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ABSTRACT

Key events including antibody-antigen affinity, ADC internalization, trafficking and
lysosomal proteolysis-mediated payload release combinatorially determine the therapeutic
efficacy and safety for ADCs. Nevertheless, a universal technology that efficiently and
conveniently evaluates the involvement of these above elements to ADC payload release and
hence the final therapeutic outcomes for mechanistic studies and quality assessment is
lacking. Considering the plethora of ADC candidates under development owing to the
ever-evolving linker and drug chemistry, we developed a TArget-Responsive Subcellular
Catabolism (TARSC) approach that measures catabolites kinetics for given ADCs and
elaborates how each individual step ranging from antigen binding to lysosomal proteolysis
affects ADC catabolism by targeted interferences. Using a commercial and a biosimilar
ado-trastuzumab emtansine (T-DM1) as model ADCs, we recorded unequivocal catabolites
kinetics for the two T-DM1s in the presence and absence of the targeted interferences. Their
negligible differences in TARSC profiles fitting with their undifferentiated therapeutic
outcomes suggested by in vitro viability assays and in vivo tumor growth assays, highlighting
TARSC analysis as a good indicator of ADC efficacy and bioequivalency. Lastly, we
demonstrated the use of TARSC in assessing payload release efficiency for a new
Trastuzumab-toxin conjugate. Collectively, we demonstrated the use of TARSC in
characterizing ADC catabolism at (sub)cellular level, and in systematically depicting whether
given target proteins affect ADC payload release and hence therapeutic efficacy. We
anticipate its future use in high-throughput screening, quality assessment and mechanistic

understanding of ADCs for drug R&D before proceeding to costly in vivo experiments.
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INTRODUCTION

ADCs consist of monoclonal antibodies (mAbs) conjugated with cytotoxic drugs
through linkers. The mAbs carry ADCs to target cells by affinity binding to antigens
expressed on cell surface, and subsequently become internalized, undergo degradation
followed by the release of toxic payloads within target cells. This design confers increased
specificity and reduced toxicity compared to conventional pharmaceutics such as genotoxic
drugs!'- .

As a novel class of therapeutics, ADCs are embracing ever-evolving technologies in
linker and payload chemistry. Specifically, linkers can be classified as cleavable chemical
spacers involving hydrozone, disulfide and di/tri/tetra-peptide bonds and noncleavable
spacers such as thioether and pyrophosphate diester*>. The differences in chemical stability
conferred by linkers lead to varied catabolic profiles and hence ADC therapeutic efficacies in
target cells or organelles. Moreover, highly potent cytotoxic agents with defined mechanisms
of action such as maytansinoid and auristatin with microtubule inhibitory functions or DNA
double-strand breakers, cross-linkers and alkylators are often selected as payloads*. In
addition, the site of conjugation, lysine or cysteine residues, also affects ADC metabolic and
pharmacokinetic liabilities®’. Collectively, the plethora of choices offered by conjugation site,
linkers and payloads confers versatile combinations, leading to currently over 100 ADCs in
clinical trials and numerous ADCs as preclinical candidates®.

Therefore, the concomitant task of druggability screening and quality assessment for the
large amount of ADC candidates becomes challenging, necessitating a high throughput
approach that efficiently and comprehensively evaluates ADC attributes before proceeding to
expensive and time-consuming in vivo experiments. Nevertheless, conventional in vitro
assaying techniques such as cytotoxicity assay merely provides a final functional readout
while lacking a comprehensive evaluation of how each step ranging from antigen binding,
internalization, trafficking and lysosomal proteolysis-mediated payload release functions and
affects payload release, and hence the observed cell killing effect*. Conventionally, each step
described above has often been studied separately. For instance, internalization rate and

extent can be screened by flow cytometry and visualized by fluorescent microscopy °-'°.



Moreover, linker stability and lysosomal proteolysis is assessed by monitoring payload
release via LC-MS/MS after incubating ADCs with miscellaneous proteolytic enzymes such
as cathepsin B!!, rat lysosomal lysate!? and acidified S9 fractions!®. Nevertheless, a holistic
landscape of how each protein target or pathway affects ADC catabolism and consequently
the kinetics of catabolic payload is lacking, albeit it is agreed that such information is of
paramount importance in assessing ADC safety and efficacy, and allows dissecting functional
molecular pathways/proteins that affect ADC catabolism.

