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Nonstandard Abbreviations: ACN, acetonitrile; ADC, antibody-drug conjugate; Ala-Ala, 

alanine-alanine; AUClast, area under concentration-time curve from 0 to time of the last 

quantifiable concentration; AUCinf, extrapolated area under the concentration-curve from time 0 

to infinity; β-RAM, beta-particle emission radioactivity monitor; CL, clearance; Cmax, maximum 

concentration; DAR, drug to antibody ratio; DLBCL, diffuse large B-cell lymphoma; DMEM, 

Dulbecco’s Modified Eagle Medium; DNA, deoxyribonucleic acid; FA, formic acid; GCC, 

guanylyl cyclase C; GI, gastrointestinal; HER2, human epidermal growth factor receptor 2; 

HPLC, high-performance liquid chromatography; IGN, indolinobenzodiazepine; LC-MS/MS, 

liquid chromatography-mass spectrometry; MRM, multiple reaction monitoring; LSC, liquid 

scintillation counter; mAb, monoclonal antibody; mTNBC, metastatic triple-negative breast 

cancer; Na2EDTA, disodium ethylenediaminetetraacetic acid; PBD, pyrrolobenzodiazapene 

dimers; PBS, phosphate-buffered saline; PK, pharmacokinetics; PK/PD, 

pharmacokinetics/pharmacodynamics; t1/2, terminal elimination half-life; tmax, time to maximum 

concentration; TRA, total radioactivity; Vss, volume of distribution at steady state 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 25, 2020 as DOI: 10.1124/dmd.120.000194

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


   
 

4 
 

ABSTRACT  

TAK-164 is an antibody-drug conjugate (ADC) comprising human anti-guanylyl cyclase C 

(GCC) monoclonal antibody conjugated to indolinobenzodiazepine DNA alkylator IGN-P1 

through a cleavable alanine-alanine (Ala-Ala) dipeptide linker. TAK-164 is currently being 

evaluated for the treatment of gastrointestinal (GI) cancers expressing guanylyl cyclase C 

(GCC).  The catabolism of TAK-164 was studied using [
3
H]-labeled ADC using GCC expressing 

HEK-293 (GCC-HEK-293) cells, rat tristosomes, cathepsin B, and tumor bearing mice. Time and 

target dependent uptake of [
3
H]TAK-164 was observed in GCC-HEK-293 cells with 

approximately 12% of radioactivity associated with DNA after 24 hours of incubation. Rat liver 

tritosomes and cathepsin B yielded IGN-P1 aniline, sulfonated IGN-P1 (s–IGN-P1) aniline and a 

lysine conjugate of IGN-P1 (IGN-P1-Lys) aniline as catabolites.  In tumor bearing mice 

[
3
H]TAK-164 exhibited terminal half-life (t1/2) approximately 41 and 51 hours in plasma and 

blood, respectively with low plasma clearance (0.75 mL/hr/kg). The extractable radioactivity in 

plasma and tumor samples revealed the presence of s-IGN-P1 aniline and IGN-P1 aniline as 

payload related components.  The use of a radiolabeled payload in the ADC in tumor uptake 

investigations provided direct and quantitative evidence for tumor uptake, DNA-binding and proof 

of mechanism of action of the payload.  
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SIGNIFICANCE STATEMENT 

Since payload related species are potent cytotoxins, a thorough characterization of released 

products of ADCs, metabolites and their drug interaction potential are necessary prior to clinical 

investigations.  This study characterized in vitro and in vivo DNA binding mechanism and 

released products of TAK-164.  The methodologies described here will be highly useful for 

characterization of payload-related products of ADCs in general.   
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Introduction 

The achievement of balance between potency and safety for cancer drugs is still challenging.  

Recently, there has been a significant effort in optimizing the drug delivery strategies of 

cytotoxic molecules to minimize systemic toxicity but maintaining desired efficacy (Lu and 

Qiao, 2018). Use of antibody-drug conjugates (ADCs) is one such strategy that has been gaining 

traction (Abdollahpour-alitappeh et al., 2019).  The clinical proof of concept of ADCs as a 

modality for treating cancer has already been established through approval of eight ADCs thus 

far.  These include, Adcetris® (brentuximab vedotin) for the treatment of CD30 positive cancers 

such as hodgkin lymphoma and systemic anaplastic large cell lymphoma, Kadcyla® (ado‐

trastuzumab emtansine) for the treatment of HER2 positive metastatic breast cancer, Besponza® 

