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Abstract

SPI-62 is a selective and potent small-molecule inhibitor of 11β-hydroxysteroid dehydrogenase type 1 (HSD-1). SPI-62 has demonstrated substantial
and complex nonlinear pharmacokinetics (PK) in humans that is characterized by unusually low plasma exposure at low doses,dose-dependent volume
of distribution, nonlinear PK following the first dose, and dose-proportional PK at steady state, as well as unusually high accumulation ratios at low
doses. The most likely explanation for the observed nonlinearity of SPI-62 is the saturable binding of SPI-62 to its pharmacological target HSD-1, a
phenomenon known as target-mediated drug disposition (TMDD). Because of the nonlinear and complex PK of SPI-62, the relationship among SPI-62
dose, exposure, and response is no longer intuitive and consequently dose selection can be challenging. To facilitate dose selection and clinical trial
design, in the current study population PK analysis was performed to characterize SPI-62 dose-exposure relationship in humans quantitatively. SPI-62
PK was best characterized by a 2-compartment TMDD model with 3 transit absorption compartments. The model was successfully established to
explain the substantial and unusual nonlinear PK of SPI-62 in humans, and it provided adequate fitting for both single- and multiple-dose data. Our
modeling work has provided a strong foundation for dose selection in future SPI-62 clinical trials.
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11β-hydroxysteroid dehydrogenase type 1 (HSD-1)
converts inactive cortisone to active cortisol in tissues,
including liver, fat, brain, bone and eye,1 in which
cortisol regulates a range of physiological functions, in-
cluding glucose and lipid metabolism, mood, memory,
sleep, osteoblast turnover, and intraocular pressure.2

Cushing’s syndrome and autonomous cortisol secre-
tion (ACS) are conditions of cortisol excess that are
associated with considerable metabolic, cardiovascular,
bone, and other morbidities as well as a substantial
mortality risk.3,4 HSD-1 acts similarly on the corti-
costeroid medicines, for example, it converts inactive
prednisone to active prednisolone.5 The corticosteroids
are associated with ≈10% of all drug adverse events
including those that result in hospitalization.6 The role
of HSD-1 in the biology of cortisol and the corticos-
teroid medicines suggests that HSD-1 inhibitors would
have strong potential to benefit patients with Cushing’s
syndrome or ACS or who rely on long-term use of cor-
ticosteroid medicines to control autoimmune diseases
and other conditions. Supportive evidence includes that
patients with both severe hypercortisolism because of a
Cushing’s tumor and low constitutional HSD-1 activity
showed no cortisol-related symptoms.7,8 Furthermore,
HSD-1-knockout mice resist multiple adverse effects

of administered corticosteroids, and HSD-1 inhibitors
have blocked certain corticosteroid adverse effects in
animal models.9–11

SPI-62 (formerly known as ASP3662) is a novel,
potent, and selective small-molecule HSD-1 inhibitor
with high affinity against human HSD-1 (Ki, 5.3 nM,
measured in vitro using purified enzyme).12 SPI-62 is
in development as a treatment for Cushing’s syndrome
and ACS and as adjunctive therapy to prednisolone in
patients with polymyalgia rheumatica.
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Table 1. Summary of SPI-62 Clinical PK Data Included During TMDD Model Development

Study Sample Size Dose Regimen Sampling Times LLOQ (ng/mL)

SAD/FE triala 6 1 mg, single dose 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48,
and 72 hours postdose for 1-, 3-, and
10-mg cohorts; additional 96 and 120
hours postdose for 6 mg cohort

0.1

6 3 mg, single dose
6 6 mg, single dose
6 10 mg, single dose

MAD studya 4

4

3 mg loading dose on day 1, 0.2 mg
once-daily dose on days 2-14

0.4 mg once-daily doses on days
1-14

0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, and 24 hours
after the first dose; 0.5, 1, 1.5, 2, 3, 4, 8,
12, 16, 24, 48, 72, 96, 120, 144, and 168
hours after the last dose for 0.2- and
0.4-mg cohorts

0.004

6 0.7 mg single dose on day 1, 0.7-mg
once-daily doses on days 7-20

0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 36, 48, 72, 96,
120, and 144 hours after the first dose
and 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 48, 72,
96, 120, 144, and 168 hours after the last
dose for 0.7- and 2-mg cohorts

6 2 mg single dose on day 1, 2 mg
once-daily doses on days 7-20

SAD, single ascending dose; MAD,multiple ascending dose; LLOQ, lower limit of quantification.
a
More doses were evaluated in the original clinical trials.Data from higher-dose groups were not used in the model development and therefore are not presented
in this table.

