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Abstract. The concept of treating cancer with antibody-drug conjugates (ADCs) has gained momentum
with the favorable activity and safety of trastuzumab emtansine (T-DM1), SAR3419, and lorvotuzumab
mertansine (IMGN901). All three ADCs utilize maytansinoid cell-killing agents which target tubulin and
suppress microtubule dynamics. Each ADC utilizes a different optimized chemical linker to attach the
maytansinoid to the antibody. Characterizing the absorption, distribution, metabolism, and excretion
(ADME) of these ADCs in preclinical animal models is important to understanding their efficacy and
safety profiles. The ADME properties of these ADCs in rodents were inferred from studies with radio-
labeled ADCs prepared with nonbinding antibodies since T-DM1, SAR3419, IMGN901 all lack cross-
reactivity with rodent antigens. For studies exploring tumor localization and activation in tumor-bearing
mice, tritium-labeled T-DM1, SAR3419, and IMGN901 were utilized. The chemical nature of the linker
was found to have a significant impact on the ADME properties of these ADCs—particularly on the
plasma pharmacokinetics and observed catabolites in tumor and liver tissues. Despite these differences,
T-DM1, SAR3419, and IMGN901 were all found to facilitate efficient deliveries of active maytansinoid
catabolites to the tumor tissue in mouse xenograft models. In addition, all three ADCs were effectively
detoxified during hepatobiliary elimination in rodents.
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INTRODUCTION

Antibody–drug conjugates (ADCs) are targeted anti-
cancer agents that utilize the specificity of a monoclonal
antibody (Ab) to deliver a cell-killing agent specifically to a
cancer cell that expresses the target antigen (1, 2). A design
goal of an ADC is to maximize delivery of the cell-killing
agent to the tumor tissue while minimizing delivery to normal
tissues. The concept of treating cancer with ADCs has gained
momentum with the approval by the FDA of brentuximab
vedotin (SGN-35, Adcetris®) for the treatment of patients
with Hodgkin’s lymphoma and anaplastic large cell lympho-
ma, and with the favorable activity and safety profile reported
in clinical trials of trastuzumab emtansine (T-DM1),
SAR3419, and lorvotuzumab mertansine (IMGN901; 3–7).
Understanding the absorption, distribution, metabolism, and
excretion (ADME) properties of these promising clinical
candidates is essential to understanding what attributes may
be necessary for clinical success. The ADME properties of T-
DM1, SAR3419, and IMGN901 are the focus of this review.
All three ADCs utilize maytansinoid cell-killing agents that
target tubulin, thus suppressing microtubule dynamics leading

to cell cycle arrest in the G2/M phase of the cell cycle, and
ultimately, to cell death (8).

ANTIBODY–MAYTANSINOID CONJUGATES

T-DM1, SAR3419, and IMGN901 utilize different chem-
ical linkers to attach the maytansinoid to the antibody
(Fig. 1). Similar conjugation strategies are employed for all
three ADCs. The selected cross-linking reagent couples the
thiol group of the maytansinoid (DM1 or DM4) to an ε-
amino group of lysine residues of the antibody (9). Reaction
conditions are controlled so that an average of about 3.5
molecules of the maytansinoid are linked per antibody
molecule (9). This method of maytansinoid conjugation has
been shown to preserve the binding characteristics and
activity properties associated with the antibody component
(10). The impact of the linker chemistry on the efficacy of an
ADC has been found to require empirical evaluations of
different linkers (2). Selection of a linker for an ADC
typically involves preparing a panel of conjugates with
different linkers and evaluating these preclinically for efficacy
and safety. The linker that affords the widest margin between
the minimally efficacious dose in mouse xenograft models and
the best safety profile in an appropriate animal model whose
normal tissues react with the ADC similarly to human normal
tissues. A thioether-based linker was chosen for T-DM1,
while disulfide-based linkers were selected for SAR3419 and
IMGN901 (Fig. 1). The disulfide bond of SAR3419 is more
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sterically hindered as compared to that of IMGN901 (Fig. 1),
and thus is less susceptible to cleavage via thiol-disulfide
exchange (11, 12). One factor influencing the outcome of such
assessments is the effect of linker choice on the pharmacoki-
netics of the conjugates in vivo (6, 13–16). Another factor is
the safety profile: for example, in preclinical rodent models,
the trastuzumab–maytansinoid conjugate made with the
uncleavable SMCC linker was found to be better tolerated
than trastuzumab-SPP-DM1 (17, 18), while, across several
antibodies studied, Ab-SPP-DM1 and Ab-SPDB-DM4 were
found to have similar tolerability (16). A third factor is the
anti-tumor activity of the catabolites generated with the
different designs. The catabolites generated from conjugates
using thioether-based linkers were shown to have less
bystander killing activity than the catabolites generated from
ADCs prepared with cleavable disulfide-based linkers (19).
In addition, a highly cleavage-resistant linker may slow the
rate of release of the active payload at the tumor relative to a
more labile disulfide linker (18). Empirical selection in
preclinical models allows the relative importance of these
factors to be assessed for each antigen–antibody pair in the
context of the target disease.