(inotuzumab ozogamicin) for the treatment of adults with relapsed or refractory B-cell precursor 

acute lymphoblastic leukemia, recently reintroduced Mylotarg (gemtuzumab ozogamicin) for 

newly diagnosed and relapsed or refractory CD33-positive acute myeloid leukemia (Coats et al., 

2019) and more recently, Lumoxiti
TM

,  Polivy
TM

, Enhertu®, Trodelvy® for the treatment of 

adult patients with relapsed or refractory hairy cell leukaemia,  diffuse large B-cell lymphoma 

(DLBCL),  unresectable or metastatic HER2-positive breast cancer, and   metastatic triple-

negative breast cancer (mTNBC), respectively (Cai et al., 2019, 

https://www.adcreview.com/polatuzumab-vedotin-drug-description/). 

An ADC consists of a recombinant monoclonal antibody (mAb) linked to a highly potent 

cytotoxic small molecule through a linker via an amino group of lysine or thiol group of 

cysteines. ADCs act through binding to tumor specific antigens expressed on the cancer cell 

membrane and deliver cytotoxic payloads via internalization and endosomal/lysosomal or pH-

dependent degradation.  The selective delivery of cytotoxic payloads improves the efficacy and 

safety profiles of ADCs by lowering systemic exposure.  The cleavage mechanism and stability 
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of ADCs depends on the type of linkers i.e. cleavable or non-cleavable. Cleavable linkers release 

free payload/catabolite(s) and non-cleavable linkers release payload along with linker and an 

amino acid (cysteine or lysine) (Shadid et al., 2017). The free payload or catabolites released in 

lysosomal compartment sometimes reaches systemic circulation and hence their identification 

and the determination of the concentration of free payload in plasma and tumor is necessary to 

understand toxicity, pharmacokinetics and PK/PD relationship (Shah et al., 2012; Diamantis and 

Banerji, 2016). Ultimately, the proper selection of antibody, linker, and payload will impact the 

ADC efficacy, safety, therapeutic index, exposure, and mechanism of catabolism. In addition, 

there should be mechanistic understanding of ADC disposition in early drug developmental 

stages to elucidate safety and efficacy.  

Pyrrolobenzodiazapene dimers (PBD) are highly potent and novel class of payload, which 

are being used in many ADCs in clinical development. PBD dimers are derived from conjugation 

of monomers to yield two imine functional groups that cross links DNA through N2 position of 

guanine (Gregson et al., 2019). Recently ImmunoGen developed new indolinobenzodiazepine 

dimers with mono-imine functionality that covalently binds one strand of DNA to retain potency 

of di-imine without off-target toxicity of di-imine (Miller et al., 2016).   TAK-164 (5F9 IGN-P1) 

is an antibody-drug conjugate (ADC) that consists of the human anti-guanylyl cyclase C (GCC) 

monoclonal antibody (IgG1) conjugated to indolinobenzodiazepine (IGN) dimer payload with 

monoamine through a cleavable alanine-alanine dipeptide linker (Abu-Yousif et al., 2017).  GCC 

antigen is expressed in many GI cancers such as pancreatic, gastric, esophageal, and colorectal 

cancers. Although the GCC antigen is primarily expressed in the apical side in normal intestinal 

epithelial cells, the access from vascular compartment is restricted due to cell tight junctions. In 

cancer cells apical localization of GCC antigens are disrupted and hence GCC antigen became 
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an attractive target for ADC based drug delivery in GI cancers (Hyslop and Waldman, 2013; 

Almhanna et al., 2016; Park et al., 2002). TAK-164 is being developed for the treatment of 

gastrointestinal cancers. The current article describes catabolism of [
3
H]TAK-164 in rat 

tritosomes, human liver cathepsin B, GCC expressing cells and the pharmacokinetics and 

catabolism in tumor bearing mice.  

Materials and Methods 

Test Articles and Reagents 

Reference standards, IGN-P1 aniline, s-IGN-P1 aniline, and IGN-P1-Lys, [
3
H]TAK-164, and 

chKT1-[
3
H]IGN-P1 were provided by ImmunoGen. Rat liver tritosomes are lysosomes isolated 

from tyloxapol (surfactant)-treated rats and purchased from Sekisui XenoTech, LLC. Human 

liver cathepsin B and other chemicals were obtained from Sigma-Aldrich Company LLC (St 

Louis, MO). SOLVABLE
TM

 reagent and Ultima Gold™ scintillant cocktail were purchased from 

PerkinElmer [Waltham, MA, USA]. Gentra Puregene Cell and DNeasy Blood and Tissue kit for 

DNA isolation used for DNA isolation from cell and tissue, respectively were purchased from 

Quiazen (Frederick, MA). Scintillation cocktail for online radioactivity detector were obtained 

from LabLogic System, Inc (Tampa, FL).  

