Because this
drug modification (ether cleavage) inactivates the payload and
thereby affects the drug load (DAR), the correlation of DAR loss
also improved when performing stability evaluation using whole
blood compared to plasma.

In the process of screening TDCs across multiple species
(mouse, rat, cyno, human), we observed several species-
dependent stabilities. Two examples of TDCs with these species-
dependent stability differences are shown in Figure 5(a,d). These
conjugates were also used as assay controls to monitor different
shipments of whole blood as they each had two possible modifica-
tions. One of these example conjugates, identified to be more
unstable in primate matrix compared to rodents, was the anthra-
cycline analog drug shown in Figure 5(a). The instability due to
ether cleavage (labeled – E), which leads to loss of the sugar group,
is seen to a higher extent in the cyno and humanmatrix compared
to the rodent species after 24 h (Figure 5(b)). The second example
is a TDC conjugated with a CBI-PBD heterodimer containing
a carbamate prodrug as shown in Figure 5(d). The instability of
the carbamate prodrug ismuchmore evident in rodents after 24-h

Figure 4. In vitro to in vivo stability translation in other species. Correlation of in vitro TDC stability with in vivo stability in (a) rat (top), (b) cyno, and (c) human
(bottom). Evaluated 11 conjugates for rat, 5 pyrrolobenzodiazepine conjugates with different linkers for cyno and 1 conjugate for human. (b) Specific example of
a cyno plasma stability disconnect with cyno whole blood and in vivo for a TDC with an anthracycline analog. MS peak labels indicate an antibody (Ab, glycated (Glc))
with one linker drug (+ LD) or two (+ 2*LD) can have drug lost and replaced by a cysteine (+ Cys) or a glutathione (+ GSH) or modified (ether cleavage – E).
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relative to primates (Figure 5(e)). Even earlier time-points (data
not shown) showed differential stability across the species due to
different rates of carbamate loss. Figure 5(c,f) shows the impact of
deconjugation and drug modification on the overall activity/DAR
of the two TDCs.

Reproducibility in whole blood

The two examples of species-dependent differences were used
to evaluate the reproducibility of the assay with different lots
of whole blood from independent overnight shipments
(Figure 5(a-f); Table 1). These quality control standards had
unique stabilities and were used to monitor the performance
of the assay from run to run. Each control TDC had
a different stability profile resulting from deconjugation of
the linker drug at the site of antibody attachment (either
disulfide or maleimide exchange) and a specific drug modifi-
cation (either ether cleavage or carbamate loss). The control
TDCs showed consistent species- and molecule-dependent
stability differences between runs from different lots of
whole blood (n = 13), suggesting good reproducibility of the

assay process (within ±20% DAR2 loss or drug modification).
The average percent modification and DAR changes for both
controls, along with their standard deviations, are listed in
Table 1. Greater variability in drug loss (change in DAR) was
seen for control #1 where the deconjugation and drug mod-
ification (ether cleavage) both resulted in drug inactivation.
Control #2 was less variable for drug loss, as the drug mod-
ification (carbamate loss) did not result in drug inactivation.
The age ranges of the different species, which were 6–8 weeks
for rodents, 2–14 years for cynomolgus monkeys and 30–65
years for humans, are also included in Table 1. The mouse
strain used in this screening assay was CB17 SCID Beige, the
rats were Sprague Dawley, the monkeys were cynomolgus of
primarily Chinese, with some of Mauritius or Indonesian
origins, and the humans were of either African or Hispanic
ethnicities. Rodent samples were from a pool of animals (mice
n = 9 and rats n = 2), while cyno and human samples were
from individuals.

