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ARTICLE

Application of the Nested Enzyme-Within-Enterocyte
(NEWE) Turnover Model for Predicting the Time Course of
Pharmacodynamic Effects

, Amais Ahmad' 14

Hiroyuki Takita'? =/ , Adam S. Darwich'® and Amin Rostami-Hodjegan
The gut wall consists of many biological elements, including enterocytes. Rapid turnover, a prominent feature of the en-
terocytes, has generally been ignored in the development of enterocyte-targeting drugs, although it has a comparable rate
to other kinetic rates. Here, we investigated the impact of enterocyte turnover on the pharmacodynamics of enterocyte-
targeting drugs by applying a model accounting for turnover of enterocytes and target proteins. Simulations showed that the
pharmacodynamics depend on enterocyte lifespan when drug-target affinity is strong and half-life of target protein is long.
Interindividual variability of enterocyte lifespan, which can be amplified by disease conditions, has a substantial impact on the
variability of response. However, our comprehensive literature search showed that the enterocyte turnover causes a marginal
impact on currently approved enterocyte-targeting drugs due to their relatively weak target affinities. This study proposes

a model-informed drug development approach for selecting enterocyte-targeting drugs and their optimal dosage regimens.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

Rapid enterocyte turnover is a prominent feature of
gastrointestinal (Gl) tract. Considerable interindividual
variability (V) in enterocyte lifespan has been reported. A
previously developed model of enterocyte turnover could
recover the change of pharmacokinetics in populations
with altered enterocyte lifespan.

WHAT QUESTION DID THIS STUDY ADDRESS?

Does the enterocyte turnover affect pharmacody-
namics (PDs) in the gut wall? If yes, what is the potential
impact of IV in enterocyte lifespan on PDs or optimal dos-
age regimen?

The gastrointestinal (Gl) tract has been the focus of several
potential therapeutic targets linked to Gl diseases, including
metabolic or inflammatory dieases."? Drugs for Gl diseases
have been actively developed, but their success rates are
not satisfactory, especially in the latter stage of clinical tri-
als.® One of the reasons for failure, which is not limited to
drugs for Gl diseases, is the underestimation of interindi-
vidual variability (lV) in pharmacodynamics (PDs), leading
to nonachievement of clinical end points.* Identification of
factors that cause IV in PDs maximizes the success rate
of drug development through optimization of the dosage
regimen in the target population.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The enterocyte turnover significantly changes PDs es-
pecially when drug-target affinity is strong and the half-life
of the target protein is long, which is more significant in the
population with shortened enterocyte lifespan. 11V in PDs
could occur as a result of IV in the enterocyte lifespan.
HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

VI This study highlighted the potential risk of [IV in PDs de-
rived from the 11V in enterocyte lifespan and put the seed
of building further mechanistic modeling for treatment of
Gl diseases when the enterocyte is the pharmacological
target.

Rapid turnover of the enterocytes is a prominent feature
of the gut wall compared with other cells and tissues.®® The
enterocytes are produced through cell division of progenitor
stem cells at the base of the intestinal villi. Matured entero-
cytes migrate up the crypt-villous axis and are shed from
the tip of the villi into the gut lumen. We previously showed
that the enterocyte lifespan in humans is 3.48 days (median)
along with large IIV (ranging from 1 to 8 days).” Furthermore,
multiple factors, such as Gl diseases or medical treatments,
could amplify the IIV of enterocyte lifespan.®'°

