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Abstract

Purpose The Extended Clearance Concept Classification System was established as a development-stage tool to provide
a framework for identifying fundamental mechanism(s) governing drug disposition in humans. In the present study, the
applicability of the EC3S in drug discovery has been investigated. In its current format, the EC3S relies on low-throughput
hepatocyte uptake data, which are not frequently generated in a discovery setting.

Methods A relationship between hepatocyte uptake clearance and MDCK permeability was first established along with
intrinsic clearance from human liver microsomes. The performance of this approach was examined by categorizing 64 drugs
into EC3S classes and comparing the predicted major elimination pathway(s) to that observed in humans. As an extension
of the work, the ability of the simplified EC3S to predict human systemic clearance based on intrinsic clearance generated
using in-vitro metabolic systems was evaluated.

Results The assessment enabled the use of MDCK permeability and unscaled unbound intrinsic clearance to generate
cut-off criteria to categorize compounds into four EC3S classes: Class 12ab, 2cd, 34ab, and 34cd, with major elimination
mechanism(s) assigned to each class. The predictivity analysis suggested that systemic clearance could generally be pre-
dicted within threefold for EC3S class 12ab and 34ab compounds. For classes 2cd and 34cd, systemic clearance was poorly
predicted using in-vitro systems explored in this study.

Conclusion Collectively, our simplified classification approach is expected to facilitate the identification of mechanism(s)
involved in drug elimination, faster resolution of in-vitro to in-vivo disconnects, and better design of mechanistic pharma-
cokinetic studies in drug discovery.
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HBSS Hank’s buffered salt solution
HHep Human hepatocytes

HLM Human liver microsomes

IVIVE In-vitro to —in-vivo extrapolation
MAO Monoamine oxidase

MDCK Madin-Darby canine kidney
MDCK-LE Low efflux MDCK cell line

Poop Apparent passive permeability
PSint pass Passive sinusoidal hepatic uptake
Qqy Hepatic blood flow

R, Blood to plasma ratio

RED Rapid equilibrium dialysis
SULT Sulfotransferase

UGT UDP-glucuronosyltransferase
X0 Xanthine oxidase
Introduction

Drug classification systems have evolved to allow predic-
tion of oral drug absorption, disposition and/or the route and
mechanism(s) of elimination. An absorption potential concept
was first introduced by Dressman et al. [1], which was later
refined to quantitatively predict the fraction dose absorbed
for orally administered drugs [2]. This concept successfully
demonstrated the potential impact of various physicochemical
properties on the fraction dose absorbed. Subsequently, the
biopharmaceutical classification system (BCS) was proposed
that enabled the classification of compounds into four classes
as a function of their solubility and intestinal permeability
rate [3]. Continuing the evolution of classification systems,
a quantitative BCS was developed that showed the impor-
tance of dose/solubility ratio along with apparent permeabil-
ity on the extent of drug absorption [4]. Wu and Benet then
proposed a derivative of BCS, the Biopharmaceutics Drug
Disposition Classification System (BDDCS), that categorized
compounds based on their permeability/extent of metabolism
and solubility properties [5]. Classification of compounds
into the BDDCS enabled an understanding of drug disposi-
tion, route(s) of elimination, transporters effects and drug-
drug interactions. Subsequently, Varma et al. established the
Extended Clearance Classification System (ECCS) using
properties including passive permeability, molecular weight,
and ionization state to predict the predominant clearance
mechanism in early drug discovery and development [6]. The
Extended Clearance Concept Classification System (EC3S)
was also established to provide a framework for identifying
the fundamental mechanism(s) governing the overall drug
disposition by metabolism and excretion in humans [7-9].
In early drug discovery, considerable resource is invested to
predict the human systemic clearance of new molecular enti-
ties as clearance is a major determinant of the clinically effica-
cious dose. Human liver microsomes (HLM) and hepatocytes
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(HHep) are routinely used to determine the intrinsic meta-
bolic clearance (CL;,), which is scaled and applied to the
well-stirred model to predict hepatic clearance in humans [10,
11]. The success of in-vitro to in-vivo extrapolation (IVIVE)
approaches is highly reliant on the rate-limiting step in the drug
elimination (driving clearance) as well as on the in-vitro sys-
tem used to measure CL;, [10-14]. To this end, the Extended
Clearance Model (ECM) concept, describing the contribution
of various pathways [sinusoidal uptake, sinusoidal efflux, and
CL,,; (metabolic and/or biliary)] to overall hepatic clearance,
was established [9]. Applying the ECM concept enabled a
better understanding of the rate-limiting step in hepatic clear-
ance thereby remarkably improving IVIVE in humans [9, 12,
15, 16]. Moreover, the ECM, despite focusing on elimination
mechanism(s) governing hepatic clearance, provides indirect
estimates of the renal clearance, representing an alternative
predominant route of drug elimination [14]. The scope of the
ECM thus enables an early understanding of the major elimi-
nation route as well as mechanism(s) involved in drug clear-
ance. This understanding is crucial in preclinical development
to mitigate or manage clearance liabilities within a project.

The EC3S model categorizes compounds by using the
in-vitro measured passive sinusoidal uptake (PS; ;) from
suspended HHep and scaled metabolic unbound CL,, from
HLM to derive a two-by-two matrix with four categories and
multiple subcategories (Fig. 1A). Fundamentally, the EC3S
model clearly demonstrates that the extent of PS; ¢, dictates
the likelihood of drugs to be eliminated by hepatic metabo-
lism and/or excretion in the bile or urine as unchanged parent
drug by transporter-mediated processes [14]. The EC3S was
developed as a predictive tool for identifying the predomi-
nant elimination mechanism(s) and better managing potential
drug-drug interaction concerns of development candidates.
Accordingly, the EC3S relies on resource intensive/low
throughput in-vitro assay data (e.g. hepatocyte uptake), which
are typically derived too late in the drug development process
to meaningfully contribute to drug discovery teams attempt-
ing to identify the predominant elimination pathway(s) and to
guide in-vitro assay selection or optimize structural chemistry
to address the appropriate clearance issue(s).