Thus, herein we propose a TArget-Responsive Subcellular Catabolism (TARSC)
approach that monitors ADC catabolites kinetics in cancer cells and organelles, and examine
kinetic changes in response to targeted interferences of given proteins/pathways. We
employed a commercial T-DM1 as model ADC, and measured its catabolic behaviors in both
the target organelles, lysosomes, and the target cells, HER2-overexpressing BT474 cells.
Then, we pharmacologically and genetically interfered with key processes involved in
T-DM1  delivery and  catabolism  including  clathrin-mediated  endocytosis,
endosome/lysosome transport and lysosomal cathepsin-dependent proteolysis, and recorded
significantly impaired production of the toxic payloads as expected. Further, we applied the
TARSC approach to evaluate the bioequivalence of a biosimilar (BS) T-DM1 with the
commercial drug (CD) regarding their TARSC profiles, and found the payloads produced
from the two T-DMls displayed almost identical kinetic behaviors upon the targeted
interferences of the proteins that are involved. The negligible differences of the TARSC
profiles of the two T-DM1s agree with their undifferentiated therapeutic outcomes suggested
by in vitro viability assays and in vivo tumor growth assays, highlighting the close association
of ADC payload kinetics with therapeutic efficacy and hence the application of TARSC
analysis to ADC assessment. Lastly, we demonstrated the use of TARSC in appraising linker
stability for a new trastuzumab-toxin conjugate. Collectively, TARSC analysis allows us to
characterize ADC catabolism at cellular and subcellular level, and systematically depicts
whether the given target proteins affect ADC delivery and payload release. Such information
is anticipated to support high-throughput screening, quality assessment and mechanistic
understanding of ADCs in the drug R&D pipeline with significantly reduced cost and time

consumed by in vivo experiments.



EXPERIMENTAL SECTION

Chemicals and reagents.

The commercially available Trastuzumab-DM1 (Commercial Drug, CD) was purchased
from Hoffmann-La Roche Inc (Basel, Switzerland), and the BS Trastuzumab-DM1 was
manufactured by a domestic pharmaceutical company (Shanghai, China) as previously
detailed!. Chloropromazine, E-64d, CA-074 methyl ester, pepstatin A, aprotinin and tris
(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Bafilomycin Al was purchased from Selleck Chemicals (Houston, TX,
USA). Ansamitocin P-3 was purchased from Medchem Express (Monmouth Junction, NJ,
USA). Cell Counting Kit-8 (CCK-8) was purchased from Beyotime (Jiangsu, China).
Monoclonal antibody against HER2 (Cat# AB16901) was purchased from Abcam
(Cambridge, MA, USA). Rhodamine Red™-X (RRX) AffiniPure Donkey Anti-Mouse I1gG
(H+L) was purchased from Jackson ImmunoResearch Laboratories Inc. (Philadelphia, PA,
USA). Acetonitrile (ACN, HPLC-grade) was purchased from Merck (Darmstadt, Germany).
Deionized water was prepared by Milli-Q system (Millipore Corporation, Billerica, MA,
USA). All other reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and of analytical grade.

Cell culture.

Human breast cancer cells BT474 was purchased from the American Type Culture
Collection. The cells (passages 8 to 25) were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum and 100 U-mL! penicillin and streptomycin (Invitrogen,
Carlsbad, CA) at 37 °C with 5% CO». The medium was changed every other day.

Animals.

All animal care and experimental procedures were conducted according to the National
Research Council’s Guidelines for the Care and Use of Laboratory Animals and were
approved by the SPF Animal Laboratory of China Pharmaceutical University (Animal
authorization reference number: SYXK2016-0011). Healthy female Balb/c nude mice (18-22
g of weight and 6-8 weeks of age) were obtained from Shanghai SLAC Laboratory Animal

Co., Ltd (Shanghai, China). The mice were maintained under controlled environment



(22-24 °C, 50-60% humidity, 12-h light/12-h dark cycle) with ad libitum access to standard
laboratory food and water.
Lysosomal TArget-Responsive Subcellular Catabolism analysis.

The lysosomal TARSC analysis of ADCs was conducted by first incubating the ADCs
with crude lysosome fractions (CLF). The CLF derived from rat liver was prepared according
to the manufactures’ instructions using a Lysosome Isolation Kit (Sigma-Aldrich, St. Louis,
MO, USA). Lysosomal activity of prepared CLF was confirmed by the Acid Phosphatase
Assay Kit (Sigma-Aldrich, St. Louis, MO, USA). The incubation was carried out at 37 °C in
a final volume of 100 pL containing 15 pL of CLF, 75 pL of 50 mM ammonium acetate
buffer (pH 5.0, with 2 mM TCEP) and 10 pL of ADC prepared in 100 nM for 0, 1, 3, 6, 12,
24, 48, 72, 96 and 120 hours. After incubation for different duration, the resultant ADC
catabolites was determined by quantitative analysis described below, and the kinetic changes
of ADC catabolites abundance were plotted against incubation time.