The safety, pharmacokinetics (PK), and pharma-
codynamics (PD) of SPI-62 in healthy adults were
previously evaluated in 2 phase 1 clinical trials: a
first-in-human (FIH) single-ascending-dose (SAD) and
food-effect (FE) trial and a multiple-ascending-dose
(MAD) trial.12 The results showed that SPI-62 has sub-
stantial and complex nonlinear PK in humans that is
characterized by unusually low plasma exposure at low
doses, dose-dependent volume of distribution, nonlin-
ear PK following the first dose and dose-proportional
PK at steady state, and unusually high accumulation
ratios at low doses, which cannot be explained by the
drug’s known elimination half-life. This nonlinear PK
appeared to be caused by the saturable binding of
SPI-62 to its pharmacological target, HSD-1, a phe-
nomenon known as target-mediated drug disposition
(TMDD).13,14 Because of the nonlinear and complex
PK of SPI-62, the relationship among SPI-62 dose,
exposure, and response is no longer intuitive and con-
sequently dose selection can be challenging. To address
this need, in the current study population PK analysis
was performed to characterize SPI-62 dose-exposure
relationship in healthy adults quantitatively following
single and multiple doses.

Methods
Data Source
Two phase 1 clinical trials, a SAD/FE trial and a
MAD trial, have been conducted to evaluate the safety
and PK of SPI-62 in healthy adults.12 In both the
SAD/FE andMAD trials, SPI-62 exhibited substantial
nonlinear PK after single low doses and demonstrated
essentially linear PK at doses > 10 mg. Accordingly,
SPI-62 PK data from high-dose groups (>10 mg) were
considered not informative for dose selection for future

clinical trials. Therefore, only the data from ≤10-mg
dose groupswere included in the current population PK
analysis. The dose regimen and sampling schedule of
the data used in our analysis are summarized in Table 1
and briefly described below.

Data used from SAD/FE trial. This trial was an
FIH randomized, double-blind, placebo-controlled,
parallel-group escalating-dose study. A total of 48
subjects were enrolled in 6 dose cohorts (1, 3, 6, 10,
30, and 60 mg). Eight subjects were included in each
cohort, among which 6 subjects received a single dose
of SPI-62 and 2 subjects received placebo. SPI-62 or
placebo was given under fasted conditions. The data
included in our analysis were from doses up to 10 mg
(Table 1). In the 1-, 3-, and 10-mg cohorts, venous blood
samples were collected 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 18,
24, 36, 48, and 72 hours after dose administration. In
the 6-mg cohort, venous blood samples were collected
0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48, 72, 96, and
120 hours after dose administration.

Data used from MAD trial. This trial included 2 sep-
arate parts: part A for high-dose (10-50 mg SPI-62
once daily) cohorts and part B for low-dose cohorts.
Data from part A were not included in our analysis,
and therefore are not described here. part B was an
open-label, nonrandomized trial to characterize the PK
and PD effect of SPI-62 at lower doses (0.2, 0.4, 0.7,
and 2 mg) in healthy subjects. In the 0.2-mg cohort, 4
subjects received a loading dose of 3 mg SPI-62 on day
1 followed by once-daily doses of 0.2 mg on days 2-14.
In the 0.4-mg cohort, 4 subjects received SPI-62 0.4 mg
once daily for 14 days (days 1-14). PK samples in these
2 cohorts were collected 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16,
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and 24 hours after the first dose; 0.5, 1, 1.5, 2, 3, 4, 8,
12, 16, 24, 48, 72, 96, 120, 144, and 168 hours after the
last dose.

The cohorts of 0.7 and 2 mg were designed to collect
PK data after both single andmultiple dosing of SPI-62
0.7 or 2 mg. Subjects (n = 6 for each cohort) received
a single dose of SPI-62 on day 1, followed by a 6-day
washout period and once-daily doses of SPI-62 for 14
days (days 7-20). PK samples in these 2 cohorts were
collected 0.5, 1, 1.5, 2, 3, 4, 8, 12, 16, 24, 36, 48, 72, 96,
120, and 144 hours after the first dose and 0.5, 1, 1.5,
2, 3, 4, 8, 12, 16, 24, 48, 72, 96, 120, 144, and 168 hours
after the last dose.