To assist compound classification in drug discovery,
two considerations could be made, either shifting the
developmental assays into early drug discovery or utiliz-
ing data from in-vitro assays that are already part of the
drug discovery workflow. As the first option would require
substantial resource commitment, the second consideration
leveraging existing assays in the workflow was considered as
more favorable. As described above, the EC3S model lever-
ages PS;¢ ., derived from a suspended human hepatocyte
uptake assay for establishing a permeability cut-off value
for high and low permeable compounds. The analogous
high-throughput drug discovery permeability measurement
is frequently a transcellular permeability assay (e.g., using
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Fig.1 The Extended Clearance Concept Classification System in
drug discovery and development. (a) EC3S drug disposition scheme.
Dashed blue and black lines indicate the permeability threshold
between the EC3S Classes 1/2 and 3/4 (PS;; ;=100 mL/min/
kg ~ 5xhuman Qy) and the threshold between the EC3S Classes 1/3
and 2/4 (2 xPS; =CL,, ), respectively. Solid lines represent thresh-

nf,pas int,u
olds between the subclasses a, b, ¢, and d (PSinfyp,ds ~ 60 mL/min/kg,
~ 30 mL/min/kg). Adapted

PSinppas ~ 250 mL/min/kg, and CLy,,

from Camenisch, 2016 [7]. (b) Simplified Extended Clearance Con-
cept Classification System for drug discovery (derived from Fig. 1a).
PS; is replaced by P, [x10° cm/sec] measured in low efflux

inf,pas app
MDCK cell line (MDCK-LE) and scaled CL,,, (mL/min/kg) was
(pL/min/mg). The dashed horizontal line
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Caco-2 or Madin-Darby canine kidney (MDCK) cells). Such
monolayer permeability assays are routinely performed in
early drug discovery and have previously been used for
establishing permeability cut-off values in other classifica-
tion systems (e.g., ECCS) [6]. In the present study, we have
evaluated MDCK permeability, as a surrogate of hepatocyte
uptake to categorize compounds into the EC3S classes and
determine if the revised classification system appropriately
predicts the major elimination mechanism(s). Here, we
hypothesized that leveraging such drug discovery data for
EC3S class determination would yield predictable route(s)
of drug clearance, thereby enabling the identification of the
major elimination pathway(s) much earlier in drug discov-
ery. A further objective of the current work was to determine

represents the new threshold of P,,, (5% 107® cm/sec) between EC3S
Classes 1/2 and 3/4 and the solid vertical line represents the thresh-
old of CL;,, (30 pL/min/mg) between EC3S Classes 12ab/34ab and
2cd/34cd, indicating predicted drug disposition and elimination path-
ways in humans. (¢) EC3S classes and elimination pathway informa-
tion of test compounds in the present study (n=64, Table I). Blue,
green, red, yellow, and orange diamonds represent compounds with
predominant (>70%) metabolic (Phase I), metabolic (Phase II), biliary,
renal, and multiple elimination pathways, respectively. Multiple elimi-
nation pathways refer to>two pathways involved, with each contribut-
ing t0<70%, to overall drug elimination. CL;,, data>1000 pL/min/
mg were set to CL;,,=1000 pL/min/mg, whereas measured CL;

Int,u
data are provided in Table I.

if the simplified EC3S categorization could guide the predic-
tion of in-vivo drug clearance.

Materials and Methods
Materials

HLM, liver S9 fractions, and plasma were obtained from
Bioreclamation IVT (New York, USA). Human hepatocytes
were procured from Celsis (Illinois, USA). Dulbecco's Mod-
ified Eagle Medium (DMEM), Leibovitz’s L.15 medium,
fetal bovine serum (FBS) and penicillin/streptomycin were
procured from Life Technologies (California, USA). Test
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compounds and reagents used in the in-vitro assays were
purchased from commercial suppliers. All organic solvents
and reagents procured from Fisher Scientific (Loughbor-
ough, UK and Massachusetts, USA) were of analytical grade
and used without any further purification.

Methods
MDCK Permeability

The apparent permeability (P,;,,) of compounds was deter-
mined across MDCK-LE (low efflux) cells [17]. Briefly, cells
were cultured in DMEM supplemented with FBS (10%),
penicillin—streptomycin (100 pg/mL) and Ala-Gln (2 mM).
For transport assessments, cells were seeded at a density
of approximately 265,000 cells/cm? in 96-well Transwell®
plates (Corning Life Sciences, Acton, MA) and maintained
at 37°C with 5% CO, and 95% relative humidity for a period
of four days. To initiate transport, media was aspirated, and
cells were rinsed thrice with Hank’s Balanced Salt Solution
(HBSS) supplied with 10 mM HEPES, pH 7.4 (transport
buffer). Test compounds (10 uM) in transport buffer contain-
ing 0.02% bovine serum albumin (BSA) were added in the
apical (donor) chamber whereas the receiver chamber was
only filled with transport buffer containing 0.02% BSA. Plates
were incubated at 37°C for 120 min without shaking. At the
end of the incubation, samples were collected from both donor
and receiver chambers and mixed with water:acetonitrile (1:1
v/v) for LC-MS/MS analysis. Bestatin was used as a low per-
meability marker for monolayer integrity assessments.