To perform the lysosomal TARSC analysis, we specifically examined the contribution of
given lysosomal enzymes to ADC payload release by incubating protease inhibitors with the
ADCs in CLF followed by quantitative analysis of the produced catabolites. The assayed
protease inhibitors include cysteine protease inhibitors (CA-074-ME and E64d at 10 uM), a
serine protease inhibitor (aprotinin at 20 pg/mL) and an aspartic protease inhibitor (pepstatin
A at 10 pg/mL). The inhibitions were terminated by adding 400 pL of ice-cold acetonitrile
containing 200 ng-mL! internal standard (IS). The mixtures were vortexed thoroughly,
centrifuged at 30,000 g for 10 min. The supernatants were collected, dried and reconstituted
in water with 0.1% formic acid for subsequent LC-MS/MS analysis.

TArget-Responsive Subcellular Catabolism analysis

BT474 cells were treated with a CD T-DM1 and a BS T-DM1 at different concentrations
(12.5, 25, 50 nM), respectively. At different intervals post-administration, BT474 cells were
rinsed with ice-cold PBS and lysed by three freeze-thaw cycles. Protein concentrations were
measured by the Bradford assay, and the concentration of the main catabolites of T-DM1,
DMI and lys-MCC-DM1, were determined by LC-MS/MS (described below).

To conduct the TARSC analysis, given proteins involved in ADC delivery and payload

release in cells were interfered by siRNA or specific inhibitors. Specifically, HER2 was



silenced by transfecting the BT474 cells with siRNA according to the procedures described
below in HER2 Knockdown. Moreover, clathrin-mediated internalization was inhibited by
pre-incubating the BT474 cells with chlorpromazine at 10 pM for 2 hours, and H*-ATPase
activity was impaired by pre-administering 1 nM Bafilomycin Al to cells for 2 hours. For
lysosomal proteases, 3 uM CA-074-ME and 20 uM E64d were pre-administered for 2 hours
to inhibit cysteine protease activity, whereas 20 pg/mL aprotinin and pepstatin A were
pre-administered for 2 hours to inhibit the proteolysis mediated by serine and aspartic
protease in BT474 cells, respectively. The resultant changes of toxic payloads following the
targeted interferences were quantified by LC-MS/MS.

LC-MS/MS-based quantitative analysis of T-DM1 payloads

The major catabolites of T-DM1, lys-MCC-DMI1 and DM, present in lysosomes, cell
lysates and tumor mass were prepared and analyzed on a Shimadzu LC-20 HPLC system
(Kyoto, Japan) coupled to 5500 QTRAP (SCIEX, Birmingham, MA, USA). Briefly, cells and
tissue homogenates were protein-precipitated with 4 times volume of ice-cold ACN
containing 200 ng-mL"! ansamitocin P-3 (IS). After centrifugation (30,000 g, 10 min, 4 °C),
the supernatants were collected and evaporated to dryness followed by reconstitution in 100
uL acetonitrile-water (1:1, v/v). The reconstituted samples were centrifuged at 30,000 g for
10 min at 4 °C before injections onto the LC-MS/MS system.

For analysis of T-DM1 catabolites, chromatographic separation was conducted using a
Luna Cis column (100%2.0 mm, 2.6 um, Phenomenex, Torrance, CA, USA) at 40 °C on the
Shimadzu HPLC. The mobile phase consisted of solvent A (0.1% aqueous formic acid) and
solvent B (acetonitrile with 0.1% formic acid), and a 11-min gradient was used: 0 min, 20%
B; 0.5 min, 20% B; 5.5 min, 100% B; 8.5 min, 20% B; 11 min, 20% B with a flow rate of 0.2
mL-min!. Following separation, QTRAP 5500 was operated in the positive electrospray
ionization (ESI) mode for the quantitative analysis of T-DM1 payloads. Briefly, the multiple
reaction monitoring (MRM) parameters employed on the QTRAP were set as follows:
declustering potential set at 60 V for lys-MCC-DM1, DM and IS, collision energy set at 55
eV for lys-MCC-DM1, 33 eV for DM1 and 40 eV for the IS, MRM transitions set as m/z
1103.7-485.2 for lys-MCC-DM1, m/z 738.5=547.4 for DM1, m/z 635.5=547.3 for the IS.