We also evaluated potential variability from one animal to
another in the same study by comparing the stability of three
different TDCs (anti-HER2 NMS-36249 TDC, anti-HER2 4D5

Figure 5. Reproducibility and species difference of whole blood stability for two control TDCs (a, b) using whole blood shipped overnight (n = 13). Differences in
drug modification (b ether cleavage (-E), e carbamate hydrolysis (-CB)) and DAR (c disulfide cleavage, f maleimide cleavage) between buffer and four species for two
different conjugates (b, c and e, f) run as controls for each shipment of whole blood.
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HC A118C SG-3244 TDC, and anti-HER2 4D5 HCA118CMC-
vc-PAB-MMAE TDC) in whole blood from three individual rats
and three individual cynomolgus monkeys (Supplementary
Figure 4–6). Data showed that the stability profile of the three
TDCs, as seen from the deconvoluted spectra, were relatively
similar for all three individual rats or cynos. The % DAR2 at 24
h was within ± 10% for all the three TDCs in both rat and cyno
whole blood (Supplementary Figure 7). Greater reproducibility
was seen with these conjugates, which can only have a single
modification compared to conjugates that can have two separate
modifications (Figure 5(c,f)), as is the case with the assay
controls.

Discussion

In our effort to support the design and optimization of novel
attachment chemistries and second-generation payloads with
different mechanism of actions, we wanted an in vitro stability
screening strategy that could identify and exclude unstable mole-
cules before in vivo studies were done. When using our in vitro
plasma stability assay, we discovered several stability disconnects
with in vivo outcomes related to either the deconjugation of the
linker drug from the antibody or the modification of the pay-
load, or both. Given the liabilities of the in vitro plasma stability
assay, we sought to evaluate the utility of in vitro whole blood
assessments as a way to improve our ability to predict in vivo
stability of TDCs. When using whole blood for the in vitro
screen, we were able to show an improved correlation to
in vivo outcomes, which allowed us to confidently eliminate
unstable TDCs before in vivo studies were initiated.

While the in vitro whole blood assay was very successful at
screening out unstable molecules, we observed a few stability
differences where the in vitro stability assay was unable to predict
in vivo liabilities. There are various factors that could contribute to
the stability disconnects between plasma, whole blood, and in vivo
samples. Different levels of cysteine or glutathione between whole
blood and plasma could play a role in disconnects observed for
disulfide-linked drugs. For example, storage conditions of plasma
have little influence on homocysteine values,22 while in whole
blood, an increase of homocysteine is observed after collection
because of ongoing metabolism and time-dependent release from
erythrocytes.23–25 It has also been reported that glutathione,
cysteinylglycine, and γ-glutamylcysteine show an increase over
time if whole blood is stored due to red blood cell lysis, whereas
cysteine decreases.24,26 Preliminary data using glutathione spiked
into buffer reproduced the instability of a disulfide-linker TDC

(SG3244 TDC) observed in vivo (data not shown). Additional
components affected by storage, according to Oddoze et al.,27 are
potassium, inorganic phosphorus, magnesium, LD, glucose, lac-
tate, mean corpuscular volume, mean corpuscular hemoglobin,
activated partial thromboplastin time, insulin, C-peptide, PTH,
osteocalcin, C-telopeptide, and ACTH. Differences between
stability in plasma/serum and stability in whole blood for some
well-defined classes of (small) molecules such as N-oxides and
hydroxamic acids after short incubations have also been
reported.28–32

Another difference between the matrices may be pH. Di
et al.14 reported that plasma pH increases to pH 8–9 during
long-term storage at −80°C, while the in vivo pH is approxi-
mately 7.4. Our measurements indicated that the plasma pH
was just above 7.5 after 24 h incubation, while whole blood was
just slightly below pH 7. This subtle difference in pH could
result in different rates of hydrolysis and may explain the
disconnects between whole blood and in vivo (Figure 3(b-d)).
We therefore performed additional stability analysis with pH-
adjusted whole blood to mimic in vivo conditions, but our
preliminary data showed no change to the stability profile,
and we did not observe an increase in the drug modifications
(data not shown).

Although plasma can be conveniently frozen and stored at
−80°C, while whole blood cannot, the freezing of plasma can
also reduce any enzymatic activity responsible for modifying
the linker-drug components. Examples of disconnects poten-
tially related to enzymatic differences have been reported by
Dorywalska et al.33,34 They noticed that in mice the VC-PABC
linker appears to be cleaved more efficiently in vivo relative to
the in vitro assay. They rationalized that this could be a result
of a continuous source of the putative enzyme(s) in vivo, or
due to a contribution from intracellular cleavage and release
of the unconjugated antibody through endocytic recycling.
They showed that compounds with certain functional groups,
including esters, amides, lactones, lactams, carbamides, sulfo-
namides, and peptide mimetics, are more susceptible to
hydrolysis by plasma enzymes. Di et al. also showed that
drugs containing ester or amide functional groups are suscep-
tible to hydrolysis by plasma enzymes.3,13,14 This is consistent
with our findings that the stability of payloads susceptible to
deacetylation or ester hydrolysis were more difficult to predict
in our whole blood in vitro assay.