Plasma concentrations of SPI-62 were determined
using a validated liquid chromatography-tandem mass
spectrometry assay.12 Both assay validation and clinical
sample analysis were performed in a good laboratory
practice environment. The lower limit of quantification
(LLOQ) for SPI-62 was 0.1 ng/mL in the SAD study
and 0.004 ng/mL for samples from part B of the MAD
study. A total of 996 plasma concentrations, including
774 above the LLOQ and 222 below the LLOQ, were
used in the population modeling analysis. These data
were from 44 subjects, including 33 male and 11 female
subjects, with an average bodyweight of 76.5 ± 12.1 kg
and age ranging from 20 to 54 years.

Population Pharmacokinetics Modeling
All SPI-62 PK data were analyzed simultaneously using
the nonlinear mixed-effects modeling approach with
NONMEM (version 7.4.3; Icon Development Solu-
tions, Ellicott City, Maryland) interfaced with Pirana
(version 2.9.9; http://www.pirana-software.com/). The
first-order conditional estimation method with interac-
tion and a user-defined subroutine (ADVAN13) were
used to estimate the population mean values of the
PK parameters, interindividual variability (IIV), and
residual variability (RV). RStudio 4.0.2 (RStudio, PBC,
Boston, Massachusetts) and Sigmaplot 13.0 (Systat
Software, San Jose, California) were used for data
handling and graphical analysis.

Structural model. As the substantial nonlinear PK
behaviors of SPI-62 in humans were fully in line
with the known TMDD principles for small-molecule
compounds,15,16 models with TMDD components were
tested directly. Several TMDD models were explored
during the model-building process, including differ-
ent compartment models (eg, 1-compartment vs 2-
compartment) as well as different number of transit
compartments (0, 1, 2, 3, and 4 transits) during the
absorption process. Among all models tested, the best
model was found to be a 2-compartment TMDDmodel
with 3 transit compartments between the absorption
site (ie, depot compartment) and the central compart-

ment (Figure 1). In this model, the absorption process
of SPI-62 was characterized by 4 sequential first-order
transition rate constants (Ktr). After SPI-62 reaches
the central compartment (Ccentral, Vcentral), the drug
molecules can distribute to the peripheral compart-
ment (Cperipheral, Vperipheral) by distribution flow (Q),
be eliminated from the system by a linear elimination
pathway that is characterized by CL/V, or bind to a
target (R) with a second-order association rate constant
(kon) to form an SPI-62:R complex. The interaction
between SPI-62 and the target is a reversible process.
After the SPI-62:R complex is formed, it will eventually
dissociate back to free drug and free target with a
first-order dissociation rate constant (koff ). In con-
trast to large-molecule compounds, in general, small-
molecule drug:R complexes do not undergo lysosomal
degradation.14 Therefore, in the SPI-62 model struc-
ture, there is no kint (ie. kint = 0). The total number
of binding sites (Rtotal) was assumed to be constant.
Accordingly, there is no need to write a differential
equation for free target (R), which is instead repre-
sented as (Rtotal − RC).

The following equations were used to characterize
the model:

The equations for the absorption compartment (with
3 transit components) were:

dAdepot, SPI62

dt
= − ktr × Dose (1)

Adepot, SPI62 (0) = Dose

dATrans1, SPI62

dt
= ktr × Adepot, SPI62 − ktr × ATrans1, SPI62 (2)

ATrans1, SPI62 (0) = 0

dATrans2, SPI62

dt
= ktr × ATrans1, SPI62 − ktr × ATrans2, SPI62 (3)

ATrans2, SPI62 (0) = 0

dATrans3, SPI62

dt
= ktr × ATrans2, SPI62 − ktr × ATrans3, SPI62 (4)

ATrans3, SPI62 (0) = 0

The equation for the central compartment was:

dAcentral, SPI62

dt
= ktr × ATrans3, SPI62 − kon

×Ccentral, SPI62 × (Rtotal − RC) + koff

×RC − CL/Vcentral, SPI62 × Acentral, SPI62

−Q/Vcentral, SPI62 × Acentral, SPI62

+Q/Vperipheral, SPI62 × Aperipheral, SPI62 (5)

http://www.pirana-software.com/
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Figure 1. Final model structure used to characterize the pharmacokinetics of SPI-62 in humans. SPI-62 was absorbed from the depot following 3
transit compartments with first-order absorption rate constant (ktr) and eliminated from the central compartment characterized by CL/V.SPI-62 in the
central compartment can distribute to the peripheral compartment by distribution flow (Q) or bind with HSD-1 (ie, R) with second-order association
rate constant (kon) to form SPI-62:R complexes. SPI-62:R can dissociate back to free drug and free HSD-1 target with the first-order dissociation rate
constants (koff). The total amount of HSD-1 in humans (Rtotal) is assumed to be constant.