Data acquisition and analysis were both performed using Analyst TF 1.5.1 software (SCIEX,



Birmingham, MA, USA) as previously described !°.
HER2 knockdown

HER2 was silenced by transfecting the BT474 cells upon plating with 10 nM small
interfering RNA (siRNA) (5’-GGA CAC GAU UUU GUG GAA Gtt-3’) or 10 nM scrambled
siRNA using Lipofectamine® RNAIMAX (Life Technologies, Carlsbad, CA, USA). After 72
hours of transfection, HER2 silencing efficiency was confirmed by flow cytometry and
immunofluorescence staining. Briefly, cells administered with scrambled siRNA or siRNA
targeting HER2 were fixed with 4% polyformaldehyde solution. After washing and blocking
with 5% bovine serum albumin, cells were incubated with anti-HER2 (1:100) at 4 °C
overnight and then incubated with Rhodamine-conjugated secondary antibody (1:200) at
37 °C for 1 hour. Following additional washing, the fluorescently-labeled cells were loading
onto BD Accuri™ C6 plus flow cytometer (San Jose, CA, USA) for analysis and imaged with
an Olympus FV3000 confocal microscope (Shinjuku, Japan).
In vitro cell growth inhibition assay

BT474 cells was exposed to a series of concentrations of T-DM1 (0.01, 0.05, 0.2, 1, 2.5,
4, 10, 25, 100 nM) for 120 hours at 37 °C with 5% CO,. After treatment, cell viabilities were
measured using a CCK-8 Assay Kit and quantified by comparing viabilities with those in
absence of T-DM1 exposure. ICso values were calculated via GraphPad Prism 7 (GraphPad
Software Inc., San Diego, CA, USA).
In vivo tumor growth assay

To evaluate the in vivo therapeutic efficacy for the assayed T-DM1s, a cell line-derived
xenograft (CDX) model was established. The xenografts were generated by subcutaneous
injections of 5x10% exponentially growing BT474 cells into the right flank of nude mice.
Then, the mice bearing BT474 subcutaneous tumors were randomly assigned to the following
three groups and administered with single-dosed T-DM1. The three groups include the
control group that were injected with saline (0.01 mL-g"!, i.v.), the CD T-DM1 group that
were injected with the CD T-DM1 (50 mg-kg!, i.v.) and the BS T-DM1 that were injected
with BS T-DMI1 (50 mg-kg!, iv). Tumor volume was measured every day
post-administration for each animal. On day 1, 3 and 7 post-administration, the mice were

sacrificed and the tumor masses were collected. Tumor masses was weighed and



homogenized with deionized H>O to concentrations approximately at 0.1 g/mL. Then, the
homogenates were further processed as described above in the LC-MS/MS sample
preparation section. The intra-tumoral concentrations of lys-MCC-DM1 and DM1 were also
quantified as described above.

Data analysis.

All data are presented as mean + standard error of mean (SEM). Statistical analyses were
performed using GraphPad Prism 7 software. Each continuous variable was analyzed for a
normal distribution using the Kolmogorov—Smirnov test, and then statistical analysis was
performed using a two-tailed Student’s t-test or one-way ANOVA assay with Dunnett
post-hoc test if F was less than 0.05 and there was no significant variance inhomogeneity.

Differences were considered significant at *p<0.05, **p<0.01, ***p<0.001.

RESULTS AND DISCUSSION
Development of the in vitro TARSC analysis approach for ADCs

TARSC analysis measures the kinetic profiles of payload release by LC-MS/MS in
target cells or subcellular compartments, and further probes the changes in response to
targeted interference of essential proteins involved in given processes such as antigen-mAb
recognition, ADC delivery and lysosomal proteolysis (Fig.1). The induced changes in
payloads kinetics thus demonstrate the involvement of the assayed process in ADC
catabolism and can ultimately predict their influence on ADC therapeutic outcomes. This
capability has thus warranted diverse applications for TARSC analysis. First, TARSC opens
new avenues for ADC quality assessment. Specifically, the acquired TARSC profiles should
hold constant for ADCs of identical physicochemical attributes and hence display
undistinguishable catabolic behaviors in target cells and subcellular compartments (Fig. 2-4).
This will be a valuable addition to current evaluation system that judges bioequivalence
between commercial drug and biosimilars or ADCs across different batches, for instance, by
cytotoxicity (Fig. 5). Besides, TARSC analysis supports mechanistic studies and ADC
screening. It examines which protein/process contributes to ADC catabolism and hence the
cell killing effect (Fig. 6), and provides clues for further optimization, such as by swapping

mADb or linker, when the anticipated therapeutic efficacy cannot be achieved.



