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Fig. 1. Comparison of apparent permeability in LLC-PKI1 cells to active uptake in human hepatocytes. (A) P,y values (nanometers per second) in the apical to basal direction in
LLC-PKI cells are plotted against active uptake component in plated hepatocytes for a set of discovery compounds (MW > 400) with a carboxylic acid moiety. Each data point is
as expressed an average of triplicate measurements for one compound. (B) ECCS classification of the 36 marketed drugs used for CLint,h,u prediction. ECCS class 1b compounds
in parentheses represent the assignment according to Varma et al. (2015). Digoxin can be assigned to ECCS class 2 or class 4 depending on reported P, values (Table 1).

CLint, met,app (wL/min/mg protein) = [slope (min~") 5)

x 1000] / protein concentration (mg protein/mL)

The apparent intrinsic clearance in hepatocytes was corrected for
fibroblast metabolism. Each well in HepatoPac plates has 75% surface
area as fibroblasts and 25% surface area as hepatocytes (Khetani and
Bhatia, 2008; Chan et al., 2019). The in vitro intrinsic clearance de-
termined from the fibroblast lysate according to eq. 5 were multiplied by
0.75 and then subtracted from the respective value determined in
HepatoPac plates, to exclude metabolic clearance by fibroblasts. Hence,

the hepatocyte-specific intrinsic clearance (CLint,met) was calculated
using eq. 6:

Hepatocytes CLint, met (wL/min/mg protein)
= HepatoPac CLint, met,app (WL/min/mg protein) — (0.75
X Fibroblasts (stromal cells) CLint (nL/min/mg protein))  (6)

LC-MS/MS Analysis. Calibration samples for test compounds were prepared
by spiking stock solution of the test substance into the blank culture medium used
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Fig. 2. Apparent in vitro intrinsic clearance for marketed drugs measured in suspended human hepatocytes and HepatoPac. For 36 marketed drugs at 1 wM, apparent in vitro
intrinsic clearance CLint,h [without correction by unbound fraction in incubates fu(inc)] generated with suspended hepatocytes are compared with these generated in the
HepatoPac model. The CLint,h values are calculated based on linear depletion rate of the parent drug from the media during the incubation time: 2 hours for hepatocyte
suspension and 96 hours for HepatoPac (n = 1 or 2). For intrinsic clearance, n = 1 denotes a single intrinsic clearance value determined usin§ seven (suspended hepatocytes)
or eight (HepatoPac) different independent incubation wells with different incubation times. A hepatocyte cell density of 1.0 mg protein/10” cells is assumed irrespective of
the two different assay systems (hepatocyte suspension and HepatoPac). CLint,h values of 20 compounds assigned as ECCS class 1a and 2 (i.e., predicted to be eliminated
mainly by metabolism), five compounds as ECCS class 3b (i.e., likely eliminated mainly by hepatic active uptake and/or renal excretion), and remaining four compounds as
ECCS class 3a and 4 (i.e., likely eliminated mainly by renal excretion) are plotted in (A-C), respectively. Compound names with numbering for each plot are summarized in
Table 1. CLint,h values for 23. fluvastatin, 27. famotidine, 29. fexofenadine, 30. memantine, 32. furosemide, 34. cimetidine, and 35. digoxin are not shown due to a lack of
measurement of depletion of the drug concentration from the media in suspended hepatocytes (Table 2). Solid, broken, and bold lines represent 1:1, 1:2, and 1:3

correspondence, respectively.

