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Abstract

BMS-986184 is a human, second-generation, anti–interferon-γ–induced protein 10 (IP-10) monoclonal antibody. In
this study the pharmacokinetics and target engagement (TE) of BMS-986184 in healthy participants were character-
ized using population-based target-mediated drug disposition (TMDD) modeling and data from a first-in-human study
(NCT02864264). The results of the first-in-human study and the model generated were used to conduct stochastic
simulations of a virtual population of healthy participants to predict pharmacokinetic exposures and TE responses for
different dosage regimens. A 2-compartment, 2-target, TMDD structural model, assuming quasi-steady-state and stim-
ulated production on treatment, was developed by simultaneous fitting of the total drug, serum-free IP-10, and serum
total IP-10 concentration data, with the second unobservable target contribution to drug elimination described by the
Michaelis-Menten elimination term. Model evaluation confirmed agreement between model predictions and observed
data. Simulation of a virtual population of healthy individuals demonstrated that steady state was reached at the eighth
dosing interval, and that around 150 mg subcutaneously every other week could be a suitable target dosage regimen for
future clinical trials. Integrated modeling strategies such as this can be used to help guide rational clinical trial development
of drugs with TMDD, leading to improved dose selection and greater patient benefits.
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Interferon (IFN)-γ -induced protein 10 (IP-10/CXC
motif chemokine [CXCL]10), a member of the CXC
chemokine family, is involved in a diverse range
of human diseases, including inflammatory and au-
toimmune diseases (eg, rheumatoid arthritis,1 sys-
temic lupus erythematosus,2 and type 1 diabetes
mellitus3) and cancer.4-6 IP-10 is secreted by immune
cells (lymphocytes,7 eosinophils,8 and monocytes9)
and nonimmune cells (hepatocytes,7 endothelial cells,9

fibroblasts,9 stromal cells,10 and keratinocytes9) in re-
sponse to inflammatory stimuli,6,11 and its produc-
tion is significantly increased in the circulation and
diseased tissues of patients with several autoimmune
diseases.12,13 Experimental models of ulcerative colitis
(UC) have demonstrated that IP-10 mediates the traf-
ficking of immune cells from the circulation to the in-

flamed colon14 and regulates crypt cell proliferation.15

In addition, IP-10 has the ability to induce proinflam-
matory cytokine production by IFN-γ –primed human
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monocytes.16 Inhibiting IP-10 activity with a thera-
peutic monoclonal antibody (mAb) has demonstrated
some evidence of efficacy in patients with moderate
to severe UC, as shown in a phase 2 clinical trial
with a first-generation anti–IP-10 antagonist antibody,
eldelumab.12 BMS-986184 is a second-generation anti–
IP-10 neutralizing mAb with higher affinity and po-
tency than eldelumab.12 In binding assays, BMS-986184
binds to human IP-10with a dissociation constant (KD)
of <0.1 nmol/L.

A large proportion of mAbs have nonlinear
pharmacokinetics (PK) that are dependent on their
structures as well as on the expression and biology of
the target antigen, typically displaying target-mediated
drug disposition (TMDD, defined as a drug binding
with such a high affinity to its pharmacological target
site that this binding affects its PK characteristics).17

Therefore, effective PK characterization of such mAbs
can be difficult but is still essential to facilitate selection
of a dose and dosage regimen that optimize therapeu-
tic efficacy and safety. An efficient dose selection for
mAbs seeks to provide adequate exposure in all treated
patients.18 Strategies such as flat dosing and variable
dosing based on body weight must be supported by
PK characterization, including information on TMDD
and target engagement (TE).18 Therefore, popula-
tion PK and pharmacodynamic (PD) model-based
approaches are typically used to characterize the PK
and PD of mAbs to facilitate dose selection of such
agents.18,19

The system of equations representing the free drug,
the target, and the drug-target complex in TMDD
models provides a framework that allows for the quan-
tification of biological processes and is frequently used
to characterize the PK of mAbs. In practice the use of
the full TMDD models to describe population PK and
PD is most successful when the drug concentration,
target concentration, and drug-target complex con-
centrations are all available and adequately sampled.
However, with the complexity of TMDD models and
the frequently sparsely sampled data in clinical trials,
it is often not feasible to fit the full TMDD models.
Difficulties may arise in the attempt to identify model
parameters based on available data, as detailed infor-
mation regarding the time scale of drug-target associa-
tion processes is required.20 Many TMDDmodels have
been widely used in research to characterize TE and
interactions between a mAb and soluble targets,21-23

and a thorough review has been written about the
various TMDD models and their applications.24