In the field of systems pharmacology, the terminal half-life
of target protein (t,, ) and drug-target binding rates are
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recognized as rate-limiting steps of pharmacokinetics (PKs)
and/or PDs, and have been incorporated into models to de-
scribe the physiology more mechanistically.” For example, the
target-mediated drug disposition model takes into account the
t1/2target @Nd drug-target binding to explain target occupancy
and/or nonlinear PKs.'? Interestingly, previous studies reported
that some proteins or drugs showed t, /2 target ©F drug-target
residence time, a reciprocal of dissociation rate constant (k ),
comparable to or longer than enterocyte lifespan.*2°
Although the importance of t,, . and drug-target
binding rates has been discussed, most Gl models either
ignored the enterocyte turnover or used a lumped cell-pro-
tein turnover. Shankaran et al. considered only the turnover
of epithelial cells in their mechanistic model of chemother-
apy-induced diarrhea.?’ The mechanistic PK/PD model for
proton pump inhibitors in Sud et al. considered both turn-
over of the intestinal epithelia and target protein, however,
these were treated as independent turnover rates and their
nesting was ignored.?? Given comparable parameter range
of enterocyte lifespan, t, /2 target? and drug-target binding
rates, enterocyte turnover is likely to be one of the rate-limit-
ing rates in PDs of enterocyte-targeting drugs. However, no
study has considered how often we are missing the impact
of enterocyte turnover on PDs of enterocyte-targeting drugs,
nor the impact of 1V in enterocyte lifespan on IV in PDs.
However, the evaluation of these possibilities in actual
clinical studies is challenging due to the lack of clinical
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studies conducted for this purpose. This is an area where
model-informed drug development (MIDD) can advance
these hypothetical situations.?®?* Previously, we have
shown that the nested-enzyme-within-enterocyte (NEWE)
turnover model, which incorporates nested enterocyte
and metabolic enzyme turnover, can accurately describe
the change in PKs in special populations with altered en-
terocyte kinetics.?® Here, we aimed to explore the impact
of enterocyte turnover on PDs of enterocyte-targeting
drugs by extending the NEWE model to account for
PDs. Changes in PDs derived from the IV in enterocyte
lifespan were also investigated through simulations over
realistic parameter ranges obtained through a compre-
hensive literature search. Furthermore, the applicability of
the model was assessed in context of approved entero-
cyte-targeting drugs along with their target sites or kinetic
information.

METHODS

The NEWE turnover model for pharmacodynamics

The NEWE model for PDs (NEWE-PD) is based on the
original NEWE model structure (Figure 1a).?® The model
consists of an oral dose depot, intestinal lumen, entero-
cytes, lamina propria, liver, and central compartments. The
description of the gut wall is presented below, and the de-
tails of other compartments and parameter values are given
in the Supplementary Material, Section 1.

G Dru € Target protein
04 9 _ 0.01—2rQSt protom
5 5
A o
© °
£ £
0.2 =0.005
€ €
=3 =2
: :
< <

0 L 0
0 2 4 6 8 0

(d) Time [day] (©) Time [day]

_ 0'5)1ru ‘-Tar et complex ’ OOTar‘ et occupancy

3, \ < \

—_ Y = Y

g ' 2 '

\ \

=0.005 . £ 50 A

[

§ \\ ‘&._)’ \\

E \\\ a \\\

0 == 0 ==
0 2 4 6 8 0 2 4 6 8

Time [day] Time [day]

Figure 1 Nested enzyme-within-enterocyte turnover model for pharmacodynamics (PDs). (a) Diagram of the nested enzyme-within-
enterocyte turnover model for PDs (NEWE-PD). Representative simulations in the NEWE-PD model. Time profiles of (b) drug, (c) target
protein, (d) drug-target complex, and (e) target occupancy in the whole gut. Solid lines and dashed lines represent simulations without
or with enterocyte turnover, respectively. Enterocyte lifespan = 3.48 days, half-life of target protein = 300 hours, k_, = 10% /nM/h,
Kos = 107"/h, and passive permeability of the single membrane = 0.1 cm/h. CL,, hepatic clearance; CLP1_4, membrane permeability
clearance; kgegents reciprocal of enterocyte lifespan; kdeg,target’ degradation rate of target protein; ki, ., 9astric emptying rate
constant; k g, drug dissociation rate constant; k,, drug association rate constant; K ; ,,mens SMall intestine transit; Q,,, blood flow in
hepatic artery; Qp,, blood flow in portal vein; Q ;;, blood flow in villi. '

[Correction added on 4 November 2020 after first publication: The units of two kinetic parameters ‘k " and ‘k ' are corrected to /nM/h
and /h throughout the article]

CPT: Pharmacometrics & Systems Pharmacology



Description of the gut wall

The gut wall was modeled as a population of 100 enterocytes
as relative ratio uniformly distributed along the crypt-villous
axis. Each enterocyte was modeled at four levels: drug
amount, drug-target binding, target turnover, and entero-
cyte turnover. The drug-target binding was expressed by the
one-step binding model (Eq. 1); drug (D) binds to target pro-
tein (T) at the association rate constant (k, ), and drug-target
complex (DT) dissociates at the rate of k o

_)kon

D+T DT (1)

«—
kuff

Detailed descriptions of protein turnover can be found in
our previous report.?® Briefly, turnover of protein is described
by zero-order synthesis (T k) and first-order degradation
(T(t)'kdeg), where T{(t) is the amount of protein at time t; kdeg is
the first-order degradation rate constant of protein; and 7, is
the amount of protein at steady-state (Eq. 2).

dr
dt

Accounting for drug-target binding and target protein turn-
over, the amount of target protein (7(f)) and drug-target complex
(OT()) inthe " enterocyte at time t are described as follows (Eq.
3 and Eq. 4). The common degradation rate constant (K e 1ager)
was assumed for target protein and drug-target complex.