for the experiment (1%, v/v, DMSO), followed by quenching with 2-fold volumes
of acetonitrile containing 0.1 pwg/ml oxazepam as internal standard. All samples
were 10-fold diluted in a mixture of acetonitrile and water (66:33, v/v). The high-
performance liquid chromatography system consisted of 20AD Shimadzu pumps
(Kyoyo, Japan) and an HTS CTC PAL autosampler (CTC Analytics AG;
Zwingen, Switzerland). Sample solutions (1 wl) were injected into the analytical
column heated to 60°C (Supelco Ascentis Express C18;2 cm X 2.1 mm, particle
size: 2.7 pwm; Sigma-Aldrich). To elute the compounds, the following mobile
phases were used: phase A, formic acid 0.5% in water:methanol = 95:5 (v/v);
phase B, acetonitrile. A high pressure linear gradient from 0% to 95% B in 40
seconds was applied at a flow rate of 600 wl/min. Mass spectrometric detection
with multiple reaction monitoring was operated in the positive ion mode with an
API6500 mass spectrometer equipped with a TurbolonSpray source (IonSpray
Voltage 5500 V; Sciex, Framingham, MA). Analyst 1.6.3 software (Sciex) was
used for data processing using linear regression with 1/x> weighting on peak area
ratio. The precision and accuracy of linear regression of the standard curve
samples was between 80% and 120%.

Prediction of Human Hepatic Intrinsic Clearance from the In Vitro
Assays. Using the measured clearance values (CLint,met from hepatocyte
suspension and HepatoPac), the intrinsic hepatic unbound clearance (CLint,h,u)
was estimated according to eq. 7:

CLint, met

CLint,h,u = ————
L fu(inc)

= CLint, met,u (7)

where fu(inc) is the unbound fraction in incubates. The fu(inc) values were
predicted with the dilution method (Schuhmacher et al., 2000) based on the
reported unbound fractions in plasma (fu,p), without conducting experimental
measurements (Table 2). Correspondence of calculated and measured fu(inc)
values was confirmed with a limited test compound set (midazolam, quinidine,
diclofenac, tolbutamide, and dextromethorphan) for which measured fu(inc)
values were previously available: 0.19, 1, 0.02, 0.35, and 1, respectively
(Kratochwil et al., 2017). This provided validity of the use of the dilution method
for fu(inc) prediction. For measured intrinsic uptake clearance (PSinf), fu(inc) was
assumed as 1, since the assays were conducted in the absence of serum protein.

It was assumed that intrinsic process clearance values in the current in vitro
assays were measured under linear conditions: substrate concentration (S)
<< Km.

For CLinth,u prediction, the following physiologic scaling factors were
applied: hepatocellularity, 120 (10° cells = mg protein/g liver); liver weight, 22
(g liver/kgbw); and body weight, 70 (kgbw). The previous study results from the
protein determination using human hepatocyte suspensions indicated that the 10°

cells was equivalent to 1 mg protein content (Kratochwil et al., 2017). The
identical relationship between milligrams protein and cell numbers is assumed
with HeatoPac, which the identical protein content per hepatocyte is applied for
scaling the hepatocyte CLint,met after subtraction of the background turnover
measured by the incubation with fibrobrasts as indicated in eq. 6. Otherwise, the
scaling factors were generally taken from the system parameter database (Johnson
et al., 2005).

Estimation of Human In Vivo Hepatic (Intrinsic) Clearance as Reference.
Pharmacokinetic parameters for reference compounds were collected from
publications, clinical pharmacology review documents and drug prescribing labels.
Hepatic plasma (organ) clearance CLh,p was calculated from total plasma
clearance CLtot,p by subtraction of renal CLr,p and other pathway clearances
CLothers,p:

CLh,p = CLtot,p — CLr,p — CLothers, p. (8)

The fu,p and the blood-to-plasma concentration ratio (Rb) were used for the
calculation of fi, b = fu,p/Rb, assuming Rb = 1 if no data were available (Table 2).

Hepatic organ blood clearance (CLh,b) was obtained as CLh,b = CLh,p/Rb.
Finally, the in vivo intrinsic hepatic clearance was calculated with the well stirred
model as follows:

CLh,b
fu,b- (1 —%)

In vitro CLint,h,u =

©)

where Qh is hepatic blood flow rate (23.2 ml/min per kilogram; Johnson et al.,
2005). Key pharmacokinetic (PK) parameters used for evaluation of the current
IVIVE performance for CLinth,u prediction are summarized in Table 2.
Derivations of the in vivo CLtot,p, CLr,p, and CLothers,p are summarized in
Supplemental Table 1 with the literature source information.