Microsomal Metabolic Stability

The metabolic conversion of compounds (1.0 uM) was
studied in HLM (0.5 mg/mL) in 100 mM phosphate buffer
(pH 7.4) supplemented with 1.0 mM NADPH at 37°C for
30 min. At pre-determined time points (0—30 min), samples
were collected and the reaction was terminated with ice-
cold acetonitrile. The resulting mixture was centrifuged at
5,000 g for 15 min at 4°C and supernatants were collected
for LC-MS/MS analysis. Bosutinib was selected as a posi-
tive control to confirm the metabolic activity of the HLM.

Hepatocyte Metabolic Stability

The metabolic stability of compounds (1.0 uM) was determined
in suspended HHep (1.0 10° viable cells/mL) in Leibovitz’s
L-15 Medium at 37°C for a period of 80 min. At pre-determined
time points, aliquots were collected and the reaction was imme-
diately terminated by addition of ice-cold acetonitrile. Samples
were centrifuged at 4,000 g for 10 min at 4°C and the superna-
tant was analyzed with LC-MS/MS. Verapamil was selected
as a positive control to confirm the metabolic activity of HHep.
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Hepatocyte Media Loss Assay

For the media loss assay, compounds (0.3 uM) were incu-
bated in suspended HHep (1.0 x 10° cells/mL) in Leibovitz’s
L-15 Medium at 37°C for 60 min. Samples were withdrawn
at pre-determined time points (0—60 min) and centrifuged at
3000 g for 35 s. The supernatant was quenched with an equal
volume of ice-cold acetonitrile and samples were analyzed
with LC-MS/MS. Verapamil was selected as a positive con-
trol to confirm the metabolic activity of HHep.

Liver S9 Metabolic Stability

Test compounds (1.0 pM) were incubated with human liver
S9 fractions (2.0 mg/mL) in 100 mM phosphate buffer
containing 1.0 mM NADPH, and 2.0 mM MgCl, at 37°C
and 800 rpm for 120 min. At pre-determined time points
(0-120 min), samples were taken and immediately quenched
with ice-cold methanol and acetonitrile (1:1, v/v). The mix-
ture was centrifuged at 4000 rpm for 30 min at 4°C and the
supernatant was analyzed with LC-MS/MS. Midazolam and
carbazeran were employed as positive controls to confirm
the metabolic activity of liver S9 fractions.

Plasma Protein and Microsomal Binding

The plasma protein binding of compounds was determined
in undiluted human plasma using the RED technique.
Briefly, following conditioning of the RED Teflon base plate
and inserts (Thermo Scientific, Waltham, MA), 300 uL of
test compound (5.0 uM) containing fibrin depleted pooled
plasma (Bioreclamation, West Sussex, UK) was placed in
the plasma chamber while the other chamber was filled with
500 pL of 100 mM phosphate buffer, pH 7.4. Plates were
sealed and placed in an incubator maintained at 37°C and 5%
CO, at 750 rpm for 4 h. At the end of the incubation, matrix
was matched for samples withdrawn from both plasma and
buffer chambers and immediately quenched with ice-cold
acetonitrile. Samples were centrifuged at 2500 g for 15 min
and the supernatant was analyzed with LC-MS/MS. An ali-
quot of plasma spiked with test compounds was collected at
time zero to determine % recovery. Bepridil (plasma protein
binding > 99%) was selected as a positive control.

The microsomal protein binding of test compounds was
also measured using RED technique with some modifica-
tions. The microsomal protein concentration was 0.5 mg/
mL and compounds were tested at 1.0 uM.

Quantitative Analysis

The concentration of compounds in the in-vitro samples were
quantified using LC-MS/MS technique. The details of the
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method employed for sample quantification are described in
Supplementary Table 1.

Data Analysis
MDCK Permeability
The P,

app (CV/sec) and %recovery of the compounds was cal-
culated using Eqgs. 1 and 2, respectively.

Py = (Vg * Cr)/(A =T % D) (1)

%recnvery =100 = [(CR + CD)/DO] (2)

where, Vy, is the receiver volume (mL), A is the membrane
surface area (0.143 cmz), D, is the concentration of com-
pounds (10.0 uM) at O min, Cy and Cy, is the compound con-
centration (UM) in the receiver and donor chamber at 120 min,
and T is the time of the study (sec).

In-Vitro CL,,,

In-vitro CL.

nt

in HLM was determined using Eq. 3.

CL,, =In2 * 1 % mL incubation 5

t = N -
" ti,  mg microsomal protein

where, t,, is the elimination half-life in min (t;, =In2/-slope
of the %parent remaining vs time plot).
The in-vitro CL,;,, (mL/min/mg protein) was scaled using
39.8 microsomal protein per gram liver and 25.7 g liver per kg
body weight [18, 19]. The in-vitro CL; (mL/min/mg protein)
of compounds in liver S9 fractions was also determined using
Eq. 3 and further scaled with 121 mg protein per g liver and
25.7 g liver per kg body weight.
The in-vitro CL,,, (mL/min/million cells) of compounds in
HHep was calculated using Eq. 4 and scaled with 99 million
cells per g liver and 25.7 g liver per kg body weight factors.

1 mL incubation

CL,,=In2% — % ——————
ing = ta * “nillion cells @

The hepatic CL (CL,,,) was predicted using the well-
stirred model either uncorrected (Eq. 5) or corrected for
plasma protein binding (Eq. 6).

