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Abstract
The liver is central to the elimination of many drugs from the body involving multiple processes and understanding of these 
processes is important to quantitively assess hepatic clearance of drugs. The synthetic STING (STimulator of INterferon 
Genes protein) agonist is a new class of drugs currently being evaluated in clinical trials as a potential anticancer therapy. 
In this study, we used ML00960317 (synthetic STING agonist) to investigate the hepatobiliary disposition of this novel 
molecular entity. A bile-duct cannulated (BDC) rat study indicated that biliary excretion is the major route of elimination 
for ML00960317 (84% of parent dose in bile). The human biliary clearance using in vitro sandwich cultured human hepato-
cyte model predicted significant biliary excretion of ML00960317 (biliary excretion index (BEI) of 47%). Moreover, the 
transport studies using transporter expressing cell lines, hepatocytes, and membrane vesicles indicated that ML00960317 
is a robust substrate of OATP1B1, OATP1B3, and MRP2. Using relative expression factor approach, the combined contri-
bution of OATP1B1 (fraction transported (ft) = 0.62) and OATP1B3 (ft = 0.31) was found to be 93% of the active uptake 
clearance of ML00960317 into the liver. Furthermore, OATP1B1 and OATP1B3-mediated uptake of ML00960317 was 
inhibited by rifampicin with IC50 of 6.5 and 2.3 μM, respectively indicating an in vivo DDI risk (R value of 1.5 and 2.5 for 
OATP1B1 and OATP1B3, respectively). These results highlighted an important role of OATP1B1, OATP1B3, and MRP2 
in the hepatobiliary disposition of ML00960317. These pathways may act as rate-determining steps in the hepatic clearance 
of ML00960317 thus presenting clinical DDI risk.
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Introduction

A well-balanced immune system (innate and adaptive 
immunity) is critical to our body’s defense mechanism to 
fight against infections and cancers. With growing under-
standing of the health benefits of a balanced immune 
system, immuno-oncology has shown tremendous poten-
tial in the development of promising treatments to fight 
against cancers by manipulating body’s immune system 
(1). Among various immunotherapy possibilities, harness-
ing innate immunity has shown benefit in precise and per-
sonalized treatment of cancer patients. One such potent 
anti-cancer approach involves targeting the 2′3′-cyclic-
GMP-AMP (cGAMP)- l Stimulator of Interferon Genes 
(STING) innate immunity pathway (2, 3). cGAMP is a 
cyclic dinucleotide (CDN) that functions as an immu-
notransmitter. It activates the STING pathway to release 
antitumor cytokines such as interferon-beta (IFN-β) which 
later triggers downstream adaptive immunity to elicit sys-
temic antitumor effects (4). Considering this robust anti-
tumoral immune response of cGAMP, there is a growing 
interest in developing synthetic dinucleotides (cGAMP 
analogs) as novel cancer therapeutics.

ML00960317 is a STING agonist with a synthetic CDN 
structure (Fig. 1), and it has shown potent antitumor activity in 
nonclinical tumor models by inducing robust innate and adaptive 
immune responses (5). Generally, endogenous cGAMP and its 
synthetic analogs such as ML00960317 have moderate-to-high 

molecular weight (> 400) and low permeability (Supplemental 
Table 6) and therefore, uptake transporters play an obligatory 
role in their pharmacological effects in target cells (6, 7). Mecha-
nistic understanding of hepatic disposition of drugs is important 
in early drug discovery not only to identify rate-determining 
steps in their hepatic clearance but also to identify drug-drug 
interaction (DDI) liabilities. Based on the Extended Clearance 
Classification System (ECCS), the hepatic clearance of synthetic 
STING agonists (class 3B) is generally driven by hepatic uptake 
and bile canalicular efflux transporters (8). Hepatic uptake 
transporters such as organic anion-transporting polypeptides 
(OATPs) (9, 10), organic anion transporter (OAT) 2 (11), and 
organic cation transporter (OCT) 1 (12) and hepatic bile cana-
licular efflux transporters including p-glycoprotein (P-gp) (13), 
breast cancer resistance protein (BCRP) (14), and multidrug 
resistance-associated protein (MRP) 2 (15) are known to be 
involved in the hepatic uptake, clearance, and biliary excretion, 
respectively, of many drugs and hence liable for potential DDIs. 
OATPs are very well characterized with respect to their critical 
role in the hepatic clearance and associated DDI risk for sub-
strate drugs including statins (9, 10), bosentan, simeprevir, and 
repaglinide (16). Besides DDIs, OATP1B1 polymorphism (in 
particular rs4149056, c.521T>C) has shown substantial impact 
on the PK of its substrate drugs. For example, the plasma level of 
atorvastatin, rosuvastatin, and repaglinide is increased by 1.5–3-
fold in individuals with 512T>C polymorphism (17–20). There-
fore, regulatory agencies (US FDA, EMA, and PMDA) require 
a systematic in vitro and in vivo evaluation of new chemical 

Fig. 1   The chemical structure of 
ML00960317
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entities (NCEs) as potential substrates and inhibitors of these 
drug transporters (FDA DDI Guidance 2020, EMA DDI Guid-
ance 2013, and PMDA DDI Guidance 2018). Currently, there is 
limited literature describing the hepatobiliary disposition of syn-
thetic CDNs (STING agonists) to identify the rate-determining 
steps in the hepatic clearance of these drugs and to predict DDI 
liabilities. Therefore, in the present study, we used ML00960317 
(a synthetic CDN-based STING agonist) as a research tool (the 
structural analog of ML00960317 is currently under clinical 
development) to delineate the potential drug transporters involved 
in the hepatobiliary disposition of CDNs. The goals of this study 
were to — investigate elimination routes of ML00960317 using 
a bile-duct cannulated rat model, comprehensively characterize 
drug transporters involved in the hepatic uptake and biliary excre-
tion of ML00960317, quantitatively determine OATP1B1 and 
OATP1B3 contributions to the hepatic uptake of ML00960317 
using the relative expression factor (REF) approach, and predict 
in vivo DDI risk with OATP1B perpetrators.