Acentral, SPI62 (0) = 0

The equation for the peripheral compartment was:

dAperipheral, SPI62

dt
= Q/Vcentral, SPI62 × Acentral, SPI62

− Q/Vperipheral, SPI62 × Aperipheral, SPI62 (6)

Aperipheral, SPI62 (0) = 0

The equation for the binding with the high-
affinity/low-capacity site compartment was:

dRC
dt

= kon × Ccentral, SPI62 × (Rtotal − RC) − koff × RC (7)

RC (0) = 0

where RC represents the amount of the SPI-62:R com-
plex and Rtotal represents the total amount of binding
sites.

Stochastic model.

• Interindividual variability (IIV): All IIV of the PK
parameters of SPI-62 was estimated by an exponen-
tial model as follows:

Pi = TVP · exp (ηi ) (8)

where ηi is the proportional difference between the
parameter estimate of the ith subject (Pi) and the typical
population parameter (ie, mean estimate) value (TVP),
ηi is assumed to be normally distributed with a mean of
0 and a variance of ω2.

• Residual variability (RV): Additive, proportional,
and a combined proportional and additive RV mod-
els were evaluated. Following is an example of the

proportional error model evaluated for SPI-62 PK,

Cij = C̄ij
(
1 + εij

)
(9)

where Cij is the measured plasma concentration of SPI-
62 for the ith individual at time j, Ci̅j is the correspond-
ing model predicted concentration in the same subject
at the same time, and ɛij is the proportional error, which
is assumed to be normally distributed with a mean of 0
and a variance of σ 2.

Covariate model. The covariates evaluated in the
analysis included age, sex, body weight, and race. Prior
to covariate model tests, exploratory analyses were
performed. The random effects of the PK parameters
obtained from the model fitting were plotted against
these 4 covariates. During the covariate test, forward
addition was applied first to determine significant co-
variates. Only covariates that decreased the objective
function value by more than 3.84 (corresponding to P
< .05) compared with the base model were considered
for the full covariate selection. Backward elimination
was then applied to remove covariates from the model
with an increase in the objective function value > 6.63
(corresponding to 1 df at P< .01). Only covariates that
produced this magnitude of increase were retained in
the model.

Model evaluation. The final model was selected
based on the stability of parameter estimates and
objective function values, biological and physiological
plausibility of parameter estimates, and goodness-of-fit
plots. The likelihood ratio test was used for comparing
nested models in which a decrease in the NONMEM
objective function (−2 log likelihood) of 3.84 points
was necessary to consider the improvement in model
performance statistically significant at α = 0.05.
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A prediction-corrected visual predictive check
(pcVPC) was performed to evaluate the predictive
ability of the final model. Using the original data set,
the finalmodel and its parameter estimates, 1000 virtual
observations at each sampling point were simulated.
The observed concentrations (prediction corrected) as
well as the median and 5th and 95th percentiles of the
observed data were plotted with the 95% confidence
intervals of the simulated median and 5th and 95th
percentiles. If the model is consistent and appropriate,
the 5th, 50th, and 95th percentiles of the observed
data should fall within the 95% confidence intervals
of the 5th, 50th, and 95th percentiles of the simulated
concentrations. The condition number (ratio of the
largest and the smallest eigenvalues) was calculated,
and the model is considered overparametrized or
ill-conditioned if the calculated value is >1000.

Results
Clinical PK Data
A useful way to evaluate if a drug has linear phar-
macokinetics is to plot dose-normalized concentration-
time profiles. Drugs with linear pharmacokinetics
have overlapped concentration/dose-versus-time pro-
files, whereas the profiles from drugs with nonlinear
pharmacokinetics do not superimpose as their kinet-
ics do not obey the rule of superposition. Figure 2
shows dose-normalized SPI-62 plasma concentration-
time profiles following single oral doses in the SAD/FE
trial (Figure 2A) ormultiple oral once-daily doses in the
MAD trial on day 1 (Figure 2B) or the last day (Fig-
ure 2C). As shown in Figure 2A, following single doses,
the dose-normalized pharmacokinetic profiles tended
to superimpose in those high-dose groups (≥6 mg) but
not in low-dose groups, with a greater extent of devi-
ation as dose was lower. This indicated that nonlinear
pharmacokinetics of SPI-62 occurred at low doses, with
more substantial nonlinearity at lowest doses. Similarly,
dose-normalized day 1 data from the MAD trial also
showed non-overlapping profiles (Figure 2B), further
confirming that SPI-62 has substantial nonlinear PK
at low doses when it was given for the first time.
Interestingly, the nonlinear pharmacokinetics observed
after the first dose disappeared after repeated doses,
as reflected by the superimposed PK profiles across all
dose groups on the last day of dosing in the MAD trial
(Figure 2C).