Benchmarking lysosomal TARSC analysis using T-DM1s

We first tested the use of TARSC using the commercial T-DM1 as a model ADC. Since
the anti-tumoral effect of T-DMI1 is exerted upon lysosomal proteolysis via payload release
16-18 “the catabolism kinetics of the CD T-DMI in lysosomes were measured. We initially
employed CLF isolated from rat liver and incubated the CD T-DM1 with the CLF for 0, 1, 3,
6, 24, 48, 72, 96 and 120 hours. Sensitive detection of major T-DM1 catabolites was achieved
by MRM. As shown in Fig. 2A, exposure of the CD T-DMI1 to CLF delivered a
time-dependent production of the catabolite lys-MCC-DM1 spanning from the entire
monitored duration (1-120 hours). In contrary, another catabolite that is produced
independent of lysosomal degradation and usually observed due to unstable linker chemistry,
DMI, was absent, indicating that the examined TDM1 remains stable without unexpected
shedding of payloads in the biological environment of CLF. This is further demonstrated by
the significantly large AUC of lys-MCC-DM1 over DM1 following T-DM1 incubation (Fig.
2B).

Next, we sought to investigate whether the TARSC analysis allows for determining the
lysosomal protease that contributes to T-DM1 catabolism. We incubated the CLF with
inhibitors targeting different lysosomal proteases including cysteine protease, aspartic

proteases and serine protease!®2°

, and monitored the post-inhibition kinetic profiles of the
two catabolites. We found that administration of cysteine proteases inhibitors, CA-074-ME
and E64d, with T-DM1 both significantly reduced the lysosomal concentration of
lys-MCC-DM1 when the catabolites were collected at 24, 48, 72 and 96 hours. In comparison,
the treatment with the inhibitors of aspartic proteases exhibited no changes until 96 hours and
serine protease conferred no significant changes to the production of lys-MCC-DM1 at all
assayed time points. The distinct outcomes induced by different protease inhibitors are in line
with previous knowledge that T-DM1 is cleaved and degraded mainly dependent on cysteine
proteases?!.

Besides elucidating the contribution of given lysosomal proteases to ADC catabolism,

we further conducted lysosomal TARSC analysis using a BS T-DM1 and compared the

catabolic profiles, AUC and the changes in response to targeted interferences of lysosomal



protease with that of the CD T-DM1. Both CD and BS T-DMIs displayed no statistical
differences, revealing the bioequivalence of the two ADCs within CLF.

Previously, in vitro studies that aimed to dissect the roles of lysosomal protease in the
process of ADC catabolism were conducted using different model systems including enriched
lysosomes!é, liver S9 fraction'® and purified lysosomal protease’?. However, enzymes
contained in liver S9 fractions are much more complicated than lysosomal enzymes, and the
microenvironment in liver S9 fractions at pH 7.4 markedly differs from the acidic pH in
lysosomes!3?324, Regarding the purified lysosomal proteases, numerous lysosomal enzymes
would be required to truly mimic the multifarious proteolysis activities that occur within
lysosomes®. Alternatively, we have shown that the easily-harvested CLF from rat liver can
be exploited to monitor the ADC catabolic behaviors in general, and demonstrated to generate
lys-MCC-DM1 in a time-dependent manner as those in lysosomes within the target cells
BT474. Therefore, the CLF model is useful for initial screening and quality assessment of

ADC:s in future studies.

TARSC analysis of T-DMl1s empowers mechanistic studies and bioequivalence
assessment

After proving TARSC analysis enables ADC catabolism studies in lysosomes, we next
asked whether TARSC is applicable to examine the released payloads from ADCs in intact
cells where multiple crucial biological processes including antigen binding, intracellular
internalization, trafficking and lysosomal degradation can be reflected !%2°. We first measured
T-DMI1 payloads after the CD T-DM1 administration in BT474 cells. As shown in Fig. 3A,
intracellular lys-MCC-DM1 displayed a time-dependent increase, phenocopying the trend of
the catabolite, lys-MCC-DM1, produced in CLF. Compared to lys-MCC-DM1, DMI1 was
present at a pronounced lower concentration upon T-DM1 treatment (Fig. 3A). Moreover, its
intracellular concentration and hence its AUC both exhibited a dose-response increase when
T-DM1 was administered at 12.5, 25 and 50 nM, whereas that of lys-MCC-DM1 held
constant (Fig. 3B). This distinction in cellular catabolic behaviors can be explained by that
the amount of T-DM1 that become internalized and then catabolized to lys-MCC-DM1

reaches saturation at the lowest dose when the amount of available HER2 on cell surface are



fully occupied by T-DM1, whereas DM1 shed from T-DMI1 is directly correlated to the
administered dose independent of ADC internalization rate. Further, we compared the kinetic
profiles of the two T-DMI1 catabolites for the CD and BS T-DMls, and found they both
exhibited unequivocal behaviors in target cells BT474 (Fig. 3A-B).