Incubation of [
3
H]TAK-164 with Target Expressing Cells 

GCC-expressing HEK-293 cells (0.6 × 10
6
) were treated with 1 g/mL of [

3
H]TAK-

164 or chKT1-[
3
H]IGN-P1 in Dulbecco’s Modified Eagle Medium (DMEM) in a 

humidified incubator at 37°C. The concentration of ADC was selected to allow 

sufficient levels to elucidate the catabolism without causing cell death. Cells were 

harvested at 0, 4, and 24 hours and centrifuged (1000 rpm at 4°C) for 10 minutes to 

separate the cell pellet from the media. The cell pellet was washed with phosphate-
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buffered saline (PBS), and 1.0 mL of acetone was added. The samples were stored at 

−80°C to allow for complete protein precipitation (30 min), and then the supernatant was 

separated by centrifugation. Similarly, media was extracted with three volumes of 

acetone. The supernatant was separated from the media pellet. The acetone extracts from 

the cell and media pellets were dried separately under nitrogen, reconstituted with 

acetone:water (80:20, v:v), and the radioactivity was measured. The cell and media pellets 

were solubilized in SOLVABLE
TM

 reagent overnight in a 50°C water bath and added to 50 

L of 100 mM disodium ethylenediaminetetraacetic acid (Na2EDTA) and 100 L of 30% 

H2O2. The samples were incubated for 1 hour at 50°C, 1N hydrochloric acid (HCl) was 

added to each vial, and then the samples were left in the dark for 2 hours. The 

radioactivity was measured by adding 5 mL of Ultima Gold™ scintillant cocktail 

(PerkinElmer [Waltham, MA, USA]). Cell viability was measured at each time point and 

total radioactivity was normalized to the number of live cells. 

DNA Isolation from Cells 

DNA from the cell pellet was isolated using Gentra Puregene Cell Kit according to the 

manufacturer’s instructions. Briefly, the cells were washed, and cell pellet was vortexed 

vigorously and lysis buffer was added. The cells were vortexed for 10 seconds and proteinase 

K solution was added to each tube. The contents were mixed thoroughly by inverting 25 

times. Samples were incubated for 1 hour at 55°C and then cooled to 37°C. RNase A Solution 

(3 L) was then added, the samples were mixed, incubated for 5 minutes at 37°C, and then 

placed on ice for 3 minutes. Protein precipitation solution (200 L) was added to each tube 

and the samples were vortexed vigorously for 20 seconds, then placed on ice for 20 minutes. 

The tubes were then centrifuged for 10 minutes (4100 rpm at 4°C) to separate proteins. The 
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supernatant was added to 600 L of ice-cold isopropanol in a clean 1.5 mL microcentrifuge 

tube, mixed thoroughly, and centrifuged for 10 minutes. The supernatant was carefully 

discarded, and the DNA pellet was separated. The DNA pellet was dissolved in water and 

total radioactivity was measured. 

Incubation of [
3
H]TAK-164 with Rat Liver Tritosomes and Human Cathepsin B 

Rat liver tritosomes are lysosomes isolated from tyloxapol (surfactant)-treated rats. 

[
3
H]TAK-164 (1 M) was incubated with tritosomes derived from Sprague Dawley rats (1 

mg/mL) or human liver cathepsin B in a buffer containing 352 mM potassium phosphate 

monobasic, 48 mM sodium phosphate dibasic, and 4.0 mM ethylenediaminetetraacetic acid 

(EDTA). The pH was adjusted to 6.0 using 1N HCl or 1N potassium hydroxide (KOH). At 0, 

24, and 48 hours, a 150 mL aliquot was separated, an equal amount of acetone was added, and 

the sample was placed on ice for 15 minutes to allow for protein precipitation. The samples 

were then centrifuged to separate the protein pellets. The supernatant from 24 hours incubation 

was dried under nitrogen and the residue was reconstituted in mobile phase A (0.1% formic 

acid [FA] in water) and mobile phase B (0.1% FA in acetonitrile [ACN]) 80:20 (volume-to-

volume ratio [v:v]), then analyzed using high-performance liquid chromatography (HPLC) 

equipped with a beta-particle emission radioactivity monitor (-RAM). 