Population PK Modeling

Goodness of model fitting. As shown in Figure 1,
the final model was a 2-compartment model that in-
corporated 3 transit absorption compartments with
binding to a high-affinity, low-capacity target site.
The time course of mean observed versus population-

Figure 2. Dose-normalized mean plasma concentration-time course of
SPI-62 following (A) single oral doses of SPI-62, (B) multiple once-daily
doses on day 1 after the first dose of SPI-62, and (C) multiple once-daily
doses after the last dose of SPI-62.

predicted plasma concentrations of SPI-62 following
single or multiple ascending doses in humans are
presented in Figures 3 and 4, respectively. As shown
in these 2 figures, the proposed TMDD model ad-
equately captured SPI-62 plasma concentration-time
profiles in both the SAD and MAD trials, as reflected
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Figure 3. Time courses of observed (symbols) and model-predicted
(lines) SPI-62 plasma concentrations following 1-, 3-, 6-, 10-mg single oral
doses of SPI-62 in healthy adults.

by the close agreement between the model-predicted
SPI-62 concentrations and observed concentrations at
various points across different doses. In addition to
the observed and population-predicted SPI-62 plasma
concentration-time profiles, other standard goodness-
of-fit plots have also been evaluated. As shown in
Figure 5, the individual-predicted and population-
predicted concentrations versus the observed SPI-62
concentrations were evenly distributed around the line
of identity without bias (Figure 5A,B), indicating that
the final TMDD model characterized SPI-62 ade-
quately at both the individual and population levels.
In addition, the conditional weighted residuals appear
distributed uniformly around the zero line when plotted
by either time or population-predicted concentrations
(Figure 5C,D), further confirming that there was no
significant bias in the model fit.

To evaluate the predictive ability of the final model,
pcVPC was performed. As shown in Figure 6, most

of the observed concentrations were within the 95%
prediction intervals from the simulation data, indicat-
ing that the prediction-corrected concentrations were
well predicted by the final model. The somewhat
larger magnitude of model-predicted compared with
observed variability had no influence on confidence in
the simulation results.

Parameter estimation. Age, body weight, race, and sex
were tested as covariates on SPI-62 PK parameters, and
none of them showed any significant impact. The final
estimates of the SPI-62 PK parameters from the final
TMDD model are presented in Table 2. The apparent
clearance of SPI-62 was estimated to be 10.1 L/h,
indicating that it is a low extraction ratio compound.
The apparent volume of distribution in the central
and peripheral compartments was estimated to be 141
and 114 L, respectively. Model results indicated that
SPI-62 interacted with its target with fast association
and slow dissociation processes, as reflected by a high
kon value (7.10 nM−1h−1) and a much smaller koff
value (0.249 h−1). The total amount of the target was
estimated to be 6070 nmol.

In the final model, IIV terms were placed on the vol-
ume of distribution in the central compartment, clear-
ance, and transit absorption rate constant, dissociation
rate constant, and the total amount of the target; a
proportional errormodel was found to best describe the
unexplained residual variability. As shown in Table 2,
the relative standard error (%RSE) was below 30% for
all estimated PK parameters and within≈50% for most
IIV and RV terms. The calculated shrinkage values for
etas in the final model were all below 30%, indicating
that diagnostic plots shown earlier were informative
and reliable for model evaluation. Condition number
(calculated from the ratio of the largest and the smallest
eigenvalues) of the final model was 24.6, which is much

Table 2. Estimated Parameters From the Final TMDD Model for SPI-62

Parameter Unit Definition Estimate RSE (%) Shrinkage (%)