Results

ECCS Classification. P,,, values (nanometers per second) in the
apical-to-basal direction in LLC-PK1 cells were plotted against the
active uptake component in plated hepatocytes for the training data set
compounds (MW > 400), each containing a carboxylic acid moiety
(Fig. 1A; Supplemental Table 2). The same compounds were incubated
with plated hepatocytes in the absence and presence of the inhibitor
cocktail for active transporters: MK-571 at 100 pM, cyclosporine A at
20 uM, and quinidine at 100 M.
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Fig. 3. Comparison of the reference and scaled-up hepatic intrinsic clearance values for marketed drugs. The in vivo CLint,h,u values (milliliters per minute per kilogram) for
36 marketed drugs are plotted against the in vitro CLint,h,u values (milliliters per minute per kilogram) from human suspended hepatocytes (A, C, and E) and HepatoPac
(B, D, and F) assays. Twenty ECCS class 1a/2 compounds (i.e., predicted to be eliminated mainly by metabolism), five ECCS class 3b compounds (i.e., likely eliminated
mainly by hepatic active uptake and/or renal excretion), and remaining four ECCS class 3a/4 compounds (i.e., likely eliminated mainly by renal excretion) are shown in
panels (A-F), respectively. The in vitro and in vivo CLint,h,u values to illustrate the panels are listed in Table 2. Solid, broken, and bold lines represent 1:1, 1:2, and 1:3
correspondence, respectively.
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Based on the internal compound set of active uptake substrates, a P,
value of 50 nm/s can be considered as a threshold above which active
uptake was likely to be low, but below which net active uptake was
likely to be important in the clearance of carboxylic acid—containing
drugs (Fig. 1A). Thus, a threshold Py, of 50 nm/s is proposed here for
ECCS subclassification to separate high (class 1 and 2) from low
permeability compounds (class 3 and 4). Using this threshold, the 36
marketed drugs used for CLint,h,u prediction were classified as follows:
five compounds in class 1a, 17 in class 2, two in class 3a, seven in class
3b, and five in class 4 (Fig. 1B; Table 1). No assignment was made to
class 1b.

IVIVE for ECCS Class 1a/2 Compounds. Hepatic metabolism was
estimated to be the predominant pathway for 22 out of the 36 marketed
drugs (Fig. 1B; Table 1). The disposition pathway characterization was
in agreement with the in vivo information on factors contributing to
CLh,p (Table 2), except for memantine (No. 30) and digoxin (No. 35) for
which renal clearance was actually the major pathway. Digoxin can be
assigned to ECCS class 4 depending on historical P, values (Table 1).
In vitro CLint,h in HepatoPac was higher (by =3-fold) compared with
that in suspended hepatocytes, especially when the intrinsic clearance
was less than 10 pl/min per milligram in suspended hepatocytes
(Fig. 2A; Supplemental Fig. 1; Table 2).

For quinidine (No. 2), bupropion (No. 6), propranolol (No. 7), and
cyclosporine A (No. 20) with relatively low in vitro CLint,h, a >3-fold
underestimation of the upscaled CLint,h,u (milliliters per minute per
kilogram) from the hepatocyte suspension assays relative to the
reference in vivo CLint,h,u was observed (Fig. 3A; Table 2). HepatoPac
assays improved the prediction performance, resulting in 2—3-fold errors
(Fig. 3B; Supplemental Fig. 2; Table 2). IVIVE performance remained
poor for verapamil (No. 8) irrespective of the assay.