Tumor Bearing Mice 

Immunodeficient nude female mice, NU-Foxn1
nu

 (Charles River Laboratories, Wilmington, 

MA) were inoculated with HEK293 cells over expressed guanylyl cyclase C (GCC) at Takeda, 

Cambridge, MA and shipped to Covance (Greenfield, IN). In-life portion of the study was 

conducted at Covance (Greenfield, IN). After acclimatization, mice were divided in groups (n = 

4 or 5) with unrestricted access to water and food (Teklad Global Diets - 2920X). Animals were 

housed in a room with standard environmental conditions (Temperature: 68 to 79F; Relative 
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humidity: 30 to 70%; 12-hour light/12-hour dark cycle). The dosing solution (1 mg/mL) was 

prepared in 20 mM histidine, 50 mM sodium chloride, 8.5% sucrose, 50 M sodium bisulfite, 

pH 6.2. [
3
H]TAK-164 dosing (5 mg/kg; equivalent to 90 µg/kg of payload dose) was initiated, 

when tumor volumes averaged approximately 250 mm
3 

by intravenous infusion once at a dose 

volume of 5 mL/kg. The payload concentration (90 µg/kg) was calculated based on DAR (2.5) 

and the targeted dose (5 mg/kg). Blood, tumor and liver tissues were collected at 0.25, 4, 48, 96, 

and 168 hours post dose. Blood was split into two aliquots. One aliquot was used for total 

radioactivity (TRA) analysis, the other aliquot was centrifuged, and plasma was separated. All 

tissues were immediately frozen in liquid nitrogen and stored at -60C until processed for 

measurement of TRA or DNA isolation.  

Total radioactivity in blood, plasma and tissue homogenates were measured in duplicate 

using Ultima Gold XR scintillation cocktail on Model 2900TR liquid scintillation counters [LSC 

(Packard Instrument Company)] for at least 5 minutes or 100,000 counts. Scintillation counting 

data (cpm) were automatically corrected for counting efficiency using the external 

standardization technique and an instrument-stored quench curve generated from a series of 

sealed quenched standard. Plasma was mixed and duplicate weighed aliquots were analyzed 

directly by LSC. For blood samples, a sufficient amount of commercial solubilizing agent was 

added to digest each sample.  Samples were incubated for at least 1 hour at approximately 60C, 

0.1 M di-sodium EDTA was added to reduce foaming, and 30% hydrogen peroxide was added to 

remove color.  The samples were allowed to sit at least overnight to allow any foaming to 

dissipate.  Scintillation cocktail was added, and the samples were shaken and analyzed by LSC. 

Liver tissue samples were homogenized, combusted and analyzed by LSC. Duplicate weighed 
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aliquots of the tumor homogenate were digested in sodium hydroxide and analyzed directly by 

LSC. 

Tumor DNA Isolation 

Qiagen DNeasy Blood and Tissue kit was used for DNA isolation from tumor according to 

manufactures direction. Briefly, tumor tissue was cut into small pieces and placed into tubes with 

ATL buffer, a tissue lysis buffer.  After addition of proteinase K, samples were incubated 

overnight at 56°C. To the lysed tissue, buffer AL (lysis buffer)/Ethanol (400 µL) was added and 

mixed thoroughly by vortex.  The sample was then pipetted into the DNeasy MiniSpin column 

placed in a 2 mL collection tube and centrifuged at ≥6000 x g (8000 rpm) for 1 minute. The 

process repeated with wash buffers, AW1 and AW2 (centrifuged at 20000 x g (14000 rpm) for 3 

minute) supplied by the vendor. Finally, DNA was eluted with 200 µL of AE buffer.  DNA was 

stored at approximately -70°C until further analysis. 