Vcentral
a L Volume of distribution at central compartment 141 16

CLa L/h Clearance 10.1 6
Qa L/h Distribution flow 2.31 12
Vperipheral

a L Volume of distribution at peripheral compartment 114 7
Ktr h−1 Transit absorption rate constant 8.52 11
Kon nM−1h−1 Association rate constant 7.1 7
Koff h−1 Dissociation rate constant 0.249 24
Rtotal nmol Total receptor amount 6070 9
IIVVcentral % Interindividual variability on Vcentral 54.3% 27 14
IIVCL % Interindividual variability on CL 20.6% 59 22
IIVKtr % Interindividual variability on Ktr 50.6% 29 8
IIVKoff % Interindividual variability on Koff 116% 50 15
IIVRtotal % Interindividual variability on Rtotal 35.8% 38 12
2ס % Proportional residual variability 26.8% 2 7

a
Please note these are apparent parameters as bioavailability (F) is unknown.
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Figure 4. Time courses of observed (symbols) and model-predicted (lines) SPI-62 plasma concentrations following 0.2-, 0.4-, 0.7-, and 2-mg oral
multiple doses of SPI-62 in healthy adults.

lower than the cutoff of 1000; this indicates that the
final TMDD model was not overparametrized or ill-
conditioned.

To further evaluate the model performance, the
model-estimated parameters of SPI-62, including
AUCinf , Cmax, and t1/2 following single doses and
AUCt and Cmax on day 1 and the last day following
multiple doseswere comparedwith those obtained from
noncompartmental analysis (NCA) using the observed
data12 (Table 3, Figure 7, andAppendix 1). As shown in
the upper panel of Table 3, model-predicted values and
NCA estimated values were in close agreement in 6-
and 10-mg single-dose groups. The observed exposures,
especially AUCinf , in 1- and 3-mg single-dose groups
were unusually low and were not calculated in NCA;
our model accurately captured this phenomenon, as
reflected by the very low values of the predicted SPI-62
exposures. Similarly, model-predicted values were in
good agreement with NCA estimated values in all

multiple-dose groups (Table 3, lower panel). Our model
adequately captured the extremely low exposures of
SPI-62 following the first low doses (ie, AUC24,first-dose

and Cmax,first-dose) and dose proportional increases in
exposure after repeated doses (ie, AUC24,last-dose and
Cmax,last-dose). In addition, the accumulation of SPI-
62 after repeated doses was evaluated. Accumulation
ratios were calculated using Cmax ratios instead of AUC
ratios because AUC is sensitive to the level of censoring
and consequently may not provide reliable estimation.
Our model predicted that the accumulation ratios in
0.4-, 0.7-, and 2-mg groupswere 117.4, 170.0, and 110.6,
respectively; these values were in line with the accumu-
lation ratios calculated using observed Cmax values.

Discussion
SPI-62 demonstrated substantial and unusual nonlin-
ear PK when its disposition was evaluated over a wide
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Figure 5. Goodness-of-fit plots for the final model of SPI-62. (A) Observed versus population-predicted SPI-62 plasma concentrations, (B) observed
versus individual-predicted SPI-62 plasma concentrations, (C) weighted residuals versus time, (D) weighted residuals versus population-predicted
SPI-62 plasma concentrations. Solid black lines represent lines of identity in (A) and (B) and zero residuals in (C) and (D). Trend lines are shown in red.

dose range in FIH SAD/FE and MAD clinical trials.
Based on its overall nature of kinetics, the most likely
explanation for the observed nonlinearity of SPI-62 is
the specific binding of SPI-62 to a high-affinity, low-
capacity target site. Because of the low-capacity feature
of the target, nonlinear pharmacokinetics mediated by
the target mainly occurred at low doses. Following low
doses, because of its high affinity, the target rapidly
acquired a large fraction of the administered SPI-62
dose so that only a small portion of the administered
drug was available in systemic circulation. As a result,
the SPI-62 plasma concentrations were unusually low,
as most drug molecules were trapped by its target
located in tissues. With increase in SPI-62 doses, the
low-capacity target was saturated, and SPI-62 demon-
strated linear pharmacokinetics at high doses because
the portion sequestered by the target was small relative
to the total dose. When the same subject received
repeated doses , the drugmolecules from previous doses

were still bound to the target because of the high
affinity of the target site. As a result, the portion of the
later doses that was trapped by the target was smaller
and smaller. As the target has low capacity, it was
saturated with repeated low doses, and consequently
SPI-62 demonstrated linear pharmacokinetics at steady
state.