IVIVE for ECCS Class 3b Compounds. Hepatic active uptake and
renal excretion were estimated to be the main pathways for seven
marketed drugs (class 3b; Fig. 1B; Supplemental Fig. 1; Table 1).
Contribution of renal excretion to total elimination was indicated for
fluvastatin (No. 23), pravastatin (No. 25), rosuvastatin (No. 26),
fexofenadine (No. 29), and valsartan (No. 33, Table 2). Upscaled
CLint,h,u (milliliters per minute per kilogram) was underestimated (by
<10-fold) for several drugs (No. 25. pravastatin, No. 26. rosuvastatin,
No. 29. fexofenadine) likely due to uptake clearance not contributing to
hepatocyte metabolic clearance assessments (Fig. 3, C and D;
Supplemental Fig. 2; Table 2). For these drugs, determination of PSinf
using plated hepatocytes with short-term incubation (1-5 minutes)
reveals an improved prediction of CLint,h,u (Supplemental Table 3).

CLint,h,u values for three compounds (No. 22. atorvastatin, No. 23.
Fluvastatin, and No. 33. valsartan) were reasonably predicted with
HepatoPac (within 2-3-fold errors) (Fig. 3D; Supplemental Fig. 2; Table 2).

IVIVE for ECCS Class 3a/4 Compounds. Renal excretion was
estimated to be the main pathway for seven marketed drugs (Fig. 1B;
Supplemental Fig. 1; Tables 1 and 2). Based on literature data, the
relative contribution of CLr,p to total clearance was 23% for oseltamivir
(No. 16), 33% for irinotecan (No. 17), 72% for famotidine (No. 27),
36% for furosemide (No. 32), 63% for cimetidine (No. 34), and 57% for
talinolol (No. 36; Table 2). An occurrence of renal excretion of SN-38
(No. 18, an active drug of irinotecan) was qualitatively reported
(Toshimoto et al., 2017) (Table 2). Relatively good prediction of
CLint,h,u for ECCS class 3a and 4 compounds was shown with
HepatoPac (Fig. 3, E and F and Supplemental Fig. 2).

Discussion

Usefulness of the ECCS (Varma et al., 2015) to estimate the rate-
determining steps of a compound at the drug discovery stage is
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confirmed again in this study using a different set of marketed drugs
for which drug disposition pathways are well known (Table 1). To
identify whether metabolism or active transport is the rate-determining
step in hepatic elimination, it is important to define an in vitro
permeability filter for ECCS classification. A P, threshold of 50 nm/s
across LLC-PK1 monolayers is proposed in this study (Fig. 1A),
corresponding to an active contribution to total hepatocyte uptake of
=50% as measured in a plated hepatocyte assay. Independent of the
current study, the same permeability threshold of 50 nm/s in low efflux
Madin-Darby canine kidney cells and in Caco-2 cells was used for
absorption and systemic clearance predictions based on ECCS classi-
fication (Fredlund et al., 2017; Varma et al., 2017).

The assignment to ECCS classification categories is straightforward;
however, it may not always accurately predict the major rate-
determining steps. For instance, digoxin (No. 35) is predominantly
eliminated by the kidneys (Table 2). Actually, historical P, values of
digoxin measured in-house range from 35 to 45 nm/s below the
threshold value, would result in ECCS class 4 assignment (Table 1).
However, a reported Py, of digoxin was 54 nm/s, which is on the border
of the threshold permeability (Zhang and Morris, 2003), resulting in an
assignment to ECCS class 2 indicating predominant metabolism. These
findings indicate the importance of accurate and precise P,,, measure-
ments by ensuring adequate experimental design (i.e., test within
solubility range and under linear, sink conditions) and excluding the
potential effects of nonspecific binding, transporter contribution, and
poor mass balance as a consequence of cellular accumulation due to
lysosomal trapping (Riede et al., 2019; Bednarczyk and Sanghvi, 2020).
Furthermore, although we have determined a P, threshold (50 nm/s)
that is common with two other independent laboratories (as noted
above), there remains the possibility of significant differences in P,y
between other laboratories and in vitro systems. Left unchecked, the
assumed rate-determining steps could be incorrectly assigned and would
risk an inappropriate absorption, distribution, metabolism, and excretion
strategy. To address this, we would recommend each group conduct its
own assay calibration with reference compounds to either validate our
proposed P, threshold or to adjust accordingly.