Although the above studies have shown the rate and degree of payload released from
ADC degradation, it cannot dissect the role of each protein/pathway plays to confer the final
therapeutic outcomes. We next applied the TARSC approach to determine how the biological
cascades initializing from internalization to transport and degradation affect ADC payload
kinetics. As antigen binding initializes ADC internalization and subsequent catabolism?’, we
first treated the BT474 cells with HER2 siRNA to suppress the HER2 expression. As shown
in Fig. 4A, we noted a 48.7% decrease in HER2 expression and concomitantly the reduced
concentration of lys-MCC-DMI1 in cells, indicating disrupted antigen binding leads to
impaired ADC payload release. We also tested whether the TARSC analysis can be applied to
assess the bioequivalence of ADCs, and thus compared the TARSC profile between the CD
and BS T-DM1s. Fig. 4B shows the reduction of intracellular lys-MCC-DM1 exhibited no
significant difference between the two, suggesting that HER2 silencing modulated ADC
delivery and catabolism to similar extents.

Next, since the internalization of cell-surface bound antigen-antibody complex is
induced upon antigen binding, we then treated cells with a clathrin inhibitor, chlorpromazine,
to interfere with T-DM1 internalization. In line with the clathrin-mediated trastuzumab
endocytosis®®, Fig. 4C shows that intracellular concentration of lys-MCC-DMI1 following the
chlorpromazine treatment significantly decreased, and the concentration was reduced to
comparable levels for both the CD and BS T-DM1-treated cells. Once T-DM1 enters the
target cells, it is transported in endosomes to lysosomes. H'-ATPase is a proton pump present
in endosomes and lysosomes, and participates in endosome-lysosome fusion?*3?. After
co-administration of a specific H-ATPase inhibitor, bafilomycin Al, with T-DMI1, the
aberrant activity of H'-ATPase in lysosomes of BT474 resulted in defected transport of
T-DM1. Expectedly, the released lys-MCC-DM1 from both the CD and BS T-DMls was
reduced to similar extent (Fig. 4D). Lastly, the T-DMI1, once transported into lysosomes,

undergoes proteolytic degradation and releases the toxic payloads to induce cancer cell



apoptosis. In line with the lysosomal TARSC results, the production of the major catabolite,
lys-MCC-DM1, was severely impaired after incubation with the cysteine protease inhibitor
E64D (Fig. 4E). The primary contribution of cysteine protease to T-DM1 catabolism is
further supported by the marked decrease of lys-MCC-DM1 when another cysteine protease
inhibitor CA-074-ME was administered. In contrast, neither pepstatin A nor aprotinin can
alter the amount of lys-MCC-DMI1 catabolized from T-DM1 within 72 hours post drug
administration. Further, the indistinguishable catabolic behaviors of the CD and BS T-DM1s
in their target cells, and with specific interferences made to given proteins involved in antigen
binding, internalization, transport and degradation, indicate that the catabolism of the two
ADCs are mediated via identical pathways and are hence “bioequivalent” according to

TARSC analysis.

TARSC analysis predicts in vitro and in vivo therapeutic efficacy

The effectiveness of an ADC can only be exerted when its loaded drug is released in its
target cells®!. Therefore, ADC’s catabolic behavior is highly correlated to its therapeutic
outcomes. Based on the resemblance of TARSC profiles between the CD and BS T-DM s,
we hence infer that the two types of T-DM1 should possess similar cytotoxicity against
BT474 cells. This hypothesis was confirmed in Fig. SA, which shows no statistical
significance between the ICso values of the CD and BS T-DM s (Fig. 5B). Furthermore, to
examine whether the catabolic behaviors of the two T-DM s revealed by lysosomal and
cellular TARSC study can be translated to in vivo efficacy, we performed a 15 mg/kg
single-dose intravenous administration of CD or BS T-DM1 in BT474 xenograft-bearing
nude mice and compared their drug catabolism profiles and the anti-tumoral effect.