_TO kdeg T®)- kdeg (2)

dT;
— = koff : DT(t)i - kon : T(t)i : D(t)ent,i - kdeg,target : T(t)i

dt @)

+kdeg,target : 7—0

dDT;
F =kon : T(t)i 'D(t)ent,i _koff ' DT(t)i _kdeg,target ' DT(t)i @

The drug amount (D, ) in the ™ enterocyte was described
as a function of drug-target binding and passive permeation of
drug at both sides of the enterocytes (Eqs. 5-7). Other factors,
such as active transport, protein binding, or ionization of drug,
were not included in this model for simplicity. Influx and ef-
flux membrane permeability clearance at the apical (CL,, and
CL,,) and basolateral side of the enterocyte (CL,, and CL ;)
were defined as a product of passive permeability of the sin-

gle membrane (Pg;,,,) and membrane surface area (S, and
Spasa)s accountlng for microvill expansion.
Psingle 'Sa ical
CL, =CL ,=—9° 2P (5)
PIT P27 n cells
Psingle - Sbasal
Clpg=Clyy=——" =% ()
PSP n cells
dDent,i _ CLp1 : D(t)lumen CLp4 : D(t)propria _ (CLpZ + CLpS) : D(t)ent,i
dt Vlumen Vpropria Vent
_kon . D(t)ent,i N T(t)i +koff : DT(t)i (7)
where Vi, ons Voropriar @Nd Ve, represent the volumes of the gut

lumen, lamina propria, and single enterocyte, respectively;
D(®)ymen @nd D(t),,,5pria represent drug amounts in the lumen
and lamina propria compartments at time t, respectively.
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Detailed descriptions of enterocyte turnover can also be
found in our previous report.* In brief, enterocyte turnover
was expressed using the cumulative probability of entero-
cyte turnover (e) of the ith enterocyte increased at a rate of
kdeg’em, which was a reciprocal of enterocyte lifespan (Eq. 8).
The probability of turnover at time zero was uniformly distrib-
uted between zero and one across the enterocyte population.

When e(t) reached a value of one, all the dependent variables

in the /" enterocyte were reinitialized, namely, e, D, ,, and
DT, were initialized to zeros, and T; was initialized to T,,.

de;

d_t’ =kdegent ®)

Description of pharmacodynamics

The degree of PDs in the gut wall was defined to be equal to
an area under the curve of target occupancy in the whole gut
vs. time (AUC;,) (Eq. 9). Relative fold change of AUC,, be-
tween the models with and without enterocyte turnover was
defined as the contribution index that was used to quantify
the contribution of enterocyte turnover on PDs (Eq. 10).

oo f,‘"s DT(),
T(t);,+DT(2);

Contribution mdexdefAUCTom the simulation without enterocyte turnover
" AUCqoin the simulation with enterocyte turnover

(10)

AUCTOdefJ ©)

Parameter sensitivity analysis

Probability distributions of kinetic parameters in the
enterocyte compartment were determined based on
literature to ensure realistic parameter ranges in the
sensitivity analysis (details in Supplementary Material,
Section 2). Statistical values of enterocyte lifespan were
obtained from the result of a previously reported me-
ta-analysis.” The values were obtained from populations
including both healthy and patients with Gl disease due
to the scarcity of data. Probability distributions of ¢, , ;.
and drug-protein binding constants were obtained by in-
tegrating multiple data from several references.'®1618-20
Lack of reports on t,, .., Of Multiple proteins in in vitro
enterocytes was compensated using t1/2 target in other
cell lines, such as hepatocytes. P, were calculated
from the apparent permeability determined in Caco-2
assays, and plotted against the fraction absorbed in hu-
mans?® (details in Supplementary Material, Section 1).
Simulations of contribution index were performed with
several combinations of kinetic parameters within plausi-
ble parameter ranges as determined in this study.

Virtual clinical study in populations with different
enterocyte lifespans

Two theoretical simulations were performed to investigate
the impact of IIV in enterocyte lifespan on clinical outcomes:
(1) simulation of the target occupancy-time profile over the
identified parameter space, and (2) simulation of the opti-
mal dosage interval that achieved a minimum of 50% target
occupancy. Each simulation was performed in populations
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with different enterocyte lifespan: populations with me-
dian and 5th to 95th percentile of enterocyte lifespan, a
population with shortened enterocyte lifespan observed
in untreated celiac disease (0.25 day:s),8 and a population
without considering enterocyte lifespan.