PHARMACOKINETICS

The antibody component of T-DM1, SAR3419, and
IMGN901 do not cross-react with rodent antigens. Thus,
mice or rats can be used to evaluate the ADME of these
ADC compounds without the complication of the additional
contribution to clearance and distribution from antigen-
mediated effects. Indeed, in general, the ADME parameters
of such ADCs may be inferred from the behavior of model
ADCs prepared with representative nonbinding antibodies of
matched isotype. For simplicity in the following discussion,
the conjugates used models where the antigen is not
expressed are denoted as Ab-SMCC-DM1, Ab-SDPB-DM4,
and Ab-SPP-DM1. In studies where antigen binding is
relevant, the specific antibody is noted.

Enzyme-linked immunosorbent assay (ELISA) methods
allow for the measurement of conjugate concentrations
(concentration of species containing at least one linked
maytansinoid) as well as total antibody concentrations in
plasma (16). The clearance profile for a panel of Ab–
maytansinoid conjugates was assessed using an ELISA
method for the detection of conjugate (containing at least
one linked maytansinoid) and found to correlate with their

relative susceptibility to chemical cleavage via thiol-disulfide
exchange of their linker moiety in vitro (11). For example,
Ab-SPP-DM1 conjugate can undergo reductive cleavage with
dithiolthreitol in vitro and was found to be cleared faster in
mice than the uncleavable Ab-SMCC-DM1 conjugate
(Fig. 2a). A similar relationship was observed between the
clearance of T-DM1 with SMCC and the T-SPP-DM1 design
(Fig. 2b; 20). The more sterically hindered disulfide of the Ab-
SPDB-DM4 conjugate was more resistant to reductive cleavage
than the disulfide of Ab-SPP-DM1 conjugate in vitro (11), and
cleared more slowly from circulation (Fig. 2a).

The faster clearance of T-DM1 relative to the clearance
of total trastuzumab shown in Fig. 2b suggests that there is
another component to the clearance of Ab-maytansinoid
conjugates, besides the thiol-disulfide exchange mechanism
that likely dominates clearance of conjugates made with
relatively labile disulfide linkers. The effect is small, however,
and the difference in clearance between total trastuzumab
and T-DM1 was barely differentiated with a 7-day observa-
tion period (18). The results are not unique to T-DM1 as
other Ab-SMCC-DM1 conjugates have similarly shown
slightly faster clearance of conjugate versus total antibody in
preclinical studies (11, 21). The preclinical observations with
T-DM1 appear to translate to the clinic: analysis of data from
four clinical studies of single agent T-DM1 administered at
3.6 mg/kg every 3 weeks have shown that the clearance rate
of T-DM1 and total trastuzumab in patients ranged from 7 to
13 and 3 to 6 mL/kg/day, respectively, with half-lives of about
4 and 9–11 days for T-DM1 and for total trastuzumab,
respectively (13). The mechanism for the faster clearance of
T-DM1 as compared to the total trastuzumab is unclear. It has
been postulated that it is due to deconjugation (13). Indeed,
cleavage of a thioether linkage has been described for
cysteine-linked ADCs by thiol-maleimide exchange (22, 23),
which has led to speculation that T-DM1 may undergo similar
cleavage. However, a recent study has shown that Ab-SMCC-
DM1 conjugates are not susceptible to this type of cleavage
(24). The superior thioether stability of the Ab-SMCC-DM1
ADCs as compared to the cysteine linked ADCs may stem
from inherent differences in the Michael donor reactivity of
the sulfhydryl group of DM1 vs. the sulfhydryl group of
cysteine side chains (25). Additional work is necessary to
understand the mechanism(s) that underlie these pharmaco-
kinetic observations (11, 13, 21). One might speculate that
such maytansinoid loss may be accounted for by a low rate of
cleavage of the amide bond of the linker-DM1 species from
the antibody and/or by a slightly faster rate of clearance from
circulation of species with more than the median load of DM1
molecules per antibody versus those species with less than the
median number of DM1 molecules per antibody.