Plasma and Tumor Sample Processing  

An aliquot of pooled mouse plasma samples was added to 3 volumes of acetone and vortex 

mixed for 5 minutes. The samples were kept in the −80°C freezer for 30 min to ensure complete 

protein precipitation and centrifuged. The supernatants were transferred to a scintillation vial 

and radioactivity was measured with a liquid scintillation counter (LSC), (LS6500 [Beckman 

Coulter, Inc.]).  Tissue homogenates (tumor & liver) were weighed and equal amount of acetone 

was added. The mixture was mixed thoroughly (vortex) and sonicated for 5 minutes (twice) with 

minimal shaking in between, and samples were placed in the freezer at −80°C for 30 minutes for 

precipitation of proteins. The mixture was centrifuged and TRA of the supernatant was counted 

with LSC. For metabolite/catabolite profiling, the supernatants were transferred to glass tubes 

and the solvent was evaporated under vacuum (SPD1010 Integrated SpeedVac® [Thermo Fisher 
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Scientific (Waltham, MA, USA)]). The dried samples were then reconstituted in 200 L of 

solvent (80% water and 20% acetone) for analysis. 

Pharmacokinetic calculations 

Total radioactivity was measured by LSC and expressed in g-eq/g. Pharmacokinetic 

analysis of plasma concentration data was performed with Phoenix™ WinNonlin®, Version 6.3 

(Pharsight Corp [Mountain View, CA, USA]). PK parameters including the observed Cmax, tmax, 

AUClast, AUCinf, CL, Vss, and t1/2, were estimated using noncompartmental models.  Tumor 

tissues samples were derived using extravascular dosing type based on the gradual increase in 

tumor concentrations from 0 to 96 hours, followed by a decline in concentrations. The area 

under the concentration-time curve (AUC) was calculated using the linear trapezoidal rule. 

Graphs included in this report were plotted in Phoenix WinNonlin (Pharsight Corp).  

Liquid Chromatography and Radioactivity Detection 

Liquid chromatography was performed using an Agilent 1290 high-performance 

liquid chromatography (HPLC) system with a binary pump, autosampler, and diode array 

detector coupled to a Kinetex® C18 column (2.6 M, C18, 4.6 × 150 mm, 100 A) 

(Phenomenex, Inc. [Torrance, CA, USA]), at 40°C column temperature. Solvent A was 

0.1% formic acid (FA) in water and Solvent B was 0.1% FA in acetonitrile (ACN). The 

gradient started with 5%B (0-3 min) followed by 95%B (3-24 min) with a hold up to 

26 min at 95%B and back to starting conditions (5%B) from 26- 30 min. The 

reconstituted samples were analyzed by HPLC with online radioactive detector (β-RAM, 

model) or eluent was collected into Isoplate™ 96-well plates (PerkinElmer Life Sciences, 

Inc. [Waltham, MA, USA]). The solvent in the plates was evaporated and mixed with 

Microscint™ PS scintillation cocktail (50 L) (PerkinElmer Life Sciences, Inc. 
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[Waltham, MA, USA]). The radioactivity was counted using MicroBeta® Trilux 

(PerkinElmer Life Sciences, Inc.[Waltham, MA, USA]). Radiochromatograms were 

constructed using Laura® software (LabLogic Systems Limited [Brandon, FL, USA]).  

Structures were identified by comparison of retention times with authentic standards 

and mass spectra. The retention times and shape of the radioactive peaks varied due 

to matrix effect. However, authentic standards were analyzed in the same run 

and/or mass spectra were collected to unambiguously assign the structures. The  

LC/MS/MS analysis was performed with AB Sciex 6500 triple quadrupole mass 

spectrometry (AB SCIEX, Framingham, MA) using positive ionization mode with the 

following conditions: collision energy (CE) = 37 v, curtain gas = 25 (arbitrary units), 

declustering potential = 71, source temperature = 600°C, MRM transitions: 708247 

(IGN-P1 aniline), 790708 (sulfonyl IGN-P1 aniline) with HPLC conditions described 

above. 

Results 

TAK-164 is an ADC with fully humanized anti-guanylyl cyclase C (GCC) monoclonal 

antibody connected to indolinobenzodiazapine via cleavable ala-ala dipeptide linker (Abu-Yousif 

et al., 2017). In preclinical studies, TAK-164 exhibited dose- and time-dependent increase in 

DNA damage and durable antitumor activity in multiple GCC-positive patient-derived 

xenografts after a single intravenous administration. Further imaging studies with tumor bearing 

mice demonstrated that TAK-164 preferentially accumulates in GCC-positive tumors (Abu-