Materials and Methods

Transporter-qualified cryopreserved human hepatocyte 
lots (8339 and 8350) were purchased from ThermoFisher 
Scientific (Waltham, MA, USA) (Supplemental Table 9). 
Williams’ E medium, cryopreserved hepatocyte recovery 
medium, hepatocyte maintenance, and plating supplement 
pack were purchased from Thermo Fisher (Waltham, MA, 
USA). Atorvastatin, rifamycin SV, N-methyl quinidine, 
valspodar, Ko143, and benzbromarone were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). [3H]ator-
vastatin, [3H]estradiol-17β-glucuronide, [3H]estrone-
3-sulfate, and [3H]TCA were purchased from American 
Radiolabeled Chemicals Inc. (St. Louis, MO, USA). [3H]
Guanosine 3′,5′-cyclic phosphate (cGMP) was procured 
from Perkin Elmer (Waltham, MA, UA). ML00960317 
was prepared and supplied by Takeda Pharmaceutical 
company. All organic solvents were of the highest quality 
and procured from Thermo Fisher (Waltham, MA, USA) 
and Sigma-Aldrich (St. Louis, MO, USA).

Pharmacokinetic Analysis of ML00960317 
in Control and Bile‑Duct Cannulated (BDC) 
Rats

The pharmacokinetic of ML00960317 in bile-duct cannu-
lated and non-cannulated male Sprague-Dawley rats was 
conducted at the Takeda animal testing facility accredited 
by the Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC). The experimen-
tal procedure was followed as per the Animal Welfare 

Act and National Research Council (NRC) guidelines. 
Briefly, bile-duct cannulated (n = 4) and non-cannulated 
(n = 3) male Sprague-Dawley rats were administered 
ML00960317 as a single 1 mg per kg dose intravenously 
in sterile phosphate buffer saline through a jugular vein 
catheter. Plasma samples were collected at specified time 
points (from 0.0833 to 48 h). Bile (BDC rats only) and 
urine samples were collected from 0 to 8 h, 8–24 h, and 
24–48 h postdose while feces samples were collected 
from 0 to 24 h and 24–48 h postdose. A total of 0.5 mL 
of bile fluid replacement solution (0.5% glucose/40 mM 
sodium taurochlorate/5 mM potassium chloride/0.9% 
sterile saline) was administered to each animal (BDC 
rats) through a return catheter into the duodenum once 
every hour from 1 to 8 h and 24 to 32 h postdose. All the 
samples were stored ≤ 70°C until LC-MS/MS analysis.

Measurement of Biliary Excretion 
of ML00960317 in Sandwich Cultured 
Human Hepatocytes (SCHH)

The biliary excretion of ML00960317 was measured 
using sandwich cultured human hepatocytes. The 
study was performed at Qualyst Transporter Solutions 
(a BIOIVT Company). Briefly, transporter-qualified 
cryopreserved human hepatocytes (Lot WWQ) were 
thawed in warm (37°C) water bath for 2 min. Cells were 
decanted into 45 mL of warm BioIVT proprietary Qual-
GroTM Thaw Media. Following centrifugation (~100×g 
for 8 min), media was aspirated and cells were resus-
pended in QualGroTM Seeding Medium (~1 mL/mil-
lion cells). Hepatocytes were suspended in QualGroTM 
Seeding Medium) at a density of 0.8–1.2 million viable 
cells/mL and seeded onto BioCoat® 24-well cell culture 
plates. Twenty-four hours later, cells were over-laid with 
QualGroTM Hepatocyte Culture Medium supplemented 
with extracellular matrix (ECM), Matrigel® (0.25 mg/
mL). Cells were maintained in QualGroTM Hepatocyte 
Culture Medium until used in the study.

Uptake Studies of ML00960317 Using 
Hepatic Uptake Transporter‑ (OATP1B1, 
OATP1B3, OATP2B1, NTCP, OAT2) 
Overexpressing Cell Lines

The uptake studies in OATP1B1 and OATP1B3 cells 
were conducted in-house, whereas uptake studies using 
MDCKII-OATP2B1, MDCKII-NTCP, and MDCKII-OAT2 
were performed at Optivia Biotechnology. In brief, HEK-
OATP1B1, HEK-OATP1B3, and HEK-mock cells were 
grown on poly-D-Lysine precoated 48-well plates while 
MDCKII-NTCP, MDCKII-OAT2, and MDCKII-mock cells 
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were grown on permeable support in a 96-well plate. Cells 
were washed twice with prewarmed Hank’s balanced salt 
solution (HBSS). HBSS buffer containing ML00960317 in 
the absence or presence of transporter inhibitor was added 
to cells. For positive controls, OATP1B1 and OATP1B3, 
OATP2B1, NTCP, and OAT2 expressing cells were incu-
bated with [3H]estradiol-17β-glucuronide (0.06 μM), [3H]
estrone-3-sulfate (0.5 μM), [3H]TCA (2 μM), and [3H]cyclic 
guanosine monophosphate (cGMP) (2 μM), respectively. 
After 5-min incubation, the dosing solution was aspirated 
from the cells and the uptake was stopped by washing the 
cells 3 times with ice-cold HBSS buffer. Cells were then 
lysed with 200 μL of Triton™ X-100 (Sigma-Aldrich Com-
pany LLC [St. Louis, MO, USA]) (0.5%, volume-to-volume 
ratio [v:v]) in phosphate-buffered saline (PBS). Cell lysates 
were placed into a 96-well Wallac Isoplate™ (PerkinElmer 
Life Sciences [Waltham, MA, USA]) and mixed with 150 
to 200 μL of Ultima-Flo™ M liquid scintillation cocktail 
(PerkinElmer Life Sciences [Waltham, MA, USA]). The 
radioactivity in each sample was measured with a 2450 
MicroBeta2® TriLux microplate scintillation and lumines-
cence counter (PerkinElmer Life Sciences [Waltham, MA, 
USA]). The cellular accumulation of ML00960317 was 
quantified by LC-MS/MS.

Uptake Analysis of ML00960317 in Plated 
Human Hepatocytes

Cryopreserved human hepatocytes were thawed using cry-
opreserved hepatocyte recovery medium (CHRM) (Life 
Technologies Corporation) and centrifuged at 100×g for 
10 min at room temperature. The cell pellets were sus-
pended in William’s Medium E (WME) (Invitrogen 
[Carlsbad, CA, USA]) containing 0.1-mM nonessential 
amino acids, 2-mM L-glutamine, 4.5-g/L glucose, 10% 
fetal bovine serum (FBS), insulin-transferrin-selenium 
(1×) (Gibco), 0.1-μM dexamethasone, and 100-unit/mL 
penicillin/streptomycin. The hepatocytes were seeded at a 
density of 0.15 to 0.2 million cells per well onto 48-well 
plates precoated with Collagen I (Corning Life Sciences) 
(Corning, NY, USA). The hepatocytes were allowed to 
attach at 37°C for approximately 1 h with 95% air and 5% 
CO2, and the medium was replaced by WME containing 
0.1-mM nonessential amino acids, 2-mM L-glutamine, 
4.5-g/L glucose, insulin-transferrin-selenium (1×), 0.1-μM 
dexamethasone, and 100-unit/mL penicillin/streptomycin. 
The hepatocytes were further incubated at 37°C for an 
additional 3 to 4 h before use in the assay.