CLhep = (QH * CLmt)/(QH + CLint) (5)

CLhep = (QH *Jup * CLint)/(QH +f;¢b * CLim‘) (6)

where, Qy is the hepatic blood flow (20.7 mL/min/kg), CL;,,

represents scaled in-vitro CL;,, corrected or uncorrected for

incubational binding (fu;,.) and fu, is unbound fraction in

the blood. As fuy, values are not routinely measured in early

drug discovery, we have assumed fu, =fu, (R,=1) and only
fu,, values were used in the well-stirred model to predict the
in-vivo clearance. As a result, the predicted clearance may
not be the true value for compounds whose Ry, is consider-
ably > 1 or < 1, respectively. To provide the impact of R, on
clearance predictions, the statistical analysis on the clearance
IVIVE with Ry inclusion in the well-stirred model (fu, =fu /
Ry in Eq. 6) is provided in the Supplementary Table IV. The
Ry, values of the 64 test compounds under the present study
are provided in the Supplementary Table V.

To correct scaled in-vitro CL;, from HLM, microsomal
binding (fu,,;.) was used, which was measured for test com-
pounds with logD > 2 or otherwise predicted using the Aus-
tin model [20]. Scaled in-vitro CL;,, from HHep and liver
S9 fractions was corrected with hepatocyte binding (fuy,),
predicted based on the logD/P using the Kilford model [21].
Compounds with CL;,, <25 pL/min/mg (lower limit of the
HLM incubation) or <4 pL/min/million cells (lower limit
of HHep) indicated negligible to no metabolic turnover and

these data were not further corrected with their fu,,.
Plasma Protein and Microsomal Binding

The percent unbound fraction (%fu) was calculated using
Eq. 7.

%fu = PARg/PAR,, * 100 (7)

where, PARy and PAR,, represent the peak area ratio (test
compound/internal standard) in buffer and the corresponding
matrix i.e., plasma (plasma protein binding) or microsomes
(microsomal protein binding) after 4 h incubation (equilib-
rium assumed to be reached), respectively.

Statistical Analysis

The accuracy and precision for IVIVE predictions from
different in-vitro systems was evaluated using the average
fold-error (AFE) and absolute average fold-error (AAFE)
as well as using fold-error deviations between the predicted
and observed values (% fold error < 3).

pred

TlogTrs
AFE=10"7% ®)
z |’Hg/i,rTc_\d
AAFE =107 w ©
Results
Applying MDCK P, in the EC3S for Drug Discovery

To establish a MDCK P, cut-off value that corresponds
to the scaled human PS; value of 100 mL/min/kg, a

inf,pas
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and sinusoidal hepatocyte PS;;., (n=24 compounds). Perme-
ability data for test compounds are provided in the Supplementary
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classification alignment between these two parameters was
established by measuring the MDCK P, for a series of
compounds whose PS; .. has previously been generated
in suspended human hepatocytes (supplementary Table II,
Fig. 2) [16, 22]. A maximized classification alignment
(high vs low permeability) of 21 out of 24 compounds was
achieved for a MDCK P, value of 5X 107 cm/sec as a
surrogate for the PS;; . cut-off value of 100 mL/min/kg
(supplementary Table II). Three compounds (atazanavir,
bosentan, and rosiglitazone) were classified as high perme-
ability compounds using MDCK P, value whereas PS;; ¢
categorized these compounds as low permeable compounds.
The simplified EC3S framework using a MDCK P, cut-off

is shown in Fig. 1b.

Implementing MDCKP,,,, and CL;,, , into the EC3S
for Drug Discovery

To further evaluate the utility of discovery in-vitro assays
for EC3S compound categorization and elimination pathway
prediction, a test set of 64 compounds was selected based on
the availability of human clearance data and pathways, with
representation across metabolic, renal, biliary, and mixed
elimination (Table I). MDCK P,,, and HLM CL;, , values
were determined for these compounds. Based on the values
obtained, the compounds were categorized according to the
permeability threshold (P,,,=5 X 107® cm/sec) and meas-
ured unbound metabolic clearance (CL;, , =30 pL/min/mg,
which corresponds to a scaled human CL;; , of ~30 mL/min/
kg after scaling with 39.8 microsomal protein per gram liver
and 25.7 g liver per kg body weight). Using these cut-off
values, 16 compounds were classified as EC3S Class 12ab,
20 as Class 2cd, 6 as Class 34ab and 22 as 34cd (Fig. 1c
and Table I). All compounds that were assigned to the
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EC3S Class 12ab are eliminated extensively via metabo-
lism mainly by Phase I enzymes in humans. Out of the 20
test compounds assigned to the EC3S Class 2cd, 18 (90%)
are eliminated by Phase I and/or II-mediated metabolism
in humans. Interestingly, among these 18 test compounds,
fleroxacin [23], bisoprolol [24], pitavastatin [25], and moxi-
floxacin [26] also undergo excretion as unchanged parent
(renal and/or bile). Nevertheless, contributory role of Phase I
and/or II metabolism in the elimination of these compounds
was well predicted with the applied P,,, and CL;, , thresh-
olds. In line with the EC3S theory, the majority (86%) of the
Class 34ab and 34cd compounds undergo substantial renal
and biliary excretion or feature mixed elimination pathways
(Fig. 1c and Table I).

Clearance Prediction/IVIVE

The CL,;,, of test compounds obtained from incubations with
HLM, HHep (stability and media loss assay), and liver S9
fractions (supplementary Table III) was scaled and subjected
to the well-stirred model with and without binding correc-
tions to predict the hepatic clearance. Statistical analysis on
the clearance predictions from each of these in-vitro sys-
tems and the correction of binding is summarized in Fig. 3
and Table II. Independent of the EC3S classification and
the applied in-vitro system, the use of unbound CL;,, and
incorporation of fu, into the well-stirred liver model yielded
the lowest AAFE values and the greatest percent of points
within threefold (Fig. 3). Therefore, the subsequent com-
parative analysis of the clearance predictions from the four
in-vitro assays (HLM, HHep stability, HHep media loss, or
liver S9 fractions) was performed for data utilizing incuba-
tional binding and plasma protein binding corrections.