Several simpler approximations of the full TMDD
models have been developed to fit data more feasibly:
the quasiequilibrium model,25 the quasi-steady-state
(QSS) model,26 and the Michaelis-Menten (MM)
model.26

With the unique PK of these mAbs in mind, the
primary objectives of this study were to characterize
the PK and TE of BMS-986184 in healthy participants
using population-based TMDD modeling in a first-in-
human (FIH) study of BMS-986184. We applied the
model results to conduct stochastic simulations of a
virtual population of healthy participants to predict
PK exposures and TE responses for different dosage
regimens.

Methods
Study Design
A FIH, double-blind, randomized, single ascending
dose (SAD) and multiple ascending dose (MAD) study
(IM012-004; NCT02864264) was conducted to eval-
uate an anti–IP-10 neutralizing mAb, BMS-986184,
for its safety, PK, and activity for inhibiting IP-10
in healthy participants. The first stage of the study
consisted of 7 single-dose panels: 30 mg intravenously
(IV), 37.5 mg IV, 100 mg IV, 200 mg IV, 300 mg IV,
100 mg subcutaneously (SC), and 200 mg SC. The
second stage consisted of 2 IV MAD panels (75 mg
and 200 mg with once every 2 weeks [Q2W] dosing for
2 doses). Population PK, free IP-10, total IP-10, and
target concentration data in serum were obtained with
actual sampling times. The scheduled PK sampling
times relative to dosing were 0, 0.5, 1, 2, 6, 12, 24, 48,
72, 120, 168, 240, 336, 504, 672, 1008, and 1344 hours,
and the scheduled serum free and total IP-10 sampling
times relative to dosing were 0, 6, 24, 72, 168, 336, 504,
672, and 1344 hours. A total of 72 participants were
included in this study (Table 1); in each panel, 6 partic-
ipants were administered BMS-986184, and a total of
18 participants received placebo in a blinded manner.
The protocol, any amendments, and the participants’
written informed consent received approval by Nucleus
Network Limited, Centre for Clinical Studies (Mel-
bourne, Australia) and regulatory authorities according
to applicable local regulations before initiation of the
study.

Bioanalytical Methods
An electrochemiluminescent assay was used to quantify
the levels of BMS-986184 in human serum.Meso-Scale
Discovery (Rockville, Maryland) streptavidin-coated
plates were first coated with biotinylated mouse mAb
specific to BMS-986184 clone 1674.5174.1B9.D11.F9
to capture the test analyte from samples. Samples,
calibrators, and controls were diluted to a minimum
required dilution of 80-fold in assay buffer and added
to the wells. The captured BMS-986184 was detected
using ruthenium trisbipyridine-labeled mouse mAb
specific to BMS-986184 clone 1673.5173.11G9.H8.C6.
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Table 1. Baseline Demographics of the SAD and MAD Data Sets

SAD MAD

Placebo
n = 14

30 mg
IV

n = 6

37.5 mg
IV

n = 6

100 mg
IV

n = 6

200 mg
IV

n = 6

300 mg
IV

n = 6

100 mg
SC

n = 6

200 mg
SC

n = 6
Placebo
n = 4

75 mg
IV

n = 6

200 mg
IV

n = 6

Age (y)a

Mean 27.4 26.0 27.2 25.7 23.0 26.8 26.3 27.5 26.5 29.0 33.5
Median 28.0 27.0 28.0 27.0 22.0 27.0 26.5 25.5 26.0 25.0 32.0
Min, max 19, 41 19, 33 20, 30 18, 34 19, 31 22, 31 19, 33 23, 41 24, 30 22, 51 26, 45
SD 5.15 5.93 3.71 6.59 4.34 3.49 4.97 6.80 2.52 11.15 6.63

Female, n (%) 4 (28.6) 2 (33.3) 2 (33.3) 4 (66.7) 1 (16.7) 2 (33.3) 3 (50.0) 2 (33.3) 2 (50.0) 0 0
Race/ethnicity, n (%)
White 13

(92.9)
4

(66.7)
5

(83.3)
4

(66.7)
6

(100.0)
5

(83.3)
5

(83.3)
3

(50.0)
3

(75.0)
6

(100.0)
5

(83.3)
Asian Indian 0 1 (16.7) 0 0 0 0 0 0 0 0 0
Asian Chinese 0 0 0 1 (16.7) 0 1 (16.7) 0 1 (16.7) 0 0 0
Asian other
Other

0
1 (7.1)

1 (16.7)
0

1 (16.7)
0

0
1 (16.7)

0
0

0
0

1 (16.7)
0

0
2 (33.3)

0
1 (25.0)

0
0

1 (16.7)
0

IV indicates intravenously; MAD,multiple ascending dose; SAD, single ascending dose; SC, subcutaneously; SD, standard deviation.
aAll participants were <65 years of age.