To initiate the uptake assay, first hepatocytes were equili-
brated with KHB buffer for 10 min at 37°C. Later, hepato-
cytes were incubated with ML00960317 at 37°C and 4°C to 

measure the total uptake and passive diffusion, respectively. 
To assess the role of hepatic OATPs, hepatocytes were pre-
incubated with 20 μM rifamycin SV for 15 min and then 
co-incubated with rifamycin SV (20 μM) and ML00960317 
for 5 min at 37°C. As a positive control, the uptake of [3H]
atorvastatin was measured at 37°C in the absence and pres-
ence of rifamycin SV (20 μM) and, 4°C. At the end of uptake 
period, hepatocytes were washed 3 times with ice-cold KHB 
buffer. The cells were lysed with Triton™ X-100 (Sigma-
Aldrich Company LLC [St Louis, MO, USA]) (0.5%, v:v) 
in phosphate-buffered saline (PBS). The samples were ana-
lyzed for the quantification of ML00960317 by LC/MS/MS. 
The radioactive samples ([3H]atorvastatin) were mixed with 
Ultima-Flo™ M liquid scintillation cocktail (PerkinElmer 
Life Sciences [Waltham, MA, USA]) and the radioactivity 
in the samples was measured with a 2450 MicroBeta2® 
TriLux microplate scintillation and luminescence counter 
(PerkinElmer Life Sciences [Waltham, MA, USA]). The 
total protein concentration in cell lysates was quantified 
using the Pierce™ bicinchoninic acid (BCA) protein assay 
(Thermo Fisher Scientific, Inc. [Rockford, IL, USA]), with 
bovine serum albumin (BSA) as the reference standard. The 
cellular accumulation of ML00960317 and [3H]atorvastatin 
was normalized to the total protein concentration. All experi-
ments were conducted in triplicate (n = 3).

Transport Studies of ML00960317 
with Bile‑Canalicular Efflux Transporters

The transport of ML00960317 into membrane vesicles was 
analyzed using inside-out membrane vesicles prepared from 
HEK293 cells individually overexpressing human BCRP, 
MDR1, and MRP2 (SOLVO Biotechnology, Hungary). The 
membrane vesicles prepared using cells without transporter 
expression were used as a negative control. Briefly, transporter 
overexpressing and control membrane vesicles (50 μg) were 
incubated with ML00960317 at 0.18, 1.83, and 9.15 μM in the 
presence of ATP and AMP for 10 min. The reactions were termi-
nated by the addition of ice-cold washing buffer and immediate 
filtration via glass fiber filters mounted to a 96-well plate (filter 
plate). Subsequently, the filters were washed five times with ice-
cold washing buffer and dried. The filters were finally washed 
with methanol:water (2:1) and the amount of ML00960317 
accumulated inside the vesicles was quantified by LC-MS/MS.

Permeability Assessment of ML00960317 
Using Caco‑2 Cells

Caco-2 cells were seeded onto 24-Transwells plate (0.33 
cm2/well, 0.4 μm pore size, Costar) at an initial density of 
1 × 105 cells/well and incubated at 37°C in an atmosphere 
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of 5% CO2 in air and 90% humidity. The cells were cul-
tured for 21–25 days to differentiate them into enterocytes-
like cells. The transepithelial electrical resistance (TEER) 
was measured to ensure tight junction formation and cells 
with TEER value more than 250 ohms × cm2 were used in 
the study. On the day of transport study, cells were washed 

and then equilibrated with warm HBSS buffer for 60 min. 
ML00960317 at a concentration of 5 μM (containing 50 
μM Lucifer Yellow (zero permeability marker)) was added 
in 24 Transwell cell plate (apical 210 μL and basal 1000 
μL) and buffer was added in the receiver side (apical 200 
μL and basal 1000 μL). At the end of incubation, samples 
from receiver side were aliquoted (120 μL) and mixed with 
acetonitrile (with 0.1% formic acid) containing 100 nM 
carbutamide (internal standard). Samples were analyzed for 
quantification of ML00960317 by LC-MS/MS.

Quantification of Uptake Transporter 
Proteins in Human Hepatocytes 
and HEK‑293 Cells Overexpressing OATP1B1 
and OATP1B3 by Quantitative Targeted 
Proteomics

The membrane protein abundance of uptake transporters in 
human hepatocytes lot 8339 and lot 8350, shown in Tables I, 
II, III, is adopted from our previous study (21). Addition-
ally, we quantified membrane protein expression of reduced-
folate carrier (SLC19A1) in human hepatocytes lot 8339 
and 8350. The membrane protein expression of OATP1B1 

Table I   Disposition of an Intravenous Bolus Dose of ML00960317 in 
Control and Bile-Duct Cannulated Male Sprague-Dawley Rats

ND, not determined. Both the control (n = 3) and BDC (n = 4) male 
Sprague-Dawley rats were administered ML00960317 as a single 1 
mg/kg dose intravenously in sterile phosphate buffer saline through a 
jugular vein catheter

Parameters Control rats (n = 3) BDC rats (n = 4)

AUC​inf (hr*ng/ml) 313 ± 20 291 ± 148
Cmax (ng/ml) 1110 ± 75.5 941 ± 379
T1/2 (hr) 0.27 ± 0.1 0.37 ± 0.15
CL (L/h/kg) 3.21 ± 0.2 3.96 ± 1.4
Vss (L/Kg) 0.42 ± 0.06 0.66 ± 0.11
% Dose in bile ND 84.3 ± 9.25
Biliary clearance (L/h/Kg) ND 3.14 ± 1.28
% Dose in urine 4.53 ± 3.06 10.1 ± 5.36
Renal clearance (L/h/Kg) 0.15 ± 0.10 0.14 ± 0.12
% Dose in feces 41.7 ± 15 0.20 ± 0.28

Table II   Biliary Clearance of ML00960317 in SCHH

* Dose concentraton of d8-TCA and digoxin is normalized to compare their total accumulation with ML00960317 at 2.02 μM