Literature search of gastrointestinal disease and
enterocyte-targeting drugs

A stepwise literature search was performed to find entero-
cyte-targeting drugs for which the NEWE-PD model could
be applied (details in Supplementary Material, Section 3).
First, approved drugs for Gl diseases were extracted from
the Pharmaprojects drug development database (https://
pharmaintelligence.informa.com/products-and-services/
data-and-analysis/pharmaprojects (June, 2019)). Second,
enterocyte-targeting drugs were extracted based on the
locations of target proteins. Finally, t,,,, o drug binding
constants, and delivery routes of identified enterocyte-tar-
geting drugs were investigated.

Table 1 Probability distributions of kinetics parameters

RESULTS

The NEWE turnover model for pharmacodynamics
Representative simulation outputs of the drug amount,
target protein, drug-target complex, and target oc-
cupancy in the whole gut over time are presented in
Figure 1b-e. Following per oral drug administration, the
amount of drug in the enterocyte compartment quickly
peaked and returned to the baseline within a few hours.
Drug-target complex and target occupancy also reached
peak levels quickly but remained elevated after the drug
was eliminated from the enterocytes due to the sustained
drug-target binding. In the simulation without enterocyte
turnover, target occupancy gradually returned to baseline
level, which was governed by both drug-target equilib-
rium and turnover of target protein. The simulation with
enterocyte turnover showed faster decline of target oc-
cupancy as the dependent variables (drug, target protein,
and drug-target complex) in the enterocyte compart-
ments were re-initialized by enterocyte turnover.

Median Number of
Parameter (6th-95th percentile) data Data source, experimental condition References
Enterocyte 3.48 (1.69-7.17) 265 Collated enterocyte lifespan in whole 7
lifespan, days intestinal segment (from stomach to
colorectal region) in populations including
both healthy and Gl disease patients
Half-life of target 58 (12-333) 4,956 In vitro study using cryopreserved primary “
protein, hours human hepatocyte
5,028 In vitro study using NIH3T3 mouse fibroblasts %
5,908 In vitro study using Hel a cells 6
2,801 In vitro study using primary rat neuron 8
k., /nM/h 3.7 (3.2 x 10221 x 109 35 Binding kinetics constant of FDA-approved 1
drugs for their main target kinases
evaluated in kinetic probe competition
assays
31 Association constants of agonists, 19
antagonists, and endogenous ligands for
GPCRs
32 Collated binding kinetic constants for drugs 20
or drug candidates
Ky /D 2.6 (4.3 x 107°-2.4 x 10?) 33 Binding kinetics constant of FDA-approved 18
drugs for their main target kinases
evaluated in kinetic probe competition
assays
31 Dissociation constants of agonists, "
antagonists, and endogenous ligands for
GPCRs
32 Collated binding kinetic constants for drugs 20
or drug candidates
kg NM 1.0 (9.1 x 107°-1.5 x 109 33 Binding kinetics constant of FDA-approved 1
drugs for their main target kinases
evaluated in kinetic probe competition
assays
31 Dissociation constants of agonist or 1
antagonist for endogenous ligand for
different GPCRs
32 Collated binding kinetic constants for drugs 20

or drug candidates

FDA, US Food and Drug Administration; GPCR, G protein-coupled receptor; k, equilibrium constant; k., drug dissociation constant; k.

constant.
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Parameter sensitivity analysis
Probability distributions of kinetic parameters are summa-
rized in Table 1. Representative values or ranges of kinetic
parameters used in the parameter sensitivity analysis were
determined as follows. Geometric mean of enterocyte
lifespan (3.48 days)® and shortened enterocyte lifespan
observed in untreated coeliac disease (0.25 days)® were se-
lected as representative values. The values of t,, ., ..o, Were
set to 12, 60, and 300 hours to cover 5th percentile, me-
dian, and 95th percentile values, respectively. The ranges
of k,, (107 to 10° /nM/h) and k_, (107 to 10°/h) were se-
lected to cover the whole parameter space observed. P,
of 0.1 and 0.001 cm/h were used as representative values
for high-permeable and low-permeable drugs, respectively,
based on the correlation between P, and fraction ab-
sorbed in humans (Figure S1).