Yousif et al., 2017). Since ADCs contain highly potent cytotoxic payloads, understanding of 

metabolites and catabolites derived from these small molecules is important in part because the 

catabolites may possess pharmacological, toxicological, and DDI potential.  
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The catabolism of TAK-164 was studied in vitro and in vivo using rat tritosomes, human 

liver cathepsin B, GCC expressing HEK-293 cells and in xenograft mice bearing GCC-HEK-293 

subcutaneous tumors. Due to ease of synthesis and to achieve high specific activity (2.11 

Ci/mmol), TAK-164 was labeled with tritium (
3
H) at an α-proton to the secondary nitrogen of 

tetrahydrodiazepinone (Figure 1). The drug to antibody ratio (DAR) in [
3
H]TAK-164 ranged 

from 2.2 to 2.5. TAK-164 was designed with a cleavable linker to release sulfonated IGN P1 

aniline followed by desulfonation to form an active imine which binds to DNA through 

nucleophilic addition (Figure 1). chKT1-[
3
H]IGN-P1, which was used as a negative control, is an 

ADC with same payload and linker but  the antibody has no affinity for any mouse or human 

GCC antigen. Both [
3
H]TAK-164 or chKT1-[

3
H]IGN-P were incubated with GCC-expressing 

HEK-293 cells under similar conditions.  After incubation the cells were separated from media at 

time 0, 4, and 24 hours. The media and cells were extracted with acetone and extracts were 

separated to yield media extract, media pellet, cell extracts and cell pellet, respectively. Majority 

of the radioactivity was recovered from the media and cell pellets. The radioactivity recovered in 

the media pellet resulted from the precipitation of intact ADC. The radioactivity in the cell pellet 

could be from intact ADC, free payload, or payload attached to DNA. After treatment of cells 

with [
3
H]TAK-164 and incubation for 24 hours, a time-dependent increase (20% to 32%) in cell 

pellet radioactivity and a time-dependent decrease in media pellet (75% to 59%) radioactivity 

revealed an uptake of ADC into cells that increased over time. Cell and media extract yielded 

<2% and <7%, respectively of total radioactivity. In media extracts even at time zero 

approximately 4% of the total radioactivity was observed suggesting some residual ADC is 

present (Table 1). The profiling of these extracts did not yield any payload-related catabolites in 

media suggesting very low levels of free payload related material in the cell and media extracts. 
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In incubation with chKT1-[
3
H]IGN-P1 (isotype control) approximately 91% of the radioactivity 

was observed in media pellet and cell extracts had negligible amount of radioactivity.  Media 

extract (3%4%) and cell pellet (~6%) treated with isotype control (chKT1-[
3
H]IGN-P1) had 

some radioactivity but there was no change observed over time suggesting this could be due to 

non-specific binding of radioactivity to cells. Approximately 12% of radioactivity (approximately 

38% of the total radioactivity observed in the cell pellet) was associated with DNA in cells 

treated with [
3
H]TAK-164, whereas <2% radioactivity was associated with DNA in cells treated 

with chKT1-[
3
H]IGN-P1 (isotype control), after 24 hours of incubation, suggesting target-

dependent uptake of TAK-164.  

Incubation of [
3
H]TAK-164 with rat tritosomes yielded one major and two minor catabolites 

in acetone extract. The major catabolite was identified as IGN-P1 aniline and the minor 

catabolites were determined to be sulfonated IGN-P1 aniline and IGN-P1-Lys. This was 

confirmed by comparison of retention times with authentic standards.  Similarly, incubation of 

[H]TAK-164 with cathepsin B, yielded 2 catabolites which were identified as IGN-P1 aniline and 

sulfonyl IGN-P1 aniline (Figure 2).  

In the in vivo experiment, 5 mg/kg [
3
H]TAK-164 was administered to tumor-bearing mice 

inoculated with HEK293 cells over expressed guanylyl cyclase C (GCC) via intravenous 

infusion and samples including blood, liver and tumor specimen were collected at 0.25, 4, 48, 

and 168 hours. Total radioactivity (TRA) was measured in blood and plasma directly. Tissue 

samples were homogenized and TRA was measured. The maximum concentration (Cmax) in 

blood, plasma, liver, and tumor were 72, 116, 20, and 33 g-eq/mL, respectively (Table 2). 