Compound Target concentra-
tion (μM)

Dose concentra-
tion (μM)

Total accumula-
tion (pmol/mg)

Cellular accumu-
lation (pmol/mg)

Bile accumula-
tion (pmol/mg)

BEI (%) Biliary clearance  
(ml/min/kg)

ML00960317 2 2.02 5.97±0.59 3.19±0.5 2.78±0.78 46.6±14 0.20±0.06
d8-TCA​ 5 4.47 1680±100 997±39 679±110 40.5±7 22.5±3.6
d8-TCA* 5 2.02 752±45 446±17 306±48 40.7±6.8 22.7±3.6
Digoxin 10 10.4 416±25 308±38 108±45 25.9±11 1.53±0.64
Digoxin* 10 2.02 80±4.8 59.2±7.3 20.8±8.7 26.0±11 1.54±0.64

Table III   Protein Abundance of Liver Uptake Transporters in Human Hepatocytes, and OATP1B1 and OATP1B3 in OATP1B1 and OATP1B3 
Overexpressing HEK Cells

ND, not detected (LLOQ, lower limit of quantification = 0.1 pmol/mg protein). *Data is adopted from our recent study (21). #Reduced-folate carrier

Protein Proteotypic peptide 
sequence

pmol/mg membrane protein (n = 2) (mean ± SD)

Hepatocyte lot 8339 Hepatocyte lot 8350 HEK-OATP1B1 HEK-OATP1B3

OATP1B1 NVTGFFQSFK 8.51±0.69* 8.59±0.01* 84.67±0.47 ND
OATP1B3 IYNSVFFGR 1.62±0.63* 1.5±0.08* ND 41.09±0.08
OATP2B1 YYNNDLLR 1.4±1.9* 2.74±0.7* ND ND
NTCP GIYDGDLK 0.41±0.05* 2.11±0.56* ND ND
OCT1 LSPSFADLFR 3.25±0.19* 2.32±0.13* ND ND
OAT2 NVALLALPR 1.04±0.25* 1.80±0.17* ND ND
RFC# QVPVEPGPDPELR ND ND 1.39±0.65 1.08±1.53
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and OATP1B3 was also quantified in HEK-293 cells over-
expressing these transporters. All the measurements were 
done by quantitative targeted proteomics approach using 
nanoLC-MS/MS at the laboratory of Dr. Philip Smith at the 
University of North Carolina, Chapel Hill. The procedure of 
membrane protein extraction, trypsin digestion, and bioanal-
ysis by LC-MS/MS was used as described previously (22, 
23). The same quantification protocol has previously been 
used to quantify transporter-mediated clearance using REF 
approach (24). The details of surrogate peptides of transport-
ers and the multiple reaction monitoring (MRM) used in this 
analysis are provided in the Supplemental Table 8.

Contribution of OATP1B1 and OATP1B3 
to the Hepatic Uptake of ML00960317 Using 
REF Approach

The contribution of OATP1B1 and OATP1B3 to the hepatic 
uptake of ML00960317 was estimated using REF approach 
(25). The absolute protein abundance data of OATP1B1 
and OATP1B3 in recombinant HEK-293 cells and human 
hepatocytes was used to derive the REFs for OATP1B1 and 
OATP1B3 using Eqs. 1 and 2, respectively.

Where, PE is the protein abundance of OATP1B1 and 
OATP1B3 in pmol/mg protein in hepatocytes and recom-
binant HEK-293 cells.

The active uptake clearance of ML00960317 mediated by 
OATP1B1 (CLactive,1B1,Hep) and OATP1B3 (CLactive,1B3,Hep) was 
estimated (REF-based scaling) using the following equations:

Data Analysis

The uptake data with error bars represent mean ± standard 
deviation (SD). The transport data obtained using cell lines 
and membrane vesicles was analyzed by Student’s t test while 
the uptake data in human hepatocytes was analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett’s 

(1)REF1B1 =
PE1B1,Hep

PE1B1,HEK−1B1

(2)REF1B3 =
PE1B3,Hep

PE1B3,HEK−1B3

(3)CLactive,1B1,Hep = CLactive,HEK−1B1 ∗ REF1B1

(4)CLactive,1B3,Hep = CLactive,HEK−1B3 ∗ REF1B3

test among multiple groups with Prism 8.1.0 (GraphPad Soft-
ware) to determine the statistical significance. The data were 
considered statistically significant when P ≤ 0.05.

The active uptake kinetic parameters (Km and Vmax) were 
determined by using Michaelis Mentalis equation in Graph-
Pad Prism 8.1.0 software (Graphpad Corp, La Jolla, CA, 
USA) as described in the equation below:

Where, V is the uptake rate, Vmax is the maximum transport 
velocity, Km is the affinity of a substrate, and S is the sub-
strate concentration.

In the vesicular transport substrate assay, the ATP-
dependent transport of ML00960317 as well as the ATP-
dependent fold accumulation in the transporter-containing 
vesicles was determined using the following equations:

Where, nATP is the amount of ML00960317 (pmol/mg) 
in the presence of 4 mM ATP and nAMP is the amount of 
ML00960317 (pmol/mg) in the presence of 4 mM AMP 
transported into vesicles.

The biliary excretion index (BEI) and in vitro intrinsic 
Clbile (ml/min/kg) were determined in SCHH using the fol-
lowing equations (26):

where AUC​medium is the product of the incubation time and 
the medium concentration. The in vitro intrinsic CLbile (ml/
min/mg protein) was scaled using physiological scaling fac-
tors as follow: 1.5 × 106 cells per mg protein, 107 × 106 
hepatocytes per gram human liver tissue (27) and 25.7 g of 
liver tissue per kilogram of body weight (28).

The in vivo CLbile of ML00960317, d8-TCA, and digoxin 
was predicted using the following equation based on the 
well-stirred model of hepatic disposition:

Where Qp and fu,p are the hepatic plasma flow rate (750 ml/
min) (29) and plasma unbound fraction, respectively.

(5)V =
Vmax × S

Km + S

(6)ATPdependent transport = nATP − nAMP

(7)Fold accumulation =
nATP

nAMP

(8)

BEI =

(

Accumulationcells+bile − Accumulationcells
)

Accumulationcells+bile
× 100

(9)

Intrinsic CLbile =

(

Accumulationcells+bile − Accumulationcells
)

AUCmedium

(10)Predicted CLbile =
Qp × fu,p × intrinsic CLbilie

Qp + fu,p × intrinsic CLbile
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To predict the potential for ML00960317 to be a victim 
of DDI with OATP1B1 and OATP1B3 perpetrators such as 
rifampicin, the following equation was used to calculate the 
R value based on the FDA DDI Guidance 2020:

Where, fu,p is the unbound fraction in plasma, IC50 is the half-
maximal inhibitory concentration, and Iin,max is the estimated max-
imum plasma concentration at the inlet to the liver of rifampicin.