After the addition of tripropylamine-based read buffer,
the plate was read by an MSD 2400 plate reader
that energized electrodes built into the bottom of the
plate, causing the ruthenium trisbipyridine label to
produce a chemiluminescent signal. The measured
electrochemiluminescent signal (ie, relative light units)
was proportional to the amount of antibody com-
ponent of BMS-986184 in the sample. The lower
limit of quantification (LLOQ) of the assay was
0.67 nmol/L (100 ng/mL). The average precision and
bias calculated from all the runs are within acceptance
criteria established during method validation of the PK
assay.

Free and total IP-10 (free plus IP-10 complexed with
antibody) were measured in human serum samples with
2 different immunocapture–liquid chromatography–
tandem mass spectrometry assays. A competing
anti–IP-10 mAb, immobilized on protein G magnetic
beads, was used as the capture antibody for free IP-10,
and a biotinylated noncompeting anti–IP-10 antibody
immobilized on streptavidin magnetic beads was used
as the capture antibody for total IP-10. Samples were
eluted from the magnetic beads followed by thermal
denaturation and trypsin digestion. Analysis of the
surrogate peptide with multiple reaction monitoring
transition (m/z) of 452.8 to 676.4 was carried out on
a Sciex (Framingham, Massachusetts) Triple Quad
6500 system coupled with a Shimadzu (Kyoto, Japan)
ultraperformance liquid chromatography system.
Analytical runs used appropriate calibration curves
and quality control samples that met the preestablished
acceptance criteria. The LLOQ of the free IP-10 assay
was 0.0012 nmol/L (10 pg/mL), and the LLOQ of the
total IP-10 assay was 0.012 nmol/L (100 pg/mL).

Software Used for Analysis
The population PK/PD analyses and simulation were
performed using NONlinear Mixed Effect Modeling
(NONMEM) software (Icon plc, Dublin, Ireland; Ver-
sion 7.3). Exploratory analyses, presentations of the
data, diagnostic graphics, and postprocessing of NON-
MEM outputs were performed using R software (R
Foundation, Vienna, Austria; Version 3.3.1).

Model Development
Model Selection. Model selection was primarily

guided by biologic considerations, diagnostic plots,
and objective function value. Bayesian information
criterion values were used for model comparisons
(Table S1). Initially, a TMDD structural model with
QSS assumption was used to describe BMS-986184,
free IP-10, and total IP-10 concentrations. QSS as-
sumption is used when the binding rate of the drug
to the receptor is balanced by the sum of the dissoci-
ation and internalization rates; the dissociation rate
constant Koff is replaced by the sum of Koff and the
internalization rate constant Kint in the expression for
the dissociation constant KSS.26 SC administration
was described by the first-order absorption process.
Log-normal distribution of all random effects and
combined additive and proportional residual error
model (for each analyte) were used. To allow simulta-
neous fit of data from all analytes, dose and observed
concentration data were converted to molar units. The
QSS model was the best among many other tested
models, from the 2-compartment linear model to
different complex TMDD models. Model diagnostics
revealed dose dependencies of the model parameters.
To improve the fit, a MM elimination term was added,
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DoseSC

Depot

FSC

Ka Kin

KSS

1 +
EMAX   C
EC50 + C( )* *

Kel VMAX /(KM +C) Kdeg Kint

Ktp

Kpt

DoseIV

C + R RCAT

Ctot =
A2

Vc

C = 0.5 * [ (Ctot – A4 – Kss) + √  (Ctot – A4 – Kss )
2 + 4 * Kss * Ctot  ]

= –K a * A1

dA1

dt

=  Ka * A1 –
dA2

dt
Kint * A4 * C * Vc

Kss + C
– (Kel + Kpt ) * C * Vc + Ktp * A3 –

VMAX * A2

KM+ C

=  Kpt * C * Vc – Ktp * A3

dA3

dt

=  Kin * (1 +
dA4

dt
EMAX * C
EC50 + C

) – Kdeg * A4 – (K int