In the current study, for the first time we report
the model-based population PK analysis of SPI-62 in
healthy adults. The substantial nonlinear PK of SPI-62
was best characterized by a 2-compartment TMDD
model with 3 transit absorption compartments. The
concept of TMDD was coined by Levy in 1994
to describe a special source of nonlinearity caused
by saturable binding of the drug to a high-affinity,
low-capacity pharmacological target such as an
enzyme or a receptor.13 Both large-molecule and
small-molecule compounds can have TMDD, but
they demonstrate substantially different nonlinear
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Table 3. Comparison of Model-Predicted Versus Observed Pharmacokinetics Parameters of SPI-62 in Healthy Adults Following Single Ascending
Doses (Upper) or Multiple Ascending Doses (Lower)

SAD/FE Trial

1 mg (n = 6) 3 mg (n = 6) 6 mg (n = 6) 10 mg (n = 6)

Pharmacokinetics
Parameters Unit Observed Predicted Observed Predicted Observed Predicted Observed Predicted

AUCinf ng·hour/mL NC 57.28 52.58 (82.9%) 64.45 366.7 (45.9%) 362.3 759.0(25.6%) 714.8
Cmax ng/mL 0.1296 (155.6%) 0.05193 1.903 (109.9%) 2.879 25.65 (40.1%) 22.42 62.63 (24.1%) 48.52
t 1

2
hour NC 4218 50.72 (32.7%) 42.99 39.73 (28.5%) 54.20 18.71 (32.9%) 21.95

MAD Trial

0.4 mg (n = 4) 0.7 mg (n = 6) 2 mg (n = 6)

Observed Predicted Observed Predicted Observed Predicted

AUC24,first dose ng·h /mL NC 0.07316 NC 0.1472 NC 1.246
AUC24,last dose ng·h/mL 36.94 (7.0%) 39.12 62.33 (24.9%) 69.42 213.6 (11.6%) 198.9
Cmax,first dose ng/mL 0.00942,0.01207* 0.01755 0.01850 (132.1%) 0.03330 0.4106 (124.6%) 0.1485
Cmax, Last dose ng/mL 2.949 (8.3%) 3.113 6.499 (28.5%) 5.662 20.71 (24.47%) 16.42
ARCmax NC 177.4 369.8 (49.4%) 170.0 66.33 (72.7%) 110.6

NC, not calculated; AUCinf, area under the concentration-time curve from time 0 to infinity; Cmax, maximum concentration; AUC0-24h, area under the
concentration-time curve from 0 extrapolated to 24 hours; t1/2, terminal elimination half-life; AUC24,first dose, area under plasma concentration-time curve
over 24-hour interval on day 1; AUC24,last dose, area under the steady-state plasma concentration-time curve to the dosing interval; Cmax,first dose, maximum
plasma concentration over 24-hour interval on day 1; Cmax,last dose, steady-state maximum plasma concentration; ARCmax, accumulation ratio calculated based on
Cmax,last dose over Cmax,first dose.

All observed data are presented as geometric mean (CV%). CV% is not presented for predicted data, as they were obtained using population predicted SPI-62
concentrations.
*On day 1, only 2 subjects had plasma concentration levels > LLOQ; individual values are presented.

Figure 6. Prediction-corrected visual predicted check (pcVPC) of plasma SPI-62 data. The observed plasma concentrations (prediction corrected)
are represented by blue circles. The solid red line represents the median prediction-corrected plasma concentration, and the semitransparent red field
represents a simulation-based 95% confidence interval for the median. The observed 5% and 95% percentiles are presented with dashed red lines, and
the 95% confidence intervals for the corresponding model-predicted percentiles are shown as semitransparent blue fields.

pharmacokinetic behaviors because the former is
mainly driven by target-mediated elimination, whereas
the latter is mainly affected by target-mediated
distribution.14 For small-molecule compounds
exhibiting TMDD with target located in tissues, the

key features include (1) nonlinear pharmacokinetics
at low doses and linear pharmacokinetics at high
doses following single doses; (2) very large apparent
volume of distribution at low doses, which decreases
quickly as dose increases and reaches a limit at high
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Figure 7. SPI-62 major pharmacokinetic parameters obtained by noncompartmental analysis of the observed concentration-time data (black) and
predicted concentration-time data obtained from population pharmacokinetic model fitting (gray) using data from (A) the SAD trial and (B) the MAD
trial. For each dose group, data are presented as mean and standard deviation (n = 4 for 0.4-mg multiple dose group and n = 6 for the other groups).
NC, not calculated.
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doses; (3) nonlinear PK following the first dose, but
linear PK after repeated doses; and (4) unusually
high accumulation of drug following repeated low
doses, which cannot be explained by the compound’s
known half-life.14–16 Using these general features as the
“diagnostic tool,” it is self-evident that the “symptoms”
of the nonlinear pharmacokinetics observed in SPI-62
are fully in line with the TMDD principles for small-
molecule compounds with targets located in tissues.
The unusual PK of SPI-62 is not unique. Similar
nonlinear PK behaviors have also been observed
in other HSD-1 inhibitors, notably ABT-38417,18