Iin,max is calculated using the following equation:

Where, Fa is the fraction absorbed, Fg is the intestinal avail-
ability, Ka is the absorption rate constant, and RB is the 
blood-to-plasma concentration ratio of rifampicin. Qh is the 
hepatic blood flow rate (1500 mL/min). The input parameters 
of rifampicin used for the R value calculations are shown in 
Supplemental Table 7.

Results

Disposition of ML00960317 in Bile‑Duct Cannulated 
(BDC) Rats

Pharmacokinetic (PK) study of ML00960317 was con-
ducted in BDC rats and non-cannulated rats. The PK pro-
file of ML00960317 is summarized in Table I. Overall, the 
PK profile of ML00960317 was comparable between BDC 
and non-canulated rats. The total CL of ML00960317 was 
found to be high (3.96 L/h/kg) whereas volume of distribu-
tion at steady state (Vss) was low (0.66 L/kg). The total 
amount of ML00960317 excreted into urine up to 48 h 
was 14,620 ng (4.42% of dose) and 32,011 ng (10.1% of 
dose) (per animal) in non-canulated and BDC rats, respec-
tively, while the total amount excreted into feces up to 48 h 
was 138,459.7 ng (41.7% of dose) and 594.35 ng (0.2% of 
dose) (per animal) in non-canulated and BDC rats, respec-
tively. The total amount of ML00960317 excreted into bile 
up to 48 h was 276,676 ng (84.3% of dose) in BDC rats. 
The mean biliary and renal clearance of ML00960317 
were 3.14 and 0.14 L/h/kg, respectively, in BDC rats. The 
biliary and renal clearances accounted for 79% and 3.7% 
of total plasma clearance of ML00960317, respectively.

Measurement of Biliary Excretion of ML00960317 
in SCHH

The hepatobiliary disposition of ML00960317 was evalu-
ated in SCHH at 37°C at 2 μM for 20 min. d8-TCA and 

(11)R = 1 +

(

fu,p × Iin,max

)

IC50

(12)Iin,max = Imax +
(

Fa × Fg × Ka × Dose
)

∕Qh∕Rb

digoxin were assessed in parallel as model drugs for 
significant and weak biliary clearance, respectively. 
The biliary excretion index (BEI) and biliary clearance 
values for d8-TCA and digoxin were consistent with the 
literature data (30). These results demonstrated that the 
SCHH model has a functional bile canalicular network 
capable of supporting hepatic drug uptake and biliary 
efflux function.

The total accumulation (hepatocytes + bile), cellular 
accumulation (hepatocytes), and bile accumulation for 
ML00960317 in SCHH are shown in Table II. The total 
accumulation of ML00960317 was only 0.8% of the total 
accumulation of d8-TCA, and 7.5% of the total accumu-
lation of digoxin (after dose normalization). The BEI of 
ML00960317 was 46.6 ± 14% and it was similar to that 
observed for d8-TCA (40.7 ± 6.8%), a model bile acid, 
with a high biliary efflux potential. BEI is a measure 
of biliary efflux potential describing the movement of a 
compound from inside the hepatocyte to the bile pockets. 
We subsequently determined apparent biliary clearance 
of ML00960317 which is more appropriate parameter 
for comparison to in vivo biliary excretion. Following a 
20-min exposure, the biliary clearance of ML00960317 
was 0.204 ± 0.057 mL/min/kg which was 111-fold lower 
than the biliary clearance of d8-TCA (22.7 ± 3.6 mL/min/
kg) and approximately 13% of the biliary clearance of 
digoxin in SCHH.

Substrate Analysis of ML00960317 for Major Hepatic 
Uptake Transporters (OATP1B1, OAP1B3, OATP2B1, 
NTCP, and OAT2)

The substrate potential of ML00960317 for major hepatic 
uptake transporters was investigated using OATP1B1, 
OATP1B3, OATP2B1, NTCP, and OAT2 overexpressed cell 
lines. The uptake of ML00960317 was measured at 1 μM for 
5 min in both OATP1B1, OATP1B3, and HEK-mock cells. 
The accumulation of ML00960317 was found to be 14.5-
fold and 7.3-fold higher in OATP1B1 and OATP1B3 cells, 
respectively, in comparison to HEK-mock cells indicating 
ML00960317 as a substrate of OATP1B1 and OATP1B3. 
Furthermore, the uptake of ML00960317 was significantly 
inhibited in the presence of an OATP1B1 and OATP1B3 
inhibitor, rifamycin SV (20 μM) (Fig. 2a, c). ML00960317 
was not accumulated significantly in OATP2B1, NTCP, 
and OAT2 expressing cells compared to MDCKII-mock 
cells (uptake ratio (transporter expressing cells/MDCKII-
mock cells) < 2) (Fig. 2e, g, i). The positive control probe 
substrates, [3H]estradiol-17β-glucuronide (OATP1B1 and 
OATP1B3), [3H]estrone-3-sulfate, [3H]taurocholate, and 
[3H]cGMP showed significant uptake in the respective 
transporter cell lines indicating optimal transporter func-
tion (Fig. 2b, d, f, h, j).
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Analysis of ML00960317 Uptake in PHH

To further support the role of OATP1B1 and OATP1B3 
in the hepatic uptake of ML00960317, the uptake of this 
compound was analyzed in the absence and presence of 20 
μM rifamycin SV (OATP inhibitor) at 37°C and at 4°C in 
plated human hepatocyte lots 8339 and 8350. The uptake 
of ML00960317 was found to be temperature dependent in 
both the lots. The total uptake of ML00960317 was signifi-
cantly inhibited by rifamycin SV in both 8339 and 8350 lots 
(> 90%) (Fig. 3).