TISSUE DISTRIBUTION

The influence of DMx (either DM1 or DM4) conjugation
on pharmacokinetics and tissue distribution of the antibody
component of Ab-maytansinoid conjugates was assessed by
investigating the clearance of 125I-labeled antibody (125I-Ab)
and conjugates (125I-Ab-SPP-DM1 and 125I-Ab-SPDB-DM4)
in nontumor-bearing mice (26, 27). The clearance of the
antibody component of the two conjugates was found to be
similar to that of the unmodified antibody (see examples inFig. 1. Structure of ADCs
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Fig. 2c and d). In addition, 125I-Ab, 125I-Ab-SPDB-DM4, and
125I-Ab-SPP-DM1 were found to exhibit similar biodistribution
profiles in mice following a single bolus injection of 1 mg/kg
(125I-Ab and 125I-Ab-SPDB-DM4, data shown in Fig. 3). The
conjugates and antibody share the expected distribution profile
of an IgG antibody with most of the administered dose confined
to the blood, and with minimal accumulation in the brain. The
results suggest that conjugation in the range of about 3.5–
4.0 DMx molecules per antibody has no detectable impact on
the pharmacokinetic or biodistribution properties of the
antibody (27). In contrast, conjugation of auristatin through
thiol groups of cysteine residues (17, 28) of the antibody (19, 29)
was shown to alter the pharmacokinetic properties of the
antibody when more than two auristatin molecules were linked
per antibody (29), suggesting that not all conjugation strategies
may retain the favorable characteristics described here for DMx
conjugations.

Conjugates prepared with tritium-labeled DMx allow
for the distribution and subsequent catabolism of the
maytansinoid to be measured (19, 26, 30). Mice bearing
COLO 205 tumors that express the CanAg antigen were
administered a single bolus dose of anti-CanAg-SPDB-[3H]
DM4 and tissues were analyzed for radioactivity to
determine the percentage of the injected dose (%ID/g)

accumulated in different tissues. At all time points
evaluated, the maytansinoid levels in tissues (except tumor
and gall bladder) were lower than the corresponding levels
in the blood with peak values measured at 2–8 h post-dose,
and declining thereafter in concert with declining blood
concentrations to nearly undetectable levels by 11 days
(Fig. 3c). In tumor tissue, maytansinoid levels peaked at
about 20% ID/g between 1 and 2 days post-dose, consistent
with antigen-mediated retention and cellular uptake by the
tumor. The %ID/g in gall bladder was in the range of 30–
50% from 2 h to 2 days post-dose, exceeding the %ID/g of
blood after 8 h, an observation consistent with hepatobiliary
elimination of the maytansinoid. The anti-CanAg-SMCC-
[3H]DM1 conjugate with an uncleavable linker was found
to have a similar distribution profile in tumor-bearing mice as
shown above (Fig. 3c) for a disulfide-linked conjugate
(unpublished data), and was also similar to the tissue
distribution reported for labeled maytansinoid in nontumor-
bearing rats following administration of a single bolus
administration of T-[3H]DM1 (30, 31). In the study with
T-DM1 (31), up to 80% of the radioactivity was recovered
in the feces over 7 days consistent with the hepatobiliary route
for maytansinoid elimination. Similar results were reported for
Ab–auristatin conjugates (32).