Throughout the parameter sensitivity analysis with dif-
ferent combinations of kinetic parameters, a consistent
tendency toward an elevation of contribution index was

single
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observed; the stronger the drug-target binding (higher k_,
or lower k) or the longer the t1/2 target WS, the higher the
contribution index was (Figure 2 and Figure 3). Figure 2
shows the simulation results for the high-permeable drug
(Pgingie = 0-1 cm/h). At an enterocyte lifespan of 3.48 days,
the contribution of enterocyte turnover was negligible for
the lowest t12 target (12 hours; Figure 2a). As t1/2 target in-
creased, the contribution index also increased at specific
ranges of binding constants (Figure 2b,c). At an enterocyte
lifespan of 0.25 days, the contribution indices were higher
and spread out over a more extensive parameter space
(Figure 2d-f). The most extensive increase of contribution
index was observed when enterocyte lifespan = 0.25 days
and f,, 1,46t = 300 hours (Figure 2f). With the exception
of drugs with k,, = 10%/nM/h and k., = 107'/h, which
is discussed in Supplementary Material, Section 4,
a minimum of twofold increase of contribution index was
observed only when equilibrium constant (k,) was smaller
than ~ 1 nM.

Enterocyte lifespan = 3.48 days, Pgj,qe = 0.1 cm/h

(a) K (b) " (c)
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Figure 2 Contribution index simulated for high-permeable drug with varying half-life of target proteins and binding constants.
Simulations were performed for high-permeable drug (passive permeability of single membrane (Psingle) = 0.1 cm/h) with enterocyte
lifespan = 3.48 days (a—c) or 0.25 days (d-f). Heat maps of contribution index were overlayed on top of the scatter plot of binding kinetic
constants collated in our literature search, where each dot in the scatter plot represents each drug data and diagonal dashed lines
represent equilibrium constant (k) (as shown in Figure S3e). a, d Half-life of target protein (¢, , ;,.,¢) = 12 hours. b, e t, 5 .o = 60 hours.
c,f t1/2,target =300 hours. k_, drug association rate constant; k , drug dissociation rate constant. Color bar: yellow, 1.5-2; light orange,
2-5; deep orange, 5-10; and red, 10-20.
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Enterocyte lifespan = 3.48 days, Py, = 0.001 cm/h
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Figure 3 Contribution index simulated for low-permeable drug with varying half-life of target proteins and binding constants.
Simulations were performed for low-permeable drug (passive permeability of single membrane (Psingle) = 0.001 cm/h) with enterocyte
lifespan = 3.48 days (a-c) or 0.25 days (d-f). Heat maps of contribution index were overlayed on top of the scatter plot of binding kinetic
constants collated in our literature search, where each dot in the scatter plot represents each drug data and diagonal dashed lines
represent equilibrium constant (k,) (as shown in Figure S3e). a, d Half-life of target protein (t1/2,target) =12hours.b,et,, . ... =60hours.

C, f t1/2,target
2-5; deep orange, 5-10; and red, 10-20.

Figure 3 shows the simulation results for the low-perme-
able drug (P, = 0.001 cm/h) at an enterocyte lifespan of
3.48 days (Figure 3a-c) and 0.25 days (Figure 3d-f). The
maximum contribution index was comparable between the
low-permeable and high-permeable drugs. However, the
contribution index increased over a more extensive param-
eter space for the low-permeable drugs. The most extensive
increase of contribution index was observed when entero-
cyte lifespan = 0.25 days and t,, ,,.., = 300 hours, where
a minimum of twofold increase of contribution index was
again only observed when k,; was smaller than ~ 1 nM
(Figure 3f).

These results showed that the increase of contribution
index was strongly affected by enterocyte lifespan especially
when k; was smaller than at least 1 nM. It also implied that
IIV in enterocyte lifespan may cause IV in PDs under certain
conditions.

CPT: Pharmacometrics & Systems Pharmacology

=300 hours. k,,, drug association rate constant; k, drug dissociation rate constant. Color bar: yellow, 1.5-Z; light orange,

Virtual clinical study in populations with different
enterocyte lifespans
Target occupancy-time profiles of drugs with several
combinations of binding constants were simulated with
tiotarget = 300 hours (95th percentile of t,,, ) and
single = 0-1 cm/h (high-permeable drug). The target oc-
cupancy-time profile depended on enterocyte lifespan at
specific ranges of binding constants (Figure 4). Similar
to the results of the sensitivity analysis, the change was
more apparent in the population with shortened en-
terocyte lifespan (0.25 days) than the population with
enterocyte lifespan of geometric mean (3.48 days). The
change in PDs was also observed in populations with
5th and 95th percentile of enterocyte lifespan (1.69 and
7.17 days, respectively). For instance, approximately two-
fold difference of AUC,, was observed between the 5th
and 95th percentile of AUC,, when k_, = 102/nM/h and
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Figure 4 Impact of enterocyte lifespan on target occupancy-time profile. Target occupancy-time profiles of drugs with several
combinations of binding constants simulated in virtual populations with different enterocyte lifespans: red dashed line; geometric mean
(3.48 days), black dash-dotted line; shortened enterocyte lifespan (0.25 days), red shadow; 5th to 95th percentiles (1.69-7.17 days), and

K
of single membrane = 0.1 cm/h.