Characterization of ML00960317 Uptake 
in OATP1B1 and OATP1B3‑Expressing HEK cells

Since the uptake of ML00960317 was only observed in 
HEK-OATP1B1 and HEK-OATP1B3 cells, we further 
characterized its uptake in these cell lines. First, we meas-
ured the time-dependent uptake of ML00960317 at 0.1, 
1, and 10 μM in both OATP1B1 and OATP1B3 cells. 
The uptake was found to be linear up to 5 min in both 
OATP1B1 and OATP1B3 cells (Supplemental Fig. 1 and 
Supplemental Tables 1 and 2). The uptake ratio (OATP1B1 
or OATP1B3/HEK-mock) of ML00960317 was ranged 
between 3 and 29.5-fold in OATP1B1 cells while between 
2.3 and 16.36-fold in OATP1B3 cells indicating signifi-
cant active uptake via OATP1B1 and OATP1B3 transport-
ers (Supplemental Tables 1 and 2). Later, the uptake of 
ML00960317 was analyzed at different concentrations to 
determine the uptake kinetic parameters such as affinity 
(Km) and maximum velocity (Vmax) in both OATP1B1 and 
OATP1B3 cells. The kinetic analyses yielded Km values of 
12.9 and 19.3 μM and Vmax values of 76 and 152.2 pmol/
min/mg protein for OATP1B1 and OATP1B3, respectively 
(Fig. 4).

Transport of ML00960317 in MDR1, BCRP, 
and MRP2‑Expressing Membrane Vesicles

The substrate potential of ML00960317 for bile canalicular 
efflux transporters, MDR1, BCRP, and MRP2 was tested 
in membrane vesicles expressing these transporters. The 
accumulation of ML00960317 in the presence of ATP and 
AMP (ATP-dependent fold accumulation was < 2) was simi-
lar in both MDR1 (Fig. 5a and Supplemental Table 3) and 
BCRP (Fig. 5b and Supplemental Table 4) vesicles, indi-
cating no active accumulation, whereas the accumulation 
of ML00960317 was significantly higher in the presence 
of ATP compared to AMP (3.05 to 13.47-fold) in MRP2 
vesicles, indicating active transport (Fig. 5c and Supplemen-
tal Table 5). In the follow-up inhibition assay, transport of 
ML00960317 was examined in the absence and presence of 

MRP2 inhibitor, benzbromarone. The ATP-dependent accu-
mulation of ML00960317 in the presence of benzbromar-
one was decreased from 7.7-fold to 1.3-fold (Supplemental 
Table 5), confirming ML00960317 as a substrate of MRP2. 
The positive control probe substrates, N-methyl quinidine 
(P-gp), estrone-3-sulfate (BCRP), and estradiol-17β glucu-
ronide (MRP2) were run in parallel in the absence and pres-
ence of a reference inhibitor (valspodar for P-gp, Ko143 for 
BCRP, and benzbromarone for MRP2) and data confirmed 
the function of MDR1, BCRP, and MRP2 in the applied 
vesicles (Supplemental Tables 3–5).

Evaluation of OATP1B1 and OATP1B3 Contribution 
to the Hepatic Uptake of ML00960317 Using REF 
Approach

The transporter cell line and hepatocyte uptake data indi-
cated that OATP1B1 and OATP1B3 are the major trans-
porters involved in the hepatic uptake of ML00960317. 
Therefore, we quantitatively determined the contribu-
tion of these transporters to the active uptake clearance 
of ML00960317 using REF approach. First, REFs for 
OATP1B1 and OATP1B3 were calculated using absolute 
protein abundance of these transporters in human hepat-
ocytes and HEK-OATP1B1 and HEK-OATP1B3 cell 
lines as described in experimental section. Subsequently, 
OATP1B1- and OATP1B3-mediated hepatic uptake clear-
ances were estimated using REF-based scaling. The active 
uptake clearance of ML00960317 in human hepatocyte lots 
8339 and 8350 was used to quantitatively describe the con-
tribution of OATP1B1 and OATP1B3. Overall, both trans-
porters contributed to ~91% and ~93% of active uptake of 
ML00960317 in lot 8339 and lot 8350, respectively. In 
terms of individual contribution, OATP1B1 contributed 
to 60% and 62% of active uptake in lot 8339 and lot 8350, 
respectively while OATP1B3 contributed to 31% of active 
uptake of ML00960317 in both the lots (Table IV). We 
also evaluated the contribution of OATP1B1 and OAP1B3 
to the hepatic uptake of atorvastatin as positive control. 
Data indicated that total contribution of OATP1B1 and 
OATP1B3 to the active uptake clearance of atorvastatin 
was 85% and 61% in lot 8339 and lot 8350, respectively. 
OATP1B1 contributed to 52% and 38% of active uptake 
while OATP1B3 contributed to 33% and 23% of active 
uptake of atorvastatin in lot 8339 and lot 8350, respectively 
(Table IV).

Inhibition of OATP1B1‑ and OATP1B3‑mediated 
ML00960317 uptake by Rifampicin and Prediction 
of Victim DDI Risk

To understand the liability of ML00960317 for victim DDI 
with an OATP1B perpetrator, the effect of rifampicin, a 
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clinical OATP1B inhibitor, on OATP1B1 and OATP1B3-
mediated ML00960317 uptake was investigated. OATP1B1 
and OATP1B3 overexpressing HEK cells were pre-incubated 
with rifampicin at different concentrations between 0.4 and 
100 μM for 30 min and then the uptake of ML00960317 
was measured in the presence of rifampicin in the same 
concentration range. Rifampicin dose-dependently inhibited 
OATP1B1 and OATP1B3-mediated ML00960317 uptake 
with an IC50 values of 6.5 and 2.3 μM, respectively (Fig. 6). 
To predict in vivo DDI risk, the static (model) equation 
(Eqs. 11 and 12) was used to estimate the R values based on 
US FDA DDI guidance (FDA DDI Guidance 2020). The cal-
culated R values for OATP1B1 and OATP1B3 were 1.5 and 
2.5 (> 1.1, the cutoff) indicating potential DDI risk in vivo.

Discussion

The STING pathway has shown a great promise in treat-
ing cancers and as such, there is growing interest in devel-
oping STING agonist analogs as a robust immunotherapy 
approach. In the present study, we have comprehensively 
characterized transporter pathways involved in the hepato-
biliary disposition of the synthetic STING CDN agonist, 
ML00960317. We used ML00960317 as a tool CDN analog 
to gain mechanistic insights into hepatic disposition of this 
class of STING agonist analogs. ML00960317 has a molecu-
lar weight > 400 and it is anionic at physiologic pH (7.4) and 
therefore, it appears to have low permeability as indicated in 
Caco-2 cells (Supplemental Table 6). Typically, such com-
pounds belong to the class 3B in the ECCS and according 
to this framework, the hepatic clearance of such compounds 
is determined by their hepatic uptake via transporters such 
as OATPs.