The TRA exhibited terminal half-life(t1/2) of approximately 41 and 51 hours in plasma and 

blood, respectively (Table 2). TAK-164 exhibited a low systemic plasma clearance (CL) of 
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0.75 mL/hr/kg. Plasma area under the concentration-time curve from time 0 to infinity, 

(AUC) (6720 hr*g-eq/mL) was approximately 1.8 (3840 hr*g-eq/mL), 3.6 (1858 hr*g-

eq/mL), and 1.2 (5520 hr*g-eq/mL) greater than the blood, liver, and tumor, respectively. To 

obtain AUC in tumors the AUCt was extrapolated to >30% (Table 2). Time dependent increase 

of radioactivity in tumor DNA was observed (Figure 3).  Approximately 2% of the total 

radioactivity entering the tumor tissue was bound to DNA. 

Metabolite/catabolite profiling of plasma revealed two major circulating catabolites (Figure 

4). The structures were identified as sulfonated IGN-P1 aniline and the desulfonated 

derivative, IGN-P1 aniline, by comparing the retention time with reference standards by 

ultraviolet (UV) spectrometry (= 320 nm) and/or LC/MS/MS analysis. In tumor, the major 

radioactivity related peak corresponded to IGN-P1 aniline, whereas sulfonyl IGN-P1 aniline 

was a minor component (Figure 5).  

Discussion 

Antigen expression and resynthesis, linker cleavage, payload permeability, and cell retention 

are major factors for driving efficacy of an ADC (Zhang et al., 2016). It is very important to get 

mechanistic understanding of payload release and its concentration in tumor cells to establish 

PK-PD relationships early in preclinical stages. Due to lack of well-established methods and 

extremely low levels of payloads, it has been challenging to identify the released products from 

ADCs. Target expressing cancer cells have been used to study the catabolism of antibody-drug 

conjugates. A good in vitro–in vivo correlation was observed in catabolism of trastuzumab 

conjugates using HER
2+

 positive xenograft model (Erickson et al., 2012). The cleavage products 

of TAK-164 has been identified in vitro using cathepsin B enzyme, rat tritosomes and DNA 

binding potential was studied using GCC expressed HEK-293 cells.  Rat liver tritosomes are 
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highly purified hepatic lysosomes that contain number of hydrolytic enzymes. Since not many in 

vitro assay systems are available to determine the catabolic fate of ADCs, rat tritosomes were 

used as an exploratory enzyme system to study the catabolism of TAK-164. This system 

provided consistent results with other in vitro systems to study catabolism of TAK-164.  In both 

cathepsin B and rat liver tritosomal incubations TAK-164 yielded cleavage products sulfonyl 

IGN P1 aniline and IGN P1 aniline, as expected (Figure 6). In target expressing cells, time 

dependent uptake of TAK-164 into cells and DNA binding demonstrated efficient binding to 

antigen-expressing cells in vitro followed by catabolism inside the cell to yield free payload.  

Following a single intravenous administration of [
3
H]TAK-164 GCC-positive xenografts, the 

total radioactivity related [
3
H]TAK-164 was measured in blood, plasma, liver, tumors and tumor 

DNA.  The pharmacokinetics of TAK-164 related total radioactivity displayed low plasma 

clearance (Table 2).  Plasma had highest concentration of total radioactivity compared to liver 

and tumor. TAK-164 partitioned into blood with blood to plasma ratio approximately 0.5. 

Detection of radioactivity at early time points in tumor and tumor DNA suggesting faster reach 

of TAK-164 to the site of action with Tmax of approximately 48 hours. As shown in Table 2, the 

measured tumor and plasma exposures of total radioactivity was higher in plasma than tumors.  

The plasma area under the concentration-time curve from time 0 to infinity (AUC) of 

[
3
H]TAK-164 after IV administration (equivalent to 90 µg/kg of payload dose) to tumor-bearing 

mice was approximately 1.8-, 3.6-, 1.2-, and 74-fold greater than the blood, liver, tumor, and 

tumor DNA AUC, respectively.   

Since the samples were collected at limited timepoints, there is a possibility that Cmax and t1/2 

might have been underestimated. In a previous study with non-radiolabeled TAK-164, dose and 

time dependent increase in DNA damage as measured by the pharmacodynamic marker pH2A.X 
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in GCC positive tumor bearing xenografts was observed (Abu-Yousif et al., 2017).  Furthermore, 

the use of preclinical imaging demonstrated that TAK-164 preferentially accumulates in GCC 

positive tumors.  Extraction of liver homogenates with acetone didn’t yield any catabolites, 

however, in tumor IGN-P1 aniline was observed as a major catabolite.  This finding suggests that 

the catabolites were released after tumor uptake of TAK-164, most likely in the lysosomes.   