Fig. 5C indicates that both CD and BS T-DM s exerted significant suppressive effect on
tumor growth after 4 days post-treatment. At 7 days post-administration, tumor volumes in
the two T-DM1 treated groups have shrunk 28.6% and 38.8% compared to the volumes in the
control group. No significant difference of the anti-tumor efficacy was observed between the
CD and BS T-DM s treatment.

Lastly, we sought to confirm whether T-DM1 is catabolized in vivo in similar manner as

shown by in vitro TARSC analysis. We found that lys-MCC-DM1 is also the major T-DM1



catabolite in tumor mass compared to DM1, and its AUC reaches 30.73-fold and 28.38-fold
higher than the AUC of DM1 at 7 days post-treatment using the CD and BS T-DM1s,
respectively (Fig. SD). Moreover, in agreement with the negligible difference in the
anti-tumoral effect observed in vivo, both CD and BS T-DM1s showed no significant
difference in the AUC of lys-MCC-DM1 from the BT474 xenografts. It is thus reasonable to
anticipate that the application of TARSC analysis to ADC screening is useful for inferring
their therapeutic effects in vitro and in vivo, and will significantly reduce the need to perform
certain in vivo pharmacological experiments for the plethora of ADC candidates during an

early developmental stage.

TARSC analysis for quality assessment of novel ADCs

With the use of TARSC analysis in evaluating the bioequivalence for the CD and BS
T-DM1s, we next applied TARSC to quickly assess the payload release efficiency for a new
trastuzumab-toxin conjugate. A tubulysin ADC-candidate (DX-006) was designed as a
cysteine-conjugated noncleavable ADC (Fig. 6A). The linker and warhead were first linked
together as compound T (Tub-006) and then conjugated to cysteine residues on Trastuzumab.
The prerequisite for DX-006 to induce significant cancer cell killing effect is effective toxin
release upon lysosomal proteolysis. Therefore, we conducted lysosomal TARSC analysis by
incubating DX-006 with the CLF and measuring the temporal changes of its major catabolites
including cys-compound T and compound T. As shown in Fig. 6B, we noted both catabolites
exhibited a time-dependent increase with prolonged incubation. Moreover, the production of
compound T even displayed a steeper increase at later time points compared to
cys-compound T. This finding suggests rapid and efficient release of the two payloads for
DX-006 (Fig. 6C).

We further pursued the catabolism route for these two products, and incubated DX-006
with protease inhibitors. Parallel to other cysteine-conjugated noncleavable ADC, cysteine
protease inhibitors blocked DX-006 lysosomal metabolism and yielded decreased
concentration of cys-compound T detected in lysosomes (Fig. 6D), indicating that lysosomal
cysteine proteases are involved in the catabolic process of DX-006. Unlike cys-compound T,

the administration of cysteine proteases inhibitors exhibited negligible influences on the



concentration of compound T, revealing the possibility that compound T is mainly produced
in lysosomes due to Retro-Michael addition independent of the examined proteases. Together,
the above TARSC results revealed the active release of payloads for the new Trastuzumab
toxin conjugate in CLF, which can potentially lead to improved cytotoxic activity. Moreover,
it demonstrates the use of TARSC in supporting early-stage screening of ADC candidates in

high throughput before proceeding to in vivo assays.

CONCLUSION

ADCs are embracing an emerging development over the past decade. Versatile
combinations of mAb, linker and drug payload have rendered the ADC technology as a
powerful drug R&D paradigm that can efficiently reach its target cells with reduced toxicity.
Nevertheless, a universal technology that efficiently and conveniently evaluates the
involvement of key biological processes in ADC delivery and payload release for mechanistic
studies and quality assessment is lacking. Herein, we reported the TARSC approach that
measures kinetics of ADC catabolism in target cells and subcellular compartments, and
records the changes when given proteins/pathways are genetically or pharmacologically
interfered. TARSC can thus be applied to elucidate which proteins such as cysteine or
aspartic protease contributes to ADC delivery and degradation for mechanistic studies.
Moreover, we demonstrated TARSC analysis can deeply and comprehensively examine the
bioequivalence for a ADC biosimilar compared to the commercial drug. Lastly, the
application of lysosomal TARSC analysis to a novel Trastuzumab-drug conjugate suggests
the active payload release of the assayed ADC candidate during ADC candidate screening.
Collectively, we anticipate wide and versatile uses of TARSC analysis in ADC early-stage
screening, assessment and mechanistic studies, and its strong support to future

pharmacological investigations and medicinal chemistry design/optimization of ADCs.
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FIGURES