Fig. 2. Pharmacokinetics. a Plasma clearance of Ab-SMCC-DM1, Ab-SPDB-DM4, and
Ab-SPP-DM1 following a single i.v. bolus administration of 10 mg/kg. The conjugate
concentrations were measured using a sandwich ELISA assay in which the conjugate with
one or more maytansinoid linked was captured with an anti-maytansinoid antibody and
detected with horseradish peroxidase conjugated donkey anti-human IgG antibody.
Adapted from (11). b Clearance of T-DM1 and T-SPP-DM1 (T trastuzumab) following a
single bolus administration of 3 mg/kg. The conjugate concentrations were measured using
a sandwich ELISA assay in which the conjugate with one or more maytansinoid linked was
captured with an anti-maytansinoid antibody and detected with biotinylated HER2
extracellular domain and detected with streptavidin horseradish peroxidase. Adapted
from (20). c Clearance of 125I-Ab and 125I-Ab-SPP-DM1 following a single bolus i.v.
administration of 4.16 mg/kg. Adapted from (26). d Clearance of 125I-Ab and 125I-Ab-
SPDB-DM4 following a single bolus i.v. administration of 10 mg/kg. Adapted from (27)
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METABOLISM AND EXCRETION

Given that most of the administered dose of an antibody-
based therapeutic appears to be slowly catabolized by the
liver and other tissues of the reticuloendothelial system (33),
liver tissues of mice were analyzed for maytansinoid metab-
olites following administration of a single bolus dose of Ab-
SMCC-[3H]DM1, Ab-SPDB-[3H]DM4, and Ab-SPP-[3H]
DM1 (30). The structures of metabolites isolated from the
liver tissues are shown in Fig. 4. A stark difference was noted in
the complexity of the liver metabolites obtained for the three
conjugates. Lysine-SMCC-DM1 was the major metabolite
detected for the Ab-SMCC-DM1 conjugate. Recently, similar
studies were performed with T-[3H]DM1 in rats with similar
results. Lysine-SMCC-DM1 and MCC-DM1 were observed in

the bile, accounting for 72% and 13% of the radiolabel
recovered in bile, respectively (31). There was no detectable
metabolic modification of the maytansinoid macrocycle or the
thioether linker indicating that lysine-SMCC-DM1 resists
chemical alteration in the hepatocytes during clearance.

The corresponding lysine-linker-DMx species also were
detected in the liver extracts of mice treated with the disulfide-
linked conjugates, along with several other metabolites. Pro-
duction of these additional metabolites suggests a degradation
path for the conjugates shown in Fig. 4, where initial lysosomal
degradation in the liver and the rest of the tissues of the
reticuloendothelial system yields the corresponding lysine-
linker-DMx. These disulfide-linked species are further cleaved
to yield the corresponding freemaytansinoid thiols which in turn
are S-methylated. All catabolites are ultimately eliminated
through the liver where the S-methyl-maytansinoid catabolites
are oxidized to the corresponding S-methyl sulfoxide and S-
methyl-sulfone derivatives (30). These oxidized metabolites
were found to have relatively low cytotoxic potency in cell-
based viability assays (see Table I). Efficient S-methylation and
oxidation of the catabolites occurs in the liver prior to
elimination since only such oxidized species were detected in
bile (30). Elimination of the cytotoxic moiety of Ab-maytansi-
noid conjugates as metabolites of lower potency relative to the
“parent”molecule, maytansine, may be an important element in
the tolerability of such conjugates. Notably, severe gastrointes-
tinal toxicity was observed in patients treated with maytansine
itself (34). However, in general, clinically significant gastroin-
testinal toxicity has not been observed in patients treated with T-
DM1 orwith disulfide-linkedmaytansinoid conjugates (2–4, 6, 7,
15, 35–37). The slower clearance rate for theADCs as compared
to maytansine may also play a role in reducing their gastroin-
testinal toxicities.

TUMOR LOCALIZATION AND ACTIVATION
OF T-DM1

Activation of T-DM1 yields lysine-SMCC-DM1 within
HER2-positive breast cancer cells in vitro, following receptor-
mediated endocytosis and lysosomal degradation (20). The
formation of lysine-SMCC-DM1 within cancer cells in vitro
was found to precede the mitotic arrest of cells in G2/M (19).
The lysine-SMCC-DM1 catabolite displays poor cytotoxic
potency in vitro when added exogenously to cells in cell-based
viability assays compared to more lipophilic maytansinoids
such as maytansine and S-methyl-DM1 (Table I), likely due
to its limited cell permeability as a charged molecule. Thus,
Ab-maytansinoid conjugates utilizing the uncleavable SMCC
linker will likely not exhibit any bystander killing (38), and so
efficient eradication of all tumor cells in vivo will require
antibody-mediated delivery of a lethal quantity of lysine-
SMCC-DM1 into every cell of a tumor.