and MK-0916.19 We have reported population PK
modeling of ABT-384, and the structure of the final
model for ABT-384 was also a 2-compartment TMDD
model with 3 transit absorption compartments,18 which
is identical to what we established here for SPI-62. In
addition to the HSD-1 inhibitors mentioned above,
many small-molecule compounds from other classes
have also been reported with nonlinear PK imparted
by TMDD, such as warfarin, selegiline, imirestat,
bosentan, linagliptin, and a series of soluble epoxide
hydrolase inhibitors.16,20–25

We anticipate that the high-affinity, low-capacity
site that leads to the nonlinear PK of SPI-62 is
its pharmacological target, HSD-1. In general, the
pharmacological TMDD of a compound cannot be
concluded from the pharmacokinetic profiles alone.
However, when strikingly similar unusual pharmacoki-
netics were observed in a group of structurally dif-
ferent compounds (ie, SPI-62, ABT-384, MK-0916),
the evidence of HSD-1-mediated nonlinear PK, even
though indirect, is compelling. In addition, the PD
data of SPI-62 obtained from the SAD and MAD
clinical studies also indicate that its nonlinear PK is
likely mediated by its pharmacological target, HSD-1.
For example, significant HSD-1 inhibition following a
single dose of SPI-62 1 mg was observed even though
plasma levels were below the level of quantification.12

Persistent and almost complete inhibition on hepatic
HSD-1 activity was observed, even at a daily dose
of 0.2 mg of SPI-62.12 These results indicated that
substantial nonlinear pharmacokinetics of SPI-62 oc-
curring at low doses reflect the extent of HSD-1 target
occupancy.

Our model provided reasonable fitting for the single-
dose data and most doses evaluated in the multiple-
dose study, except the day 1 data from the 0.7-mg
dose group. The inadequate fitting may have been
caused by the higher percentage of below the limit
of quantification (BLQ) data on day 1 in the lowest-
dose groups. Several methods have been proposed in
the literature for handling BLQmeasures during model
development.26,27 We have explored those methods and

found that replacing the BLQ with LLOQ/2 provides
the best model fitting. Based on our final TMDD
model, the estimated target capacity (Rtot), 6070 nmol,
corresponds to approximately 2.5 mg of SPI-62, which
comports well with the dose range in which phar-
macokinetic nonlinearity is prominent. The estimated
dissociation equilibrium constant (Koff /Kon), 35.1 pM,
is substantially lower than the measured Ki of 5.3 nM.
Observed achievement of full and persistent liver HSD-
1 inhibition following SPI-62 daily doses as low as 0.2
mg12 indicates that SPI-62 remains tightly bound to and
dissociates slowly from its target and suggests that the
dissociation equilibrium constant is a more appropriate
estimate of SPI-62 potency.

For small-molecule compounds undergoing phar-
macological TMDD, PK information is important as
their PK ties closely with PD and can provide valuable
insight into target engagement. The nonlinear kinetics
occurring at low doses is a strong sign of significant
target engagement. SPI-62 SAD/FE and MAD studies
also evaluated the PD effect of SPI-62. SPI-62 achieved
almost complete inhibition of liver HSD-1, measured
using the urinary ratio of cortisol (HSD-1 product)
metabolites to cortisone (HSD-1 substrate) metabolites
after multiple daily doses, even at the lowest tested dose
of 0.2 mg SPI-62. Furthermore, substantial inhibition
persisted throughout follow-up for up to 16 days after
the last SPI-62 dose.12 Single low doses of SPI-62
achieved complete and persistent occupancy of brain
HSD-1, measured by competition with an HSD-1-
specific PET ligand (data on file). Those observations
are consistent with TMDD for SPI-62. They also in-
dicate the importance of the TMDD model’s strong
predictive value for the PK of low SPI-62 doses. Our
next step is to build a population PK/PDmodel of SPI-
62 that will enable clinical dose selection by thorough
evaluation of the quantitative relationship among dose,
concentration, and HSD-1 tissue activity.

In summary, a TMDDmodel was successfully estab-
lished to explain the substantial and unusual nonlinear
PK of SPI-62 in healthy adults, and our modeling work
has provided a strong foundation for dose selection in
future SPI-62 clinical trials.
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