Figure 1. An illustration of the in vitro TARSC approach that supports ADC quality
assessment and mechanistic studies.
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Figure 2. Lysosomal TARSC analysis of the commercial drug (CD) and biosimilar (BS)
T-DM1s using rat liver crude lysosome fractions. (A) Catabolic kinetics of T-DM1 after
incubation with the crude lysosome fractions isolated from rat liver (25 nM CD vs. BS
T-DM1, n=6). (B) The areas under curve (AUCs) of the two major catabolites of the CD and
BS T-DM1s were compared. (C) Scheme of lysosomal TARSC analysis conducted via the
administration of specific inhibitors targeting different proteases. (D) Influence of given
protease inhibitors (10 uM E64d, 10 uM CA-074-ME, 20 pg/mL Aprotinin, 10 pg/mL
pepstatin A) on the catabolic kinetics of the CD and BS T-DM1s (n=6). All data are presented
as mean = SEM. **P < 0.01, One-way ANOVA.
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Figure 3. Catabolism profiles of the CD and BS T-DMls in BT474 cells. (A)
Time-resolved kinetic profiles of T-DM1 catabolites in BT474 cells administered with three
different doses (12.5 nM, 25 nM and 50 nM). (B) The areas under curve (AUCs) of the two
major catabolites were compared. Data are expressed as mean + SEM (n=6).
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Figure 4. TARSC analysis determines the major catabolic proteins/pathway
contributing to the payload release of the CD and BS T-DMls in BT474 cells.
(A)Transfection efficiency of HER2 siRNA in BT474 cells was
immunofluorescence (Red, HER2; Blue, Hoechst) and measured by flow cytometry (n=6). (B)
Impact of treatment with HER2 siRNA or negative control siRNA for 48 hours on production
of the major T-DM1 catabolites for the CD and BS T-DM1s after incubation for another 72
hours. (C) Impact of inhibiting clathrin-dependent internalization with chlorpromazine (10
uM) treatment for 2 hours on catabolites produced from the CD and BS T-DM s, respectively.
(D) Impact of inhibiting endosome-lysosome fusion with Bafilomycin Al (1nM) treatment
for 2 hours on catabolites produced from the CD and BS T-DM s, respectively. (E) Impact of
inhibiting cysteine, aspartic and serine protease-dependent proteolytic degradation by
treatment with E64d (20 uM), CA-074-ME (3 uM), pepstatin A (20 pg/mL), aprotinin (20
pg/mL) for 72 hours on catabolites produced from the CD and BS T-DM1s in BT474 cells,
respectively. The concentrations of the two catabolites, lys-MCC-DM1 and DMI, were
quantified by LC-MS/MS (n=6 for each group). All data represent mean + SEM, * p<0.05, **
p<0.01, *** p<0.001, Student’s t-test.
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Figure 5. In vitro and in vivo therapeutic efficacy of the CD and BS T-DM1s. (A) Growth
inhibition were measured at 120 hours post-administration (n=6). (B) ICso values were
compared between the CD and BS T-DM1s. (C) Tumor volumes were measured every day
and tumor growth curves were plotted for mice bearing BT474 cell-derived tumor xenografts.
(D) AUCs of intra-tumoral lys-MCC-DM1 and DM1 measured from the CD and BS
T-DMI-treated group, respectively. Specifically, 6 mice from each group were sacrificed at
day 1, day 4, day 7 post-administration, and the tumors were collected to determine the
catabolite concentration at each assayed time point for AUC calculation. All data represent
mean = SEM (n=6). N.S., no significance, * p<0.05, Student’s t-test.
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Figure 6. Catabolism profiles of cys-compound T and compound T produced from
DX-006 after incubation with rat liver CLF. (A) Schematic illustration of the structure of
DX-006. (B) Kinetic profiles of DX-006 catabolites after incubating DX-006 with the crude
rat liver lysosomes for 1, 2, 4, 6, 12, 24, 48, 72, 96 and 120 hours. (C) AUCs of the detected
DX-006 catabolites after incubation for 120 hours. (D) Lysosomal TARSC analysis of
DX-006 achieved by co-administration DX-006 with specific cysteine proteases inhibitors
(10 uM E64d, 10 uM CA-074-ME) for 48 hours, respectively. All data represent mean =+
SEM (n=3), ** p<0.01, ***p<0.001, One-way ANOVA.
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