Kot = 107"/h, which were the strongest binding constants
found in the collation for kinetic parameters (Figure S3f).
Assuming the strongest binding drug, optimal dosage
interval to achieve a minimum of 50% target occupancy
over 2 weeks also depended on enterocyte lifespan
(Figure 5). The number of dose administrations differed
between populations with shortened enterocyte lifespan
(13 times) and with enterocyte lifespan of the geometric
mean (6 times) (Figure 5a,c), as well as populations at the
5th and 95th percentiles of enterocyte lifespan (7 and 4
times, respectively; Figure 5b,d).

Literature search of gastrointestinal disease and
enterocyte-targeting drugs

A literature search for Gl diseases and corresponding drug
treatments was performed to investigate the practical

blue solid line; without considering enterocyte turnover. Triangles on the top and right side of figures relative strength of drug binging.
- drug association rate constant; k_, drug dissociation rate constant. Half-life of target protein = 300 hours and passive permeability

applicability of the NEWE-PD model. The literature search for
drugs indicated for Gl diseases identified 137 drugs (Table
S83), and the follow-up search for the locations of target
proteins revealed that 11 drugs of 137 drugs were entero-
cyte-targeting (Table 2). All drugs were formulated for oral
delivery and their corresponding t, /2 target varied from 5.7 to
170 hours. The drug-target binding constants were higher
than 1 nM except for crofelemer (half of the maximal inhib-
itory concentration (IC,;) = 0.53 nM). The sensitivity analysis
showed that the influence of enterocyte turnover became evi-
dent only when k, was smaller than at least 1 nM. Thus, the 10
drugs (apart from crofelemer) were most likely not affected by
enterocyte turnover. In addition, short t,, ..., of crofelemer
(5.7 hours) suggested that enterocyte turnover is not likely to
influence PDs substantially. Here, we substituted IC,, or half
of maximal effective concentration for binding constants for
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Figure 5 Impact of enterocyte lifespan on optimal dosage
interval. Dosage intervals that achieve a minimum of 50%
target occupancy over time simulated with different enterocyte
lifespans: (a) shortened enterocyte lifespan, 0.25 days; (b) 5th
percentile, 1.69 days; (c) geometric mean, 3.48 days; (d) 95th
percentile, 717 days; and (e) without enterocyte turnover.
Drug association constant = 10?nM/h, drug dissociation
constant = 10/h, and half-life of target protein = 300 hours.

drugs whose binding constants were not reported. Values of
IC,, and half of maximal effective concentration depend on
experimental designs and they can be estimated to be higher
than binding constants. Therefore, the NEWE-PD model
should be applicable for enterocyte-targeting drugs if their
binding constants are below 1 nM.

DISCUSSION

A recent study found that in vitro drug potency does not
necessarily predict in vivo benefit, discussing that the
source of this in vitro-in vivo discrepancy in PDs appeared
to be in vivo biology, such as wide variability of target ki-
netic.?” One important biology missing here, in the case
of enterocyte-targeting drugs, is turnover of enterocytes.
Despite its rapid turnover rate comparable to t,, ..o and
drug-target binding rates,'®"'68-20 the impact of enterocyte
turnover, as well as its 1IV, on PDs of enterocyte-target-
ing drugs has not been focused solely because it slipped
off from our attention without justification. Because such
a hypothetical question is an area where MIDD exerts its
true potential,?®?* we explored the potential impact of
enterocyte turnover on the PDs by extending the existing
enterocyte turnover model for PDs.?®

The NEWE-PD model was developed by adding the fol-
lowing features to the original model®: (1) PD motif; the

CPT: Pharmacometrics & Systems Pharmacology

one-step binding model was used to express drug-target
binding, and target occupancy was used as an index of
PDs. In addition to target turnover, degradation of drug-tar-
get complex was assumed as per the target-mediated drug
disposition model.'? We also assumed that the same degra-
dation rate for both target protein and drug-target complex,
resulting in the constant total amount of target protein (sum
of target protein and drug-target complex).?® (2) Bidirectional
membrane permeation of the enterocytes. In contrast to
most intestinal models assuming unidirectional drug ab-
sorption from the intestinal lumen to systemic circulation,
several recent models incorporated bidirectional membrane
permeability on both sides of the enterocytes to more ac-
curately describe drug absorption.?® The NEWE-PD model
used bidirectional passive permeation to ensure that it was
applicable for multiple dosage routes apart from oral drug
administration.