The amount of antibody that binds in vivo to the
individual tumor cells in a solid tumor is known to be limited
by several factors such as stromal and epithelial barriers that
limit antibody penetration as well as the number of antigen
molecules on the cell surface and the efficiency of internal-
ization of the antibody-antigen complex (39–41). Antibody
localization to tumors ranges from 0.003% to 0.08% of the
injected dose of antibody per gram (ID/g) of tumor, depend-
ing on the tumor type, as measured in human clinical trials
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Fig. 3. Biodistribution in mice. Tissue distribution of a 125I-Ab and b
125I-Ab-SPDB-DM4 following a single bolus i.v. administration of 10
mg/kg via the tail vein. Adapted from (27). c Tissue distribution of
huC242-SPDB-[3H]DM4. Mice bearing established subcutaneous
COLO205 xenografts were administered a single bolus i.v. dose of
6.5 mg/kg huC242-SPDB-[3H]DM4. Adapted from (27)

802 Erickson and Lambert



(42). An ID/g of 0.01% reaching the tumor translates to a
maximal antibody concentration at the tumor of about 200 nM
following administration of an antibody dose of 6 mg/kg. Tumor
localization values in a mouse xenograft tend to be in the range
of 5–20% ID/g (43, 44) which gives a similar antibody
concentration of 50–200 nM in the tumor following a dose of
6 mg/kg. The tumor localization values are most relevant for a
completely tumor specific target since the Abs do not react with
normal tissues in the mouse. For targets with normal tissue
expression, the localization data from mice may overestimate
the levels that would be expected in patient tumors. Nonethe-
less, even the lower range of the estimated concentrations
should be therapeutically efficacious given that most Ab–
maytansinoid conjugates exert their cytotoxic effects towards
cancer cells in vitro at picomolar concentrations (45). However,
the antibodymay not be distributed uniformly, resulting in areas
of very high (lethal) concentrations and areas of low (potentially
sublethal) concentrations. Indeed, several studies have reported
heterogeneous distribution of the antibody in the tumor tissue at
doses in this range (46–48). The localization of T-[3H]DM1 to
tumor tissue and subsequent activation was assessed in mouse-
bearing HER2-positive BT474EEI xenografts (20). Peak

uptake of around 9% ID/g was measured between 1 and
2 days post-administration of a single dose of 10 mg/kg. The
tumor uptake of the nonspecific IgG1-SMCC-[3H]-DM1
conjugate was also evaluated and found to be about 2.3-fold
lower (3.9% ID/g at 24 h). Similar specificity ratios between
unconjugated trastuzumab and a nonbinding antibody control
have been reported (44).

To determine howmuch of the localized T-DM1 was subject
to intracellular catabolism to yield lysine-SMCC-DM1 in vivo,
portions of the tumor homogenates from tumor-bearing mice
treated with T-[3H]DM1were analyzed. Lysine-SMCC-DM1was
the sole catabolite observed in organic extracts of the tumor
homogenates, reaching a maximal concentration of nearly
150 nM after about 2 days post-dose (20). The concentrations of
lysine-SMCC-DM1 observed in the extracts from the tumor
xenografts were similar to the levels that could be achieved in
cells exposed to T-DM1 in vitro (20). The concentration of lysine-
SMCC-DM1 in the tumors of the control mice treated with a
nonbinding control conjugate was fivefold lower—reflecting the
difference between the additional benefit of HER2 antigen-
mediated binding and internalization for T-DM1 over and above
the nonspecific uptake of conjugate (20).

relative  
potency 
(in vitro) 