This study confirmed that HepatoPac predicted hepatic intrinsic
clearance with improved accuracy and precision compared with
suspended hepatocytes, irrespective of hepatic clearance classification
and ECCS class assignments (Fig. 3; Supplemental Fig. 2). Of note, an
advantage of the use of HepatoPac was especially apparent for the low
hepatic clearance compounds: quinidine (No. 2), bupuropion (No. 6),
and cyclosporine A (No. 20) in the ECCS classes 1 and 2 and irinotecan
(No. 17), SN-38 (No. 18), cimetidine (No. 34), and talinolol (No. 36) in
ECCS classes 3a and 4 (Fig. 3; Table 2). In addition, internal compounds
showing an identical CLint,h in suspended hepatocytes of ~1 wl/min
per milligram have sometimes showed up to 30-fold range in their
HepatoPac CLint,h from 0.1 to 3 wl/min per milligram (in-house
data), indicating improved sensitivity to low CLint,h determination in
HepatoPac.

For ECCS class 3b drugs as atorvastatin (No. 22), fluvastatin (No. 23),
and valsartan (No. 33), hepatic elimination might be governed by
metabolism as well as uptake process, which is confirmed by the
reasonable CLint,h,u prediction with 2-3-fold errors seen in HepatoPac
(Fig. 3D; Table 2) and in hepatocytes for short incubation period,
respectively (Watanabe et al., 2010; Umehara and Camenisch, 2012).
Although CLmet,u estimation for repaglinide (No. 31, due to CYP3A4
and CYP2C8) using HepatoPac is likely reliable relative to suspended
hepatocytes, the in vitro CLint,h in HepatoPac shows an ~9-fold
underestimation of the upscaled CLint,h,u. It is likely that HepatoPac
does not fully capture the hepatic uptake clearance seen in vivo (e.g., via
OATPI1BI, Fig. 3, C and D; Tables 1 and 2).
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Fig. 4. Decision trees for the selection of the optimal in vitro assays for the in vitro to in vivo extrapolation of human hepatic clearance by active uptake and metabolism. The
decision tree suggests an ECCS class-dependent selection of the optimal in vitro assay (liver microsomes, hepatocytes, and HepatoPac). The assessment of uptake and
metabolic clearance processes is followed by IVIVE to predict the hepatic clearance. (A and B) represent decision trees for ECCS class1b/3b and ECCS class 1a/2/3a/4
compounds, respectively. The two schemes also indicate when the potential investigation of other disposition pathways such as biliary and renal excretion may be mandated.
To compensate differences of human hepatocytes and liver microsomes for clearance optimization, hepatocellularity (120 x 10° cells/g liver) and liver microsomal contents
(38 mg human liver microsome/g liver; Johnson et al., 2005) can be used.
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None of the 36 reference drugs was assigned to class 1b (Fig. 1B;
Table 1). Although atorvastatin, fluvastatin, and repaglinide were
originally assigned to class 1b with the P, threshold of 50 nm/s in
low efflux Madin-Darby canine kidney cells (Varma et al., 2015), this
study results reassigned these drugs in class 3b with the identical P,
threshold of 50 nm/s in LLC-PK1 cells. The inconsistent ECCS class
assignment among substrates of active uptake transporters could be
derived from the difference of the in vitro permeability assay format
among test facilities. Irrespectively, previously reported ECCS class 1b
compounds (bosentan, cerivastatin, glyburide, pitavastatin, and telmi-
sartan) are subject to active uptake via OATPs and metabolism via
CYP3A, CYP2Cs, and UDP-glucuronosyltransferases (UGTs) (Varma
et al., 2015). The hepatic intrinsic clearance of ECCS class 3b/1b drugs
(active transporter substrates with low metabolic turnover) can be
successfully calculated using PSinf measured in hepatocytes (short-term
incubation) and CLmet,u in HepatoPac by following previously reported
calculations with marketed drugs (Watanabe et al., 2010; Umehara and
Camenisch, 2012).