Greater stability variability may also reflect differences in
enzyme or molecule levels across species. For example, it is
known that high levels of carboxylesterases are in mouse

Table 1. Differences in DAR and drug modification between buffer and matrix from four species for two different conjugates run as controls with each shipment of
whole blood.

Matrix Pooled or individual Strain/Species (origin) or components Age Gender
Average % DAR2 Loss

+/- Stdev
Average % Drug Modification

+/- Stdev

Control
#1
(n=13)

Buffer n/a PBS[pH7.4]/ 0.5% BSA n/a n/a 84.1 +/-2.2 15.9 +/-2.0
Mouse Pool CB17 SCID 7-8 wks Male 9.8 +/-4.1 5.8 +/-10.1
Rat Pool Sprague Dawley 8 wks Male 58.0 +/-15.7 13.4 +/-5.1
Monkey Individual Cynomolgus (Chinese) 2-14 yrs Female/Male 26.2 +/-10.3 30.1 +/-10.9
Human Individual n/a 20-65 yrs Male 28.4 +/-12.4 30.7 +/-17.4

Control
#2
(n=13)

Buffer n/a PBS[pH7.4]/ 0.5% BSA n/a n/a 98.6 +/-2.2 1.0 +/-2.0
Mouse Pool CB17 SCID 7-8 wks Male 75.4 +/-5.2 96.4 +/-4.8
Rat Pool Sprague Dawley 8 wks Male 75.6 +/-4.5 97.3 +/-3.9
Monkey Individual Cynomolgus (Chinese) 2-14 yrs Female/Male 88.6 +/-5.8 27.6 +/-8.0
Human Individual n/a 20-65 yrs Male 93.0 +/-8.6 15.7 +/-9.5
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circulation relative to other species,3,10,33,34 and that carboxyles-
terases are only abundant in rabbit and rodent plasma, but are
not detectable in primate and dog plasma.35 As a result, the
species difference of the carboxylesterases level in the plasma
can lead to a marked difference in stability in animal species, as
seen in Figure 5. There have also been some reported differences
in rat cysteine and methionine levels. Stabler et al. showed that
cysteine was significantly (P < .05) higher in human serum than
in rat serum and methionine was significantly (P < .05) higher
in rat serum than in human serum.23 Additional stability varia-
bility may be related to the challenges in implementing the
whole blood stability assay as a primary screen, which included
logistics of shipping whole blood and reproducibility of the
assay from batch to batch of the blood to ensure good correla-
tion of in vitro stability to in vivo efficacy studies.

Although our method successfully identified a number of
stability liabilities, due to the resolution and sensitivity of the
mass spectrometer used we may not have measured all possi-
ble modifications. Since the drug losses are identified accord-
ing to the corresponding mass shifts from the starting
material using a quadrupole time-of flight mass spectrometer
with a resolution limitation of 10 Da, resolving peaks that
were close together was challenging. It is also possible that low
levels of partial proteolysis could go unnoticed due to the
heterogeneous peaks generated. Both of these limitations can
be overcome by analyzing the stability samples on a mass
spectrometer with higher resolution and greater sensitivity.