For Class 12ab compounds, under the experimental
conditions used to determine CL,,,, HLM generated the
highest fraction of compounds with a measured CL;,
value above the assay limit (success rate, 100%) as well as
reasonable clearance prediction (AAFE < 3.0, with 69%
within threefold). For the same set of compounds, the
respective AAFE values from HHep and liver S9 fractions
were relatively higher (AAFE > 3.0). Moreover, the HHep
and liver S9 fractions systems demonstrated a lower suc-
cess rate than HLM. For EC3S Class 34ab compounds,
the clearance was well predicted with either HLM, HHep,
or liver S9 fractions (AAFE < 3.0) and clearance predic-
tions were also within threefold error for >75% of the
compounds. Despite a lower number of Class 34ab com-
pounds being tested, HLM was found to have an overall
higher success rate (100%) as compared to HHep (67%)
and liver S9 fractions (80%).

Class 2cd and 34cd compounds showed very limited
metabolic turnover in each of the four in-vitro assay set-
ups, as a result, poor IVIVE was observed. The AAFE of
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Table| EC3S classification and major elimination pathway information in humans
Compound Popp CLiyu Major elimination pathway Major mechanism(s) Ref
[107° cm/sec] [pL/min/mg]
EC3S Class 12ab
Benzydamine 16.5 269 metabolic (Phase I) FMO, CYP [46]
Bupivacaine 15.8 111 metabolic (Phase I) CYP [47]
Diclofenac 18.1 313 metabolic (Phase I) CYP [48]
Imatinib 6.46 468 metabolic (Phase I) CYP Uw
Luminespib 8.51 294 metabolic (Phase I) CYP NP
Lumiracoxib 17.7 227 metabolic (Phase I) CYP [49]
Midazolam 21.0 1162 metabolic (Phase I) CYP uw
Nicardipine 5.66 10,662 metabolic (Phase I) CYP [48]
Nimodipine 9.22 7700 metabolic (Phase I) CYP Uuw
06-benzylguanine 254 30.3 metabolic (Phase I) AO, XO [50]
Patupilone 16.9 990 metabolic (Phase I) CES1 [51]
Propranolol 25.5 108 metabolic (Phase I) CYP Uuw
Quinidine 17.4 49.3 metabolic (Phase I) CYP [48]
Nateglinide 7.14 42.3 metabolic (Phase I) CYP, renal Uw
Venlafaxine 19.7 64.2 metabolic (Phase I) CYP uw
Verapamil 14.2 740 metabolic (Phase I) CYP uw
EC3S Class 2 cd
Acetaminophen 8.20 <25.0 metabolic (Phase IT) UGT, SULT uw
Antipyrine 19.8 <25.0 metabolic (Phase I) CYP [48]
Betamipron 10.7 <25.0 renal renal [41]
Bisoprolol 22.2 <25.0 multiple CYP, renal Uuw
Carbazeran 21.9 <25.0 metabolic (Phase I) AO, XO [50]
Citalopram 18.7 <25.0 metabolic (Phase I) CYP Uuw
Codeine 23.1 <250 metabolic (Phase II) UGT, CYP UW
Fleroxacin 6.94 <250 multiple renal, FMO [52]
Gatifloxacin 6.78 <250 renal renal [39]
Ketoprofen 10.5 <250 metabolic (Phase IT) UGT [48]
Lorazepam 19.9 <25.0 metabolic (Phase II) UGT Uuw
Metoprolol 31.3 <25.0 metabolic (Phase I) CYP Uuw
Moxifloxacin 6.66 <25.0 multiple UGT, SULT, bile, renal [53]
Mycophenolic acid 14.3 <25.0 metabolic (Phase II) UGT Uw
Oxazepam 17.4 <25.0 metabolic (Phase II) UGT Uw
Pitavastatin 7.60 <25.0 multiple UGT, bile Uw
RSV604 8.64 <250 metabolic (Phase I) CYP NP
Theophylline 9.60 <25.0 metabolic (Phase I) CYP uw
Vadimezan 15.6 <250 metabolic CYP, UGT [54]
Zaleplon 26.1 <250 metabolic (Phase I) AO, CYP UW
EC3S Class 34ab
Aliskiren 0.777 139 biliary bile Uuw
Dacinostat 0.670 62.3 multiple renal, bile, CYP NP
Erythromycin 0.437 65.5 multiple bile, CYP uw
Etoposide 1.12 329 multiple renal, CYP [48]
Indinavir 4.59 807 metabolic (Phase I) CYP UwW
Panobinostat 3.06 51.3 metabolic CYP, UGT Uuw
EC3S Class 34 cd
Almotriptan 3.12 <25.0 multiple CYP, MAO, renal uw
Cefazolin 0.587 <25.0 renal renal [55]
Cefmetazole 0.317 <25.0 renal renal [56]
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TableI (continued)

Compound Pop CLiyu Major elimination pathway Major mechanism(s) Ref
[107° cm/sec] [uL/min/mg]

Cefodizime 0.992 26.2 renal renal [57]
Cefoperazone 0.210 <25.0 biliary bile, renal [58]
Cefpiramide 0.697 <25.0 multiple renal, bile [59]
Ceftizoxime 0.141 <250 renal renal [60]
Ciprofloxacin 1.22 <250 renal renal [48]
Elinogrel 0.323 <25.0 multiple renal, CYP NP
Famotidine 0.864 <250 renal renal [48]
Furosemide 0.754 <25.0 multiple renal, UGT Uuw
Gavestinel 1.44 <25.0 metabolic UGT, CYP [61]
Napsagatran 0.490 <25.0 biliary bile [62]
Piperacillin 0.0969 <250 renal renal [63]
Pravastatin 0.261 <25.0 multiple renal, bile Uw
Rosuvastatin 0.279 <25.0 biliary bile Uuw
Sulfinpyrazone 0.598 <25.0 multiple renal, CYP, UGT [64]
Susalimod 1.24 <25.0 biliary bile [65]
Valsartan 0.674 <25.0 biliary bile Uuw
Vildagliptin 1.10 <25.0 multiple renal, peptidase [66]
Zidovudine 2.96 <25.0 metabolic (Phase II) UGT [48]
Zoniporide 2.26 <25.0 metabolic (Phase I) AO, XO [67]