For ECCS class 3a/4 compounds, the contribution of CLr to total
systemic clearance is predicted to be =70% (Varma et al., 2015), which
implies that hepatic metabolism should account for below 30%,
potentially indicating low metabolic turnover. Therefore, better pre-
diction performance of CLint,h,u with HepatoPac was expected, and this
is supported for the ECCS class 3a/4 compounds in this study (Fig. 3, E
and F). However this type of molecule remains challenging since CLr,p
contributes significantly to overall clearance (Table 2), and, with a few
exceptions, verified IVIVE methods have not been established for this
process. For example, prediction of renal secretion clearance of OAT
substrates is demonstrated by estimating relative activity factors for the
probe substrates of OATs to directly relate the in vitro transport
clearance using the transporter-transfected human embryonic kidney
cells to in vivo secretory clearance (Mathialagan et al., 2017). A model
for prediction of extent of passive tubular absorption in the kidney is
recently reported as a function of Caco-2 permeability (Scotcher et al.,
2016).

Accordingly, a workflow for selection of in vitro tools to achieve
optimal IVIVE prediction for hepatic clearance and identify the most
relevant tools for clearance optimization can be proposed as shown in
Figure 4. The workflow is different for ECCS class 1b/3b compounds
with hepatic active transport, compared with class 1a/2/3a/4 compounds
with hepatic metabolism, irrespective of the degree of the contribution of
renal (and biliary) excretion to total elimination. Ongoing assessments of
permeability are also important to ensure that relevant optimization
targets continue to be set as lead series chemistry changes. Once
compounds are identified as ECCS class 3b, a ratio of active and passive
uptake clearance from the short-term incubation assays with hepatocytes
could be measured to perform spot checks whether the ECCS class
properties are maintained during the lead optimization phase (Fig. 4A).
After the compound nomination, the in vitro uptake clearance is more
appropriately measured for hepatic clearance prediction. Eventually,
human clearance predictions of potential drug candidates can be
generated with the Extended Clearance Model method.

For the other ECCS class 1a/2/3a/4 compounds, suspended hepato-
cytes could be used effectively for metabolic clearance optimization and
initial clearance estimations during lead optimization. It is recommended
that a long-term culture system, such as HepatoPac, is used for the
human clearance prediction of potential drug candidates to obtain
the best currently possible predictions. A strategy for the selection of the
in vitro tools for metabolic clearance evaluation is proposed here,
especially taking into consideration cost effectiveness in drug de-
velopment (Fig. 4B). For compounds with CLint,h =3 pl/min per 10°
cells in suspended hepatocytes (low clearance), reassessment of CLint,h
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using HepatoPac should be considered to achieve a reasonable IVIVE.
With 3 < CLinth = 30 pl/min per 10° cells (moderate clearance),
CLint,h in suspended hepatocytes can be used for the clearance
prediction (Docci et al., 2019). However, it is noted that a >3-fold
underestimation of upscaled CLinth,u (milliliters per minute per
kilogram) in hepatocyte suspension relative to the reference in vivo
CLinth,u is likely when CLinth is =10 wl/min per 10° (Fig. 3A;
Table 2). Based on an internal assessment (data not shown), human liver
microsomes generally provide accurate and precise in vitro metabolic
turnover with CLint,h =30 wl/min per 10° cells (high clearance).

In conclusion, low passive permeability can be used to identify
molecules whose in vivo clearance is driven by active uptake, such as
carboxylic acids. The HepatoPac system suitable for the assessment of
metabolic turnover has limited predictability of uptake, likely due to
measurability challenges (small amount of drug material taken up with
cellular mass of the system). Therefore, measurement of uptake
clearance during a short-term incubation using suspended hepatocytes
is proposed. Nevertheless, the in vivo hepatic clearance would not be
captured because of a lack of biliary excretion in such in vitro systems.
Clear knowledge of system limitations enables project teams to
anticipate when IVIVE methods will result in misprediction of hepatic
clearance and select the most relevant test systems for compound
optimization. The validation and approach presented here provide more
confidence in mechanistic human PK prediction with modeling and
simulation support.
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