1 
tumor 
liver 

tumor 
liver 

200-500 
tumor 
liver 

4-30 

liver 

1 
tumor 
liver 

tumor 
liver 

500-1000 

liver 

1-25 

liver 

SAR3419 

IMGN901 

T-DM1 

1 
tumor 
liver 

Fig. 4. In vivo catabolites and metabolites. The tissue, tumor, or liver, in which the metabolite or catabolite if
formed is indicated below each structure. The relative potency of the compounds formed in tumor tissue and/or
liver is noted. The free thiol compounds, DM1 and DM4, are not shown since >in vitro IC50 values for these
compounds are highly variable due to their rapid oxidation to form mixed disulfides in cell culture medium

Table I. Cytotoxic Potencies of Maytansinoids Towards Human Carcinoma Cell Lines in vitro

Maytansinoid

In vitro IC50 (nM)

A375 (melanoma) BJAB (B-cell) COLO205 (colon) KB (cervix) MOLT-4 (T-cell)

Maytansine 0.05 0.03 0.08 0.05 0.09
Lysine-Nε-SPP-DM1 10 50 60 10 >100
Lysine-Nε-SPDB-DM4 2 7 20 3 16
Lysine-Nε-SMCC-DM1 8 8 17 10 16
S-methyl-DM1 0.02 0.01 0.03 0.02 0.03
S-methyl-DM4 0.02 0.01 0.03 0.03 0.03
S-methyl-DM1 sulfoxide 9.7 7.1 17 23 19
S-methyl-DM1 sulfone – 1.7 5.9 3.5 –
S-methyl-DM4 sulfoxide 0.55 0.55 1.3 2.0 1.9
S-methyl-DM4 sulfone 0.075 0.17 0.63 0.80 1.1

All metabolites were chemically synthesized. Cell-killing activities of the metabolites were measured after 5 days using a WST-based cell
viability assay. Adapted from (30)
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IMPACT OF LINKER ON THE UPTAKE
AND CATABOLISM OF T-DM1

To explore the role of the linker on the tumor delivery,
the uptake and catabolism of T-SPP-DM1 was compared to
that of T-DM1, trastuzumab-SMCC-DM1. As expected from
previous reports (11, 18), T-SPP-DM1 had a faster plasma
clearance than T-SMCC-DM1 (20). As might be expected,
slower T-DM1 clearance translated to higher overall (conjugate
plus catabolites) concentrations in the tumor, but, unexpectedly,
similar levels of total active catabolites were found in tumors
with the two conjugate designs (20). These results indicate that,
although, different linkers have a clear impact on the pharma-
cokinetics and the chemical nature of the catabolites formed,
both linkers achieve the same amount of active cell-killing agent
at the tumor. The results suggest that more facile release of
payload from the disulfide-linked conjugate within tumor cells
may compensate for the lower amount of payload reaching the
tumor due to its somewhat more rapid clearance.

TUMOR LOCALIZATON AND ACTIVATION
OF SAR3419 AND IMGN901

Data to demonstrate the selective tumor uptake and
catabolism in mouse xenograft studies have also been
described for SAR3419 and IMGN901. The tumor uptake
and activation of SAR3419 and IMGN901 in mice were found
to be similar to that described for T-DM1 conjugates (49, 50).
The major catabolites of IMGN901 were lysine-SPP-DM1
and DM1 (50). Lysine-SPDB-DM4, DM4 and S-methyl DM4
were the major metabolites observed for SAR3419 (51),
consistent with the activation pathway described for the
CanAg-targeting conjugate, huC242-SPDB-DM4 (19). The
observation that unconjugated DM4 was more efficiently
methylated than unconjugated DM1, presumably by the S-
methyl transferase enzyme(s) endogenous to human carcino-
ma cells, explains why S-methyl-DM1 is not readily observed
in tumor cells as a catabolite of SPP-DM1conjugates (52).
Figure 4 summarizes the findings of these studies.

CONCLUSION

The ADME properties for T-DM1, SAR3419, and
IMGN901 in preclinical rodent animal models support the
favorable efficacy and safety findings for the ADCs in
patients. Optimized plasma pharmacokinetics and linker
chemistries allow for efficient maytansinoid delivery to
tumors for all three ADCs and effective detoxification during
hepatobiliary elimination for all three is consistent with their
favorable safety profiles. Continued understanding of the
ADME properties of antibody–drug conjugates entering
clinical evaluations should provide additional insight into
what attributes may be necessary for clinical success.
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