CL;,, represents the unscaled intrinsic metabolic clearance from HLM corrected with microsomal binding (fu,,;.). The fu,;. value of above test
compounds is provided in the supplementary Table ITI. Major elimination mechanism refers to the predominant pathway (>70%) likely involved
in the elimination of above drugs in humans. Multiple represents > two pathways likely involved, with each contributing <70% to overall drug
elimination. Data on major mechanisms involved in the elimination of above compounds were collected from the University of Washington
Drug Interaction Solutions database (UW) or references provided in the table; NP, Data not published (internal data). EC3S, Extended Clearance
Concept Classification System; P,,,, MDCK-LE apparent passive permeability; CL;,,, unbound intrinsic clearance; FMO, flavin-containing
monooxygenases; CYP, cytochrome P450; AO, aldehyde oxidase; XO, xanthine oxidase; CES, carboxylesterase; UGT, UDP-glucuronosyltrans-
ferase; SULT, sulfotransferase; MAO, monoamine oxidase.

hepatic clearance with observed human clearance data
was generally poor (AAFE > 3.0) except with liver S9
fractions for Class 2cd compounds (AAFE =1.84 and
100% compounds within threefold error) and media loss
HHep for Class 34cd compounds (AAFE ~1.79 and 80%
compounds within threefold error). However, only 3 out
of 10 (30%) Class 2cd compounds showed measurable
CL;, in liver S9 fractions, and 4 out of 20 (20%) Class
34cd compounds in the media loss HHep assay. The lim-
ited ability to acquire qualified values for Class 2cd and
34cd compounds diminishes the potential utility of these
in-vitro assay systems to predict the in-vivo clearance of
these EC3S classes of compounds.

Discussion

Clearance is a major determinant of half-life, oral bioavail-
ability, and dose. Accurate prediction of clearance during
the drug discovery and development phases is crucial to
guide clinical dose selection and reduce attrition due to
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poor PK. Since elimination via hepatic metabolism is
observed for approximately 70% of marketed drugs [27],
in-vitro HLM and HHep incubations are frequently used to
predict metabolic clearance, guide chemistry on structure-
metabolic relationships, and establish IVIVE. In addition to
metabolism, hepatic elimination could involve the interplay
between sinusoidal uptake, sinusoidal efflux, and biliary
secretion. Given the multiplicity of elimination pathways,
the ECM concept was introduced to better identify the rate-
limiting step and improve hepatic clearance prediction and
IVIVE [9, 12, 16]. Subsequently, the EC3S framework was
established to better predict the mechanism(s) as well as
the contribution of non-hepatic pathway(s) to the overall
drug elimination in humans [8, 14].

The structure of the EC3S framework is described in
Fig. la. As shown, a PS;;; ., cut-off of 100 mL/min/kg
(generated using suspended HHep), is used to categorize
compounds either into Class 1/2 or 3/4 [7], which would
enable the identification of major route(s) of elimination
(metabolic and/or secretory). Highly permeable Class 1/2
compounds (PS > 100 mL/min/kg) are predominantly

inf.pas
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12ab

(16/16)] (13/16)

2cd

absolute average

34ab fold error (AAFE)

fuInC
fu,

fujnct fuy >10

34cd

100% | 67% | 67% | 80%
6/6) | (416) | (ar6) | (415

20% <3

(4/20)

Fig.3 Accuracy of clearance predictions obtained from different in-
vitro systems and binding correction methods for each EC3S Class.
Colors indicate the absolute average fold error (a) and percentage
of clearance predictions within a three-fold error (b), respectively.
Numbers indicate percent of the total number of compounds show-
ing metabolic turnover, above assay limit, in their respective in-vitro

metabolized in the liver with very limited to no biliary and
renal elimination of unchanged drug whereas low perme-
able Class 3/4 compounds (PS¢, < 100 mL/min/kg) are
found to be substantially cleared as unchanged parent in
the bile and urine by transporter-mediated processes. This
observation has been previously described in the BDDCS
and ECCS, each highlighting the utility of permeability in
reflecting the major route of drug elimination in humans
[4, 6, 28, 29]. PS¢, is not routinely measured in early
drug discovery and, as a result, the current EC3S framework
offers limited utility for lead optimization. In early drug
discovery, permeability of new molecular entities is more
frequently evaluated using a high throughput permeability
assay e.g. utilizing MDCK or LLC-PK1 cells [30]. Further-
more, MDCK-derived P, data has been shown to reasona-
bly correlate with PS¢, measured using suspended HHeps
[31], which further supports the use of P, as a surrogate for
PSipt pas in the EC3S framework. The MDCK P, was gener-
ated for a set of 24 compounds whose PS; ., values were
previously generated using suspended HHep [14, 22]. A
classification alignment between these two parameters was
established using a MDCK Papp cut-off of 5x 107 cm/sec, as
previously applied in the ECCS by Varma et al. [6]. Using
a P, cut-off of 5x 107 cm/sec, the majority of compounds

app
were found to be correctly assigned in to the EC3S classes

12ab

I —_— b
16/16)| (13/16) | (15/16) | (14/16

2cd
0% | 45% | 42%
(0/20) | (9/20) | (8119

34ab

% within
3-fold error

P
30%
(3/10)

> 66%

34cd 33 - 66%

100% | 67% | 67%
6/6) | (4/6) | (a16)

<33%

assays. Numbers are shown in red if turnover for <30% of compounds
was observed. Hepatic clearance was predicted either without con-
sideration of incubational and plasma protein binding (-), under con-

sideration of incubational binding only (fu;,.), under consideration of

plasma protein binding only (fu,), or under consideration of both incu-

bational and plasma protein binding (fu;,. + fuy).