In previous studies, the ability of tumor DNA alkylation was investigated using ADCs with 

PBD dimers (Ma et al., 2016; Ma et al., 2016).  The results from the current study provided 

detailed understanding of the nature of the catabolites of TAK-164 (with indolinobenzodiazepine 

payload) in the tumors and their DNA binding/alkylation properties.  The radioactivity 

associated with tumor DNA was estimated as 2% of the total tumor radioactivity. The extent of 

DNA binding can be varied based on the type of payload and rate of its release. Two catabolites, 

s-IGN-P1 aniline and IGN-P1 aniline were the major payload-related catabolites observed from in 

vitro studies.  The uptake of [
3
H]TAK-164 was target-dependent since no uptake was observed 

with chKT1-(
3
H)IGN-P1, an isotype antibody with no affinity for GCC receptors. Similar results 

were observed in tumor bearing mice derived GCC expressed cell lines. Sulfonyl IGN-P1 aniline 

and IGN-P1 aniline are the major circulating catabolites in plasma, whereas IGN-P1 is the major 

catabolite in tumors.  The radioactivity associated with DNA in both in vitro and in vivo 

substantiated the mechanism of action of indolinobenzodiazepine as a DNA alkylator. This study 

underscores the importance of the use of a radiolabeled payload in the ADC in tumor uptake 

investigations, which provide direct and quantitative evidence for tumor uptake, DNA-binding and 

proof of mechanism of action of the payload and help to elucidate catabolism of an ADC. 
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Figure Legends 

 

Figure 1.  Cleavage and DNA binding mechanism of [
3
H]TAK-164 

Figure 2. Representative radio-chromatogram of catabolites of [
3
H]TAK-164 after incubation in 

rat tritosomes over 24 hours 

Figure 3.  Mean concentration-time curves for total radioactivity measured across various 

matrices after a single intravenous administration of TAK-164 to xenograft mice 

Figure 4. Radiochromatograms of pooled plasma extracts at 48 hr (top pane) and 96 hr (middle 

pane) after intravenous administration of [
3
H]TAK-164. Bottom pane shows the UV signal for 

sulfonyl IGN-P1 aniline reference standard at λ=320nm 

Figure 5. Radiochromatograms of pooled tumor extracts at 48 hr (top pane) and 96 hr (middle 

pane) after intravenous infusion of [
3
H]TAK-164. Bottom pane shows the UV signal for sulfonyl 

IGN-P1 aniline reference standard at λ=320nm 

Figure 6. Proposed biotransformation pathways of [
3
H]TAK-164 
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Table 1. Percent total radioactivity measured after treatment of GCC expressed HEK-293 cells 

with [
3
H]TAK-164 and chKT1-[3H]IGN P1 (Isotype control). 

 

 Percent Total Radioactivity 

 Cell Extract Media Extract Media Pellet Cell Pellet DNA 

 0 hr 24 hr 0 hr 24 hr 0 hr 24 hr 0 hr 24 hr 0 hr 24 hr 

chKT1-[3H]IGN P1 0.25 0.28 4.41 2.78 89.20 90.65 6.14 6.30 0.33 1.57 

[3H]TAK-164 0.28 1.98 4.02 6.38 75.30 59.29 20.40 32.35 1.35 12.31 
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Table 2. Pharmacokinetic parameters of total radioactivity ([3H]TAK-164 equivalents) after a 

single intravenous administration of 5 mg/kg [3H]TAK-164 to mice. 
 
 

  
Dose 

 

Cmax 

 

AUClast 

 
AUC

AUC



%Ex
trap 

 
CL 

 
t1/2 

Matrix (mg/kg) (g-eq/mL or g) (hr*g-eq/mL or g) (hr*g-eq/mL or g) (%) (mL/hr/kg) (hr) 

Blood 5 72.4 3490 3840 9.2 1.30 50.5 

Plasma 5 116 6370 6720 5.1 0.745 41.2 

Liver 5 20.2 1330 1858 28 NC NC 

Tumor 5 32.9 3630 5520 34 NC NC 

Tumor DNA 5 0.680 70.8 90.9 22 NC  NC 

 NC = not calculated.  
Note: Tumor and liver tissue parameters were calculated using extravascular dosing type. Plasma and blood 
parameters were calculated using intravenous (IV) dosing type.  
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Figure 1 
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Figure 2  
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Figure 3   
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Figure 4 
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Figure 5  
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Figure 6  
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