In conclusion, to better identify liabilities that can negatively
impact the stability of TDCs prior to testing in animal models,
we developed an in vitro stability assay with improved correla-
tion to in vivo stability by substituting plasma with whole blood.
Although whole blood has been used for stability analysis of
small molecules for short incubations, we were able to use it for
improved stability analysis of TDCmolecules for up to 24 h. For
mice, an improved correlation was observed between the
in vitro and in vivo stability of the TDC at 24 h in whole
blood compared to frozen and unfrozen plasma. Our whole
blood stability screening approach not only showed improved
translation of stability outcomes from in vitro to in vivo for
TDCs with an extensive variety of payloads and linkers for
mouse stability, but the simultaneously profiling of stability
across multiple species, including rat, cyno, and human, allowed
additional prioritization and alerted us to potential liabilities.
Similarly to predicting stability in mouse, the whole blood assay
was able to predict in vivo stability in rat, cyno, and human.
Although the stability of payloads susceptible to deacetylation or
ester hydrolysis were more difficult to predict, our whole blood
stability assay showed improved translation to in vivo compared
to plasma, and enhanced our ability to screen, optimize, and
prioritize a large number of TDCs. Moreover, in order to
analyze the stability of a large number of conjugates, a custom
MS data analysis tool was developed to visualize deconvoluted
spectra, automatically label peaks, and aggregate peak data for
DAR conversion. This established and streamlined the whole
blood stability approach, enabling us to greatly minimize the
number of in vivo studies and confirm that stabilities translated
across all preclinical species. The screening strategy of using
whole blood across multiple species to improve the translation
of in vivo stability can be applied to any molecule that can be

affinity captured and analyzed by MS, expanding the utility of
this platform.

Materials & methods

Materials

Plasma andwhole blood (CB17 SCIDmouse, Sprague-Dawley rat,
cynomolgus monkey, and human) were purchased from BioIVT
(Westbury, NY). Streptavidin (SA)-coated Dynabeads M-280
were purchased from Thermo Fisher Scientific (catalog #60210),
Peptide N-glycosidase F (PNGase F) was from New England
Biolabs (catalog #P0704B) and HBS-EP buffer containing
0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005%
Polysorbate 20 (GE Healthcare Life Sciences, catalog #BR-
1001-88). All specific TDC capture reagents (i.e., extracellular
domain [ECD] or anti-idiotypic antibody) were produced at
Genentech (South San Francisco, CA). Anti-HER2 monoclonal
antibody (Herceptin®, trastuzumab) and TDC compounds were
generated in-house from Genentech (South San Francisco, CA).
TDCs were generated by conjugation of the antibody as pre-
viously described.6

Preparation of TDCs

In general, conjugates were prepared by reacting to the two
engineered Cys residues on THIOMABTM antibody-drug
conjugates with activated disulfide analogs of the PBD lin-
ker-drugs. Antibodies were produced in Chinese hamster
ovary cells and purified using standard methods. In these
antibodies, the engineered Cys residues are present as mixed
disulfides with cysteine or glutathione, which must be
removed (“deblocked”) to enable conjugation to the engi-
neered Cys sulfhydryl groups. To accomplish this, the anti-
bodies were partially reduced with dithiothreitol, purified,
reoxidized with dehydroascorbic acid and purified again into
a succinate buffer (10 mM succinate, pH 5.0, 150 mM NaCl,
2 mM ethylenediaminetetraacetic acid (EDTA)) to give the
deblocked THIOMABTM antibody-drug conjugates. The pH
of the deblocked antibody was adjusted with 1 M Tris,
pH 8.5 (75 mM final Tris concentration) and 3 equivalents
of nitropyridyl disulfide PBD linker-drugs (10 mM stock in
dimethylformamide) added. The conjugation reactions were
allowed to proceed to completion at room temperature as
indicated by LC-MS analysis of the reaction mixture (3–4 h).
Reaction mixtures were diluted 5-fold into 20 mM histidine-
acetate, pH 5.5 buffer and loaded onto S maxi strong-cation
exchange columns (Pierce, catalog #90009), washed several
times with histidine-acetate and eluted in 20 mM histidine-
acetate, pH 5.5, 300 mM NaCl. Conjugates were formulated
into 20 mM histidine-acetate, pH 5.5, 240 mM sucrose by
dialysis. Conjugates were analyzed for DAR by reverse-phase
LC-MS (PLRP-S column, Agilent TOF instrument), for
aggregation by analytical size exclusion chromatography
(Shodex column, Agilent HPLC instrument) and for endo-
toxin by using a limulus amebocyte lysate assay by Charles
River Laboratories. All conjugates had DAR values of
1.8–2.0, were >98.5% monomeric and had endotoxin levels
<0.1 EU/mg.
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Biotinylation of capture reagents