First, PK of ML00960317 was conducted in BDC rats to 
identify elimination pathways. Overall, the PK data indicated 
high CL and short terminal half-life of ML00960317 in rats. 
Interestingly, plasma CL, half-life and volume of distribu-
tion of ML00960317 was similar between BDC and non-
cannulated rats suggesting no contribution of enterohepatic 
circulation to the systemic exposure of ML00960317. Fur-
thermore, fecal elimination was dramatically reduced almost 

to zero by bile duct cannulation suggesting that biliary CL 
of parent drug is the major clearance mechanism (recovery 
of 89% of the dose as parent drug). We also found that the 
biliary excretion of the parent drug in BDC rats was greater 
than the fecal excretion in non-cannulated rats (~84 versus 
42%) suggesting that ML00960317 may not be stable in or 
has poor extraction from fecal homogenates. Further stud-
ies are needed to explain the role of intestinal microbiome 
in the degradation of ML00960317. The renal and biliary 
clearances accounted for 3.7% and 79% of the observed total 
clearance, respectively. These data clearly demonstrated that 
ML00960317 is eliminated mainly through the biliary route 
in rats potentially involving both sinusoidal uptake and bile 
canalicular efflux transporters given its low permeability. 
To further understand the translatability of this finding to 
humans, we examined biliary CL of ML00960317 using the 
SCHH model. BEI data obtained in SCHH clearly demon-
strated significant biliary excretion of this compound. Inter-
estingly, the biliary CL of ML00960317 was found to be 
much less than the biliary CL of taurocholate, a high biliary 
CL compound. However, it was approximately 13% of the 
biliary CL of digoxin, a low biliary CL compound, indicat-
ing some potential for excretion into the bile. Biliary CL is 
a function of multiple processes, including uptake across the 
sinusoidal membrane and excretion across the canalicular 
membrane, therefore, the apparent intrinsic biliary CL would 
be rate-limited by the slowest step in the process. Although 
substantial biliary efflux potential for ML00960317 was 
observed in SCHH, the uptake of ML00960317 appeared to 
limit the overall biliary CL.

Based on these in vitro and in vivo hepatobiliary disposi-
tion data, we investigated the transporters involved in the 
hepatic uptake and biliary excretion of ML00960317. The 
uptake data using single transporter overexpressed HEK 
cells indicated that the hepatic uptake of ML00960317 is pri-
marily driven by OATP1B1 and OATP1B3 and this was con-
firmed in human hepatocytes as the uptake of ML00960317 
was completely inhibited by rifamycin SV which is known 
to selectively inhibits OATPs at 20 μM. Subsequently, we 
quantitatively measured the contribution of OATP1B1 and 
OATP1B3 to the hepatic uptake of ML00960317 using 
REF approach. Previously, the REF approach has been 

Table IV   Fractional Contribution of OATP1B1 and OATP1B3 to the Observed Active Clerance of ML00960317 and Atorvastatin Using Relative 
Expression Factor (REF) Approach

Compound ActiveHep (μL/min/mg) CL (μL/min/mg) REF-based scaling  
(μL/min/mg)

ft (Lot 8339) ft (Lot 8350) ft (1B1 + 1B3)

Lot 8339 Lot 8350

Lot 8339 Lot 8350 1B1 1B3 1B1 1B3 1B1 1B3 1B1 1B3 1B1 1B3 Lot 8339 Lot 8350

ML00960317 0.99 0.96 5.9 7.9 0.59 0.31 0.60 0.30 59.7 31.4 62.0 31.0 91.1 93.0
Atorvastatin 13.1 18.2 67.8 109.2 6.82 4.30 6.89 4.14 52.2 33.0 37.9 22.8 85.2 60.8

Page 9 of 15 99



The AAPS Journal (2022) 24:99

1 3

Fig. 2   Analysis of substrate 
potential of ML00960317 
in OATP1B1, OATP1B3, 
OATP2B1, NTCP, and OAT2-
overexpressing cell lines. 
The uptake of ML00960317 
was measured at 37°C in 
HBSS buffer in OATP1B1 
overexpressing HEK cells in 
the absence (blue bar) and 
presence of rifamycin SV (20 
μM, red bar), and HEK-mock 
cells (gray) (a), in OATP1B3 
overexpressing HEK cells in 
the absence (blue bar) and 
presence of rifamycin SV (20 
μM, red bar), and HEK-mock 
cells (gray) (c), in OATP2B1 
overexpressing MDCKII cells 
(gray) and MDCKII-mock cells 
(black) (e), NTCP overexpress-
ing MDCKII cells (gray) and 
MDCKII-mock cells (black) 
(g), OAT2 overexpressing 
MDCKII cells (gray) and 
MDCKII-mock cells (black) (i) 
for 5 min. The concentration 
of ML00960317 was 1 μM in 
OATP1B1 and OATP1B3, and 
2 μM in OATP2B1, NTCP, and 
OAT2 assays. The uptake of 
[3H]estradiol-17β-glucuronide 
(0.06 μM), [3H]estrone-3-sulfate 
(0.5 μM), [3H]TCA (2 μM), 
and [3H]cyclic guanosine 
monophosphate (cGMP) (2 μM) 
was measured in parallel as a 
positive control substrate of 
OATP1B1 (b) and OATP1B3 
(d), OATP2B1 (f), NTCP (h), 
and OAT2 (j), respectively. The 
gray and black bars indicate 
the uptake of a positive control 
substrate in the respective 
transporter overexpressed cells 
and mock cells, respectively. 
The experiment was done in 
triplicate (n = 3). **P ≤ 0.005; 
***P < 0.001, Student’s t test
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successfully applied to quantitatively determine the contri-
bution of OATPs to the hepatic clearance of many drugs 
(7, 25, 31). Our data indicated that the combined contribu-
tion of OATP1B1 and OATP1B3 to the hepatic uptake of 
ML00960317 is between 91 and 93% and in that, OATP1B1 
appears to be the major contributor compared to OATP1B3 
(ft of 0.6 for OATP1B1 versus ft of 0.31 for OATP1B3). We 
also determined contribution of OATP1B1 and OATP1B3 
to the uptake clearance of atorvastatin (known OATP sub-
strate), as a positive control. The combined contribution of 
OATP1B1 and OATP1B3 to atorvastatin uptake clearance 
was found to be between 61 and 85% whereas the fraction 
transported (ft) by OATP1B1 and OATP1B3 was between 
0.38–0.52 and 0.23–0.33, respectively. This data is consist-
ent with the data reported by Kunze et al. in which total con-
tribution of OATP1B1 and OATP1B3 was 63% and fraction 
transported by OATP1B1 was 0.5. However, in the present 
study, the fraction transported by OATP1B3 appears to be 
relatively higher than that found in the study by Kunze et al. 
(ft = 0.13) (25). This might be attributed to the differences 
in the expression and function of OATP1B3 in hepatocyte 
lots. Indeed, the protein expression of OATP1B3 relative 
to OATP1B1 in hepatocyte lots used in this study (4.5-fold 
lower) was much higher than the one in the hepatocytes used 
in the study by Kunze et al. (46-fold lower). Interestingly, 
in the present study, a noticeable difference was found in 
OATP1B1 contribution to atorvastatin clearance between lot 
8350 (61%) and the lot 8339 (85%). The potential reason for 