1/2 or 3/4 (Supplementary Table II). However, atazanavir,
bosentan, and rosiglitazone were classified as Class 1/2
instead of Class 3/4 compounds. Previous reports from the
literature have shown that these three compounds are moder-
ate to high permeable compounds [31-33], which is in line
with the P, -based assignment into Class 1/2 compounds as
well as their elimination via metabolism in humans [34-38].
Taken together, these findings clearly demonstrate MDCK
P, as a surrogate for PS; ¢ ¢ to differentiate new molecular
entities into the EC3S classes.

In addition to assessing permeability, high throughput
stability assays with HLM are routinely employed to deter-
mine metabolic CL;, of new molecule entities. Since HLM
CL,,, is readily available in a discovery setting, the utility of
this parameter along with MDCK P, to enable compound
assignment into the EC3S was further explored. Furthermore,
to better incorporate EC3S framework in drug discovery
and eliminate the need of species-specific scaling factors,
unscaled CL; , (as opposed to scaled CL;,, , (mL/min/kg))
with a cut-off value of 30 pL/min/mg was employed (Fig. 1a,
b). As shown in Fig. 1b, using the MDCK P, (5X 107° cn/
sec) and HLM CL;,,, (30 pL/min/mg) thresholds, com-
pounds could be assigned into the EC3S classes as highly
permeable and extensively metabolized mainly by Phase I

enzymes (Class 12ab), highly permeable and metabolized by
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Table Il Statistical analysis on the human clearance predictions using
in-vitro CL,,, from HLM, HHep and liver SO fractions

int

success AFE AAFE within
rate threefold

Method n

EC3S Class 12ab
Microsomes 16 100%  0.77 249 69%
Hepatocytes (stability) 16 81% 046 328 69%
Hepatocytes (media loss) 16 94% 0.59 3.04 67%

Liver S9 fractions 16 88% 0.33 336 50%
EC3S Class 2 cd
Microsomes 20 0% NA NA NA

Hepatocytes (stability) 20  45% 043 416 56%
Hepatocytes (media loss) 19  42% 043 4.03 44%

Liver S9 fractions 10 30% 0.89 1.84 100%
EC3S Class 34ab

Microsomes 6 100% 1.49 199 83%

Hepatocytes (stability) 6 67% 057 175 75%

Hepatocytes (media loss) 6 67% 1.07 1.29 100%

Liver S9 fractions 5 80% 071 2.02 100%
EC3S Class 34 cd

Microsomes 22 5% 376 376 0%

Hepatocytes (stability) 20  20% 058 3.36 25%
Hepatocytes (media loss) 20  20% 063 179 80%
Liver S9 fractions 11 55% 0.75 4.61 33%

Statistical parameters on the hepatic clearance prediction were deter-
mined using the well-stirred liver model corrected for both fu, and

fu;,.. “n” represents number of compounds incubated in HLM, HHep,

and liver S9 fractions for each EC3S Class, respectively. Success rate
represents % of compounds that showed CL;, value above the assay
limit in the HLM, HHep, and liver S9 fractions and whose predicted
human clearance data was used in the statistical analysis for IVIVE.
NA represents not applicable for statistical analysis. AFE, average
fold-error; AAFE, absolute average fold-error.

Phase I and/or II enzymes (Class 2cd), poorly permeable and
eliminated by Phase I enzymes, renal and/or biliary excretion
(Class 34ab), and poorly permeable and eliminated by Phase
I/IT enzymes, renal and/or biliary excretion (Class 34cd). To
evaluate the potential of this classification approach, MDCK
P,pp and CL;, , values were determined for a set of 64 test
compounds, whose major elimination pathway(s) are known
in humans, and assigned to the EC3S classes (Fig. 1c and
Table I). Amongst these 64 test compounds, 16 were clas-
sified as EC3S Class 12ab (25%), 20 as Class 2cd (~31%),
6 as Class 34ab (~9%), and 22 as Class 34cd (~34%) com-
pounds. While all 16 EC3S Class 12ab compounds were cor-
rectly predicted to be predominately eliminated via Phase I
metabolism in humans (Table I), 2 out of the 18 EC3S Class
2cd compounds (betamipron and gatifloxacin) are found to
be misclassified as these compounds are mainly eliminated as
unchanged parent in the urine, via both glomerular filtration
and active tubular secretion [39—41], which is uncommon
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for compounds with moderate to high passive permeabil-
ity. The number of compounds categorized into the EC3S
Class 34ab from the current set was limited (n=6), with
many compounds displaying multiple elimination pathways
(Table I). It is noteworthy to mention that indinavir, which
is mainly eliminated via Phase I-mediated hepatic metabo-
lism (CYPs) in humans, was assigned to EC3S Class 3/4 as
the MDCK P, (4.6x107® cm/sec) was below the thresh-
old of 5x 107 cm/sec. A recent study reported MDCK Popp
of 5.4x107° cm/sec for indinavir using similar assay con-
ditions [42], which would classify this compound into the
EC3S Class 12ab that are predominantly eliminated by Phase
I enzymes. This finding suggests that for compounds, where
the measured assay value approximates the EC3S cut-off
criteria, it could be challenging to accurately classify them
due to assay variability. Nonetheless, based on our classifi-
cation model (Fig. 1b), Phase I enzymes are proposed to be
involved in the elimination of EC3S Class 34ab compounds,
consistent to that observed with indinavir. Lastly, poorly per-
meable, and low metabolic turnover EC3S Class 34cd com-
pounds were anticipated to undergo substantial urinary and/
or biliary excretion, with or without hepatic metabolism, as
observed for majority of compounds (19 out of 22) assigned
to this EC3S class. Taken together, these observations clearly
demonstrate that the modified EC3S classification approach,
which uses MDCK P, (5% 107° cm/sec) and HLM CL;,,
(30 pL/min/mg) thresholds for compound assignment, could
enable an early prediction and understanding of the major
elimination pathway(s) for new molecular entities in drug
discovery. Moreover, this classification approach has poten-
tial to allow prediction of key metabolic pathways such as
oxidative and/or conjugative (Phase I for EC3S subclasses a
and b vs Phase I and II for subclasses ¢ and d) to overall drug
elimination in humans.