Capture reagents (i.e., target antigens) were biotinylated with
NHS-PEG4-Biotin using a commercial kit according to manu-
facturer instructions (Thermo Fisher Scientific, catalog #21329).
Briefly, capture reagents in phosphate-buffered saline (PBS,
pH 7.4) were incubated with a 10-fold molar excess of 20 mM
of NHS-PEG4-Biotin for 30 min at room temperature. A NAP-5
column (GE Healthcare Life Sciences, catalog #17-0853-02) was
equilibrated with 10 ml PBS (pH 7.4)), loaded with the biotiny-
lated capture reagents, and eluted by 1 ml of PBS buffer to
remove the nonreacted NHS-PEG4, as per the manufacturer’s
protocol. Biotinylated capture reagents concentrations were
determined spectrophotometrically by measuring the absor-
bance at 280 nm using a NanoPhotometer (Implen, Westlake
Village, CA)

Plasma and whole blood incubation

Matrix collected in lithium heparin-containing tubes (rather
than EDTA so as not to inhibit any enzymes in the biological
matrix) was shipped by the vendor (BioIVT, Westbury NY).
Unfrozen plasma and whole blood were collected in the after-
noon and shipped cold (2-8°C) overnight so as to arrive
within 18 h of collection, while frozen plasma was collected
and shipped frozen with normal delivery conditions. For
unfrozen plasma and whole blood, samples were created
immediately upon arrival. TDC source material was made to
1mg/mL in Buffer (1X PBS [pH 7.4], 0.5% bovine serum
albumin, 15 parts per million ProclinTM) and then further
diluted to a final concentration of 100 ug/mL. Once mixed,
150 μL of the whole blood/Buffer stability samples was ali-
quoted into two separate sets of tubes for the two different
time-points. The 0 h time-points were then placed in a −80°C.
Whole blood or plasma stability samples were created (n = 1,
4 matrices + buffer, 100 ug/mL TDC) with 3 aliquots of 150
uL for 0, 24, and 96 h time-points for plasma and two aliquots
of 150uL for 0 and 24 h time-points for whole blood. The 0 h
samples were placed in a −80°C freezer and 24 and 96 h
samples were shaken (~700 rpm) in 37°C incubator.
Aliquots were collected at 24 and 96 h and stored in −80°C
freezer until affinity capture LC-MS was performed. The
matrices used to generate the samples were mouse (CB17
SCID), rat (Sprague-Dawley), monkey (cynomolgus) and
human. For these incubations, we did not control the pH.

In vitro stability sample analysis

The 0, 24 or 96 h plasma and 0 or 24 h whole blood stability
samples were analyzed by affinity-capture LC-MS with mod-
ifications to the method described previously.15 Briefly, SA-
coated magnetic beads (Thermo Fisher Scientific, catalog
#60210) were washed 2x with HBS-EP buffer (GE
Healthcare Life Sciences, catalog #BR-1001-88), then mixed
with either biotinylated extracellular domain of target (e.g.,
human HER2) or anti-idiotypic antibody for specific capture
or biotinylated human IgG for generic capture using
a KingFisher Flex (Thermo Fisher Scientific) and incubated
for 2 h at room temperature with gentle agitation. The SA-

bead/Biotin-capture probe complex was then washed 2x with
HBS-EP buffer, mixed with stability samples pre-diluted 1:16
with HBS-EP buffer and incubated for 2 h at room tempera-
ture with gentle agitation. After the 2 h, the SA-bead/Biotin-
capture probe/sample complex was washed 2x with HBS-EP
buffer, and then deglycosylated via overnight incubation with
PNGase F (New England Biolabs, catalog #P0704B). The SA-
bead/Biotin-capture probe/sample complex was then washed
2x with HBS-EP buffer, followed by 2x washes of water
(Optima™ LC/MS Grade, Fisher Chemical, catalog #W6-1)
and finally 1x wash with 10% acetonitrile. The beads were
placed in 30% acetonitrile/0.1% formic acid for elution for 30
min at room temperature with gentle agitation before the
beads were collected. The eluted samples were then loaded
on to the LC-MS (Synapt-G2S, Waters, Milford, MA) for
analysis.