Fig. 3   Assessment of ML00960317 uptake in plated human hepato-
cytes. The uptake of ML00960317 (1 μM) was measured at 37°C 
in the absence and presence of rifamycin SV (20 μM) and at 4°C in 
plated human hepatocytes lot 8339 (a) and 8350 (b). The black bars 
indicate the uptake of ML00960317 at 37°C, the blue bars indicate 
the uptake of ML00960317 at 4°C and the red bars indicate the 

uptake of ML00960317 at 37°C in the presence of 20 μM rifamycin 
SV. The data is representative of the two independent experiments 
performed in each lot of hepatocyte. Each experiment was done in 
triplicate (n = 3). *P < 0.05, one-way ANOVA followed by Dunnett’s 
test

Fig. 4   Measurement of uptake kinetics of ML00960317 in OATP1B1 
and OATP1B3 cells. The uptake of ML00960317 was measured in 
OATP1B1 (a) and OATP1B3 (b) cells and HEK-mock cells at differ-
ent concentrations ranging from 0.27 to 200 μM for 5 min in HBSS 
buffer. The open circles denote the uptake in OATP1B1 or OATP1B3 
expressing cells, solid circles denote the uptake in HEK-mock cells, 
and solid triangles denote the active uptake. The data is representative 
of the two independent experiments and each experiment was done in 
triplicate (n = 3)
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this difference may be due to the higher expression (5-fold) 
of NTCP in 8350 lot compared to 8339 lot. NTCP is known 
to transport atorvastatin (32, 33).

Recently, reduced-folate carrier (RFC, SLC19A1) (6, 
34), thymic stromal cotransporter (SLC46A2) (35), and 
volume regulated chloride channel complex (LRRC8A:C) 
(36) have been shown to transport the endogenous CDN 

(2′3′-cGAMP). Therefore, to investigate the poten-
tial role of these transporters in the hepatic uptake of 
ML00960317, we decided to measure their protein levels 
in human hepatocyte lots 8339 and 8350. However, we 
did not find the expression of SLC19A1 to be detectable 
in these hepatocyte lots. We did not measure the protein 
abundance of SLC46A2 and LRRC8A:C due to lack of 

Fig. 5   Substrate analysis 
of ML00960317 in MDR1, 
BCRP, and MRP2-expressing 
membrane vesicles. The uptake 
of ML00960317 was measured 
at in MDR1 (a), BCRP (b), and 
MRP2 (c), expressing mem-
brane vesicles at 0.18, 1.83, and 
9.15 μM for 10 min in the pres-
ence of AMP (black bars) and 
ATP (gray bars). The experi-
ment was done in triplicate (n 
= 3). ***P < 0.001, Student’s 
t test
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validated surrogate peptides for LC-MS analysis. Nonethe-
less, the role of SLC46A2 and LRRC8A:C transporters in 
the hepatic uptake of ML00960317 is less likely as in the 
present study, the hepatocyte uptake data using 20 μM rifa-
mycin SV (selective OATP inhibitor) indicated involvement 
of only OATPs. Taken together, these data revealed that the 
uptake of ML00960317 is solely mediated by OATP1B1 and 
OATP1B3 in the liver.

To delineate the transporters involved in the biliary efflux 
of ML00960317, the transport of this compound was tested 
in membrane vesicles expressing MDR1, BCRP, and MRP2 
which are major efflux transporters for drugs at the bile cana-
licular membrane. We did not examine BSEP because it is 
not known to transport drugs due to its high specificity to 
bile salts (37). BSEP has been shown to transport pravastatin 
(38) but its contribution to the in vivo CL of pravastatin is 
unknown. The membrane vesicle data clearly demonstrated 
ML00960317 as a substrate of MPR2 but not MDR1 and 
BCRP. Taken together, all the transporter data presented 
in this study clearly demonstrated the two key steps in the 
hepatobiliary disposition of ML00960317 — OATP1B-
mediated uptake at the sinusoidal membrane and MRP2-
mediated efflux at the basolateral membrane. These findings 
are consistent with the recent report by Jiang R et al. in 
which OATP1B1, OATP1B3, and MRP2 have been shown to 
be involved in the hepatic disposition of macrocycle-bridged 
dinucleotide, E7766 (7). Nonetheless, we observed a signifi-
cant difference in the present study and the study by Jiang et 
al. in terms of OATP1B1 and OATP1B3 contribution. In the 
study by Jiang R. et al., OATP1B3 appeared to be a major 
contributor (ft = 0.93) to the uptake CL of E7766 while in 

the present study, both OATP1B1 and OATP1B3 (although 
to lesser extent) appear to contribute to the uptake CL of 
ML00960317. Due to significant contribution of OATP1B1, 
ML00960317 may be impacted by OATP1B1 polymorphism 
especially in OATP1B1 521C variant homozygous popula-
tion. Additionally, there is also a potential victim DDI risk 
in vivo for ML00960317 in the presence of OATP1B per-
petrators as demonstrated by rifampicin in the present study 
(Fig. 6).

In summary, the data presented in this study highlighted 
the key role of OATP1B and MRP2 transporters in the 
hepatobiliary disposition of synthetic CDN STING agonist, 
ML00960317. These transport processes might act as rate-
determining steps in hepatic clearance of such drugs and 
therefore present DDI risk with OATP1B and MRP2 perpe-
trators. Thus, the present study provides mechanistic insights 
into hepatic disposition for future development of synthetic 
CDN STING agonists as a promising anti-cancer strategy.
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