Use of realistic parameter ranges, even though they
are collected under some assumptions to compensate
for the scarcity of data, should ensure some reliability of
this theoretical simulation study. Statistical parameters of
enterocyte lifespan were calculated using all the data ob-
tained from whole segment of intestine (from stomach to
colon) in populations including both healthy patients and
patients with colorectal cancer.® The influence of regional
difference or disease state on IIV in enterocyte lifespan is
inconclusive. A recent study evaluated t,, ..o, Of multi-
ple proteins in in vivo murine epithelial cells, with reported
median and 5th-95th percentiles of 94 and 77-122 hours,
respec’[ively.17 However, these data were not used in this
study because the study ignored the influence of entero-
cyte turnover, potentially underestimating t1/2 target of some
proteins with long t,, .o Due to the lack of 1, , ., I
the in vitro enterocytes, t,,, ., ., in other cell lines were
used not to miss proteins with long t,, .. .i.'*"° This as-
sumption is not likely to affect the results as the cutoff
ky value of 1 nM was consistent in parameter sensitivity
analysis with the wider range of t (1-1,000 hours;
Figure S5).

Throughout the sensitivity analysis, elevated contribu-
tion indices were observed when (1) drug-target binding
was strong, (2) t,, e Was long, (3) enterocyte lifespan
was short, or (4) membrane permeability was low. The
contribution index increases when the enterocyte turnover
rate is relatively faster than the decline in target occupancy
(Figure 4). Because the total amount of target protein (sum
of target protein and drug-target complex) is constant over
time under the assumption that degradation rates of target
protein and drug-target complex are the same, target oc-
cupancy changes in proportion to drug-target complex
(Eq. 9).28 The sustained drug-target binding due to the strong
drug-target binding or slow replacement of the complex due
to the longer t,, 4 leads to the prolonged formation of
drug-target complex, making the model more sensitive to en-
terocyte turnover. Short enterocyte lifespan accelerates the
decline of drug-target complex by re-initializing enterocyte
compartments more rapidly. High sensitivity of low-perme-
able drug to enterocyte turnover can be explained by drug
rebinding?’; drugs that dissociate from target proteins re-
bind to neighboring target proteins when drug diffusion at

1/2 target
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Delivery Half-life of target Binding

Disease Drug Target protein Route protein, hours constant, nM References
Irritable bowel syndrome Linaclotide Guanylate cyclase 2C Oral 37 1.23-1.64 (k) 3334

constipation receptor
Irritable bowel syndrome Plecanatide Guanylate cyclase 2C Oral 37 190 (ECyp) 34,38

constipation receptor
Irritable bowel syndrome Lubiprostone Chloride channel protein Oral 41 10.5 (k) 86,37

constipation 2
Diarrhea Crofelemer Cystic fibrosis Oral 28.2 7,000 (ICygp) 36-42

transmembrane Topical 98 6,500 (IC.,)
regulator chloride 50
channel
Anoctamin 1
Constipation Elobixibat lleal bile acid transporter Oral 5.7 0.53 (IC5p) 43,44
Diabetes Acarbose Alpha glucosidase Oral 28-116 >5.7 (k) 45,46
Diabetes Miglitol Alpha glucosidase Oral 28-116 > 87 (k) 45,46
Diabetes Voglibose Alpha glucosidase Oral 28-116 > 21 (k) 45,48
Hypercholesterolemia Ezetimibe Niemann-Pick C1-like 1 Oral 20 200 (k,) 147
protein
Hypercholesterolemia Lomitapide Microsomal triglyceride Oral 71-170 8 (ICgp) 148
transfer protein

Hypercholesterolemia Melinamide Sterol O-acyltransferase Oral 8-28 35 (IC4,) 49.50

EC,,, half of maximal effective concentration; FDA, US Food and Drug Administration; Gl, gastrointestinal; GPCR, G protein-coupled receptor; IC,, half of
the maximal inhibitory concentration; k, equilibrium constant; k;, inhibitory constant; k_;;, drug dissociation constant; k, drug association constant.