For in vitro stability samples, 10 μL of TDC samples was
injected and loaded onto a PepSwift RP monolithic column
(500 µm × 5 cm) (Thermo Fisher Scientific, catalog #164585)
maintained at 65°C. The TDC was separated on the column
using a Waters Acquity UPLC system at a flow rate of 20 µL/
min with the following gradient: 20% B (95% acetonitrile +
0.1% formic acid) at 0–2 min; 35% B at 2.5 min; 65% B at 5
min; 95% B at 5.5 min; 5% B at 6 min. The column was
directly coupled for online detection with a Waters Synapt
G2-S Q-ToF mass spectrometer operated in positive electro-
spray ionization mode with an acquisition mass range
from m/z 500 to 5000 Da.

For stability data analysis, the deconvolution of the raw
spectrum within a selected TDC elution time window was
implemented with Waters BiopharmaLynx 1.3.3 software.
The drug loss or modifications were identified according to
the corresponding mass shifts from the starting TDC material.
Peak labeling and % DAR calculation were performed with
a custom Vortex script (Dotmatics, Bishops Stortford, United
Kingdom). Drug loss, cleavage or adducts formation were
identified according to the corresponding mass shifts from
the starting TDC material. The relative abundance of each
TDC species in the analytical sample was represented by its
MS signal intensity. The relative ratios of TDC with different
DARs were calculated by dividing the intensity of the specific
TDC species with the intensity from the total TDC species. %
DAR was calculated as previously reported.15

In vivo studies

All animal studies were carried out in compliance with the
National Institutes of Health guidelines for the care and use of
laboratory animals and were approved by the Institutional
Animal Care and Use Committee at Genentech, Inc.

For in vivo stability analysis from mouse efficacy and PK
studies, whole blood was collected from selected animals of
different strains (including nu/nu, C.B-17 SCID, SCID-beige
from Charles River Laboratories). Animals were given a single
intravenous dose of ADCs and blood samples (n = 2-3/time-
point) were collected at the indicated time post-dose. To
minimize the stress that might influence animal health,
blood volume is limited to 0.15 mL/animal and sample-
collection times are rotated between animals so each animal
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is bled no more than twice within a week. Blood samples were
collected into tubes containing lithium heparin and allowed to
sit on wet ice until centrifugation (within 15 min of collec-
tion). Samples were centrifuged at 10,000 rpm for 5 min at 4°
C. Plasma was then collected, placed on dry ice, and stored at
−70°C until analysis.

Blood samples collected from rat and cynomolgus monkey
PK studies used for in vivo stability analysis were collected from
the tail vein (rat) or the saphenous vein (cynomolgus monkey)
at the indicated time post-dose. Blood samples were collected
into tubes containing lithium heparin and allowed to sit on wet
ice until centrifugation (within 15 min of collection). Samples
were centrifuged at 10,000 rpm for 5 min at 4°C. Plasma was
then collected, placed on dry ice, and stored in a freezer set to
maintain a temperature range of −68°C to −72°C until analysis.

In vivo stability sample analysis

Representative in vivo samples were analyzed for the stabi-
lity of TDCs by either an affinity capture LC-MS assay,15 or
its improved version, affinity capture LC-MS F(ab’)2
assay.18 Briefly, in the affinity capture LC-MS assay, bioti-
nylated capture reagents, e.g., the ECD of a receptor, were
immobilized onto SA paramagnetic beads at room tempera-
ture. TDC-containing plasma samples were incubated with
the above ECD-immobilized beads to allow immunocapture
of TDCs. The intact TDC complex was then deglycosylated
with PNGase F at 37°C overnight and eluted from beads
prior to LC-MS analysis. Alternatively, to improve the
sensitivity and resolution of the analysis, captured TDCs
could undergo digestion by IdeS (Genovis, Inc., catalog
#A0-FR1-020) at 37°C for 1 h instead to generate the
smaller F(ab’)2 fragments, which were subsequently eluted
and injected onto LC-MS. The LC-MS analysis was typically
performed on an AB Sciex TripleTOF 5600 mass spectro-
meter coupled with a Waters nanoACQUITY UPLC system.
Details on the experimental setup can be found in previous
publications.15,18

Given the slightly different assay conditions used for eval-
uating in vivo and in vitro stability (i.e., deglycosylation
enzyme and elution buffers), controls were run using both
methods and no difference in stability results were observed
(data not shown).
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