In addition to employing HLM CL; , for the EC3S com-
pound assignments, we also investigated clearance IVIVE
using this system, in comparison to HHep and liver S9 frac-
tions for the individual EC3S classes. For comparative analysis,
HHep was selected as alternative system as it is widely used in
a high throughput format to study metabolic stability of com-
pounds in a discovery setting. Moreover, HHep and liver S9
fractions also contain non-CYP enzymes (UGTs, AO, reduc-
tases) unlike HLM, whose incubations are often conducted in
the presence of NADPH as the only co-factor (no UDPGA)
making it more suitable for screening compounds that primar-
ily undergo CYP-mediated metabolism. As such, compounds
undergoing metabolism by non-CYP mechanisms and/or
being actively transported by sinusoidal transporters (e.g., by
OATPs) could display higher CL,,, in HHep and liver S9 frac-
tions relative to HLM [43]. Amongst these in-vitro systems
and the assay conditions describe herein, the percentage of
EC3S Class 12ab compounds (n=16) that showed turnover in
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HLM was generally higher relative to HHep and liver S9 frac-
tions. Furthermore, IVIVE for EC3S Class 12ab compounds
was better with HLM relative to HHep and liver S9 fractions
(Table II). Likewise, the metabolic turnover of the total number
of EC3S Class 34ab compounds was higher in HLM relative
to HHep (stability and media loss assay) and liver S9 fractions.
The in-vivo clearance of EC3S Class 34ab compounds was well
predicted (AAFE <3 and >75% compounds within threefold
error of the observed clearance) using all three in-vitro systems.
However, our analysis on the clearance IVIVE for EC3S Class
34ab is limited to a total of six compounds. Taken together, it
appears that HLM provides reasonable IVIVE of clearance for
EC3S Class 12ab and 34ab compounds (Fig. 3). By contrast,
the turnover of EC3S Class 2cd and 34cd compounds in HLM
was negligible. Although, a limited number of EC3S Class
2cd and 34cd compounds were metabolically turned over in
HHep (<45%) and liver S9 fractions (<55%), their IVIVE of
human clearance was generally very poor. It is noteworthy to
mention that the current IVIVE analysis focuses on the correla-
tion of predicted hepatic clearance (from HLM, HHep or liver
S9 fractions) to the total systemic clearance in humans. EC3S
Class 34cd compounds are anticipated to undergo substantial
renal and/or biliary excretion, which could explain poor IVIVE
for this set of compounds. It is noteworthy to mention that the
IVIVE approach used in the present study has some limitations.
For IVIVE analysis, the well-stirred model has been selected
to predict the in-vivo hepatic clearance though its limitations
compared to other complicated models (parallel tube, disper-
sion, zonal liver, etc.) have been well described by Pang et al.
[44]. Moreover, the in-vitro CL,,, obtained from incubations,
also defined as an arterial intrinsic clearance by Benet and
Sodhi [45], is used to predict the human hepatic clearance, but
compared to the observed systemic (or whole-body arterial)
drug clearance for IVIVE rather than to the liver organ clear-
ance. Additionally, R, has been assumed to be unity in the well-
stirred model as this parameter is not routinely measured in
early drug discovery.

Conclusion

In summary, the present study demonstrates the utility of
high throughput MDCK-LE P, (5 X 107 cm/sec) and HLM
CL;,, data (30 pL/min/mg) to enable EC3S compound clas-
sification for drug discovery. Compound assignment into
the EC3S classes could provide an early understanding/
prediction of the major route of elimination to drug dis-
covery teams. HLM is a robust in-vitro system to predict
hepatic clearance of compounds in EC3S Class 12ab and
34ab, whereas its utility is very limited for Class 2cd and
34cd compounds. To our surprise, HHep or liver S9 frac-
tion underperformed for Class 2cd compounds, where Phase

I and or II enzymes are predominantly involved in drug
elimination. This suggests the need for further optimization
of assay conditions or alternative in-vitro models such as
long-term cell culture, extrahepatic systems, or recombinant
enzymes for low turnover compounds. Finally, for EC3S
Class 34cd compounds, IVIVE based on metabolic in-vitro
systems is likely to be poor due to substantial contribution
of excretory pathways (e.g., renal/biliary clearance). In such
cases, the involvement of uptake and efflux transporters
(liver and kidney) could be explored. The current frame-
work faces some limitations compared to the use of HHep-
derived PS;.; ,; for compound categorization. PS;;
allows quantitative predictions of hepatic vs extrahepatic
clearance [9], which is challenging with our proposed
approach. Lastly, the present approach applies MDCK-LE
Py (5% 1078 cm/sec) and CLj,, (30 pL/min/mg) to predict
major route(s) of drug elimination and clearance IVIVE for
humans. For preclinical species, a re-assessment of these
classification cut-offs will be necessary.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-023-03482-4.
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