the site of drug-target binding is restricted, resulting in pro-
longed formation of drug-target complex. In the NEWE-PD
model, enterocyte membranes work as barriers that form a
microcompartment preventing drug diffusion. The influence
of drug rebinding was more prominent for low-permeable
drugs due to higher membrane resistance (Figure S6).
Target occupancy-time profile and optimal dose interval
significantly differed depending on enterocyte lifespan when
drug binding was strong and t, /2 target WS long (Figure 4 and
Figure 5). The simulations showed altered PDs, not only in pop-
ulations with extremely short enterocyte lifespan observed in
untreated celiac disease,® but also in other populations based
on its estimated IIV.” The US Food and Drug Administration
has warned in their draft guidance regarding the diversity of
clinical trial populations that the unnecessary exclusion of sub-
jects in early stages of clinical studies may lead to unexpected
IV in large-scale clinical studies.® IV in enterocyte turnover
could be relevant in the case populations with altered en-
terocyte lifespan are not included in the early clinical studies.
Individualized dosage regimens based on enterocyte lifespan
may overcome this potential problem, but evaluation of indi-
vidual’s enterocyte lifespan with an authentic approach using
radioactive compounds is unrealistic in actual clinical trials.
Diagnostic evaluation of enterocyte lifespan using potential
biomarkers of enterocyte turnover may enable the translation
from early to late stage of clinical trials in terms of IIV in PDs.%’
Out of the 137 drugs for Gl diseases identified in this
study, only 11 drugs were enterocyte-targeting. The sensi-
tivity analysis showed that the impact of enterocyte turnover
on PDs can be significant for drugs with high target affin-
ity (k, < 1 nM), whereas most of enterocyte-targeting drugs
have higher kd values than 1 nM. Therefore, we can con-
clude that the enterocyte turnover has little influence on

PDs of currently approved enterocyte-targeting drugs due
to their relatively weak target affinity. This result was surpris-
ing because the binding constants of enterocyte-targeting
drugs were found only in the higher half of the parameter
distribution of k;, which was established based on reported
data of non-enterocyte-targeting drugs (Table 1). The cause
of this bias is unknown, but our result may propose a pos-
sible interpretation; enterocyte-targeting drugs with high
target affinity could have a risk of large 1IV in PDs, espe-
cially in populations with altered enterocyte lifespan, which
can become prominent in the late stage of clinical trials. The
weaker the target affinity is, the smaller the IIV in PDs could
be based on this hypothesis. However, the other side of the
coin would be the risk of clinical trial failure due to inade-
quate efficacy. The NEWE-PD model could be a useful tool
for evaluating the balance between efficacy and IIV of en-
terocyte-targeting drugs.

A remaining challenge in this study is the validity of the
developed model. A previous iteration of the PK module
in the NEWE-PD model was validated in our previous
study, where the NEWE model appeared to outperform
the conventional approach for predicting disease effects
on oral absorption.25 On the other hand, the validation of
the PD module, which was added in this study, was diffi-
cult due to the lack of enterocyte-targeting drugs to which
the NEWE-PD model is applicable. This limitation should
be addressed by re-evaluating the PD module for entero-
cyte-targeting drugs with the following features developed
in the future. (1) Drugs with high target affinity, the cutoff of
kq (< 1 nM) can be a criterion in the selection of drugs. (2)
Drugs for target proteins with long t, , ;e Where the in-
fluence of enterocyte turnover is likely to be the case when

t1/2 target 1S S€VEral hundred hours (Figure 2 and Figure 3).
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The reported t,, 1, Of > 3,000 proteins in murine epithe-
lial cells is helpful to find out t,, .., of target proteins."”
(8) Drugs targeting diseases with shortened enterocyte
lifespan. In addition to untreated celiac disease,8 altered
enterocyte turnover was also observed in other condi-
tions, such as GI mucositis.>'° GI cancer shows abnormal
cell proliferation.®? Although Gl cancer was excluded from
this study because overgrowth of cancer cells was beyond
our scope, additional model extension may enable the ap-
plication of the model for the disease. (4) Drugs targeting
other tissues with short lifespan. Short lifespan is also ob-
served in other tissues, such as bone marrow (3.2 days)
or cervix (5.7 days).5 The description of nested turnover in
the NEWE-PD models could be extended for these cases.

In conclusion, a mechanistic PK/PD model of the gut
wall, accounting for the nested turnover of enterocyte and
PD targets, was developed. This model should be con-
sidered as a part of the effort toward optimization and
rationalization of decisions involved in selection of candi-
date drugs and plans for investigating their effects through
the MIDD approach. The recent reports by the regulatory
scientists from leading agencies and other key opinion
leaders are all encouraging the wider use of such strate-
gies.?®2% In many areas, the framework for application of
these strategies are still lacking. We hope the current in-
vestigation plants the seed of building further mechanistic
modeling for treatment of Gl diseases when the gut wall is
the site of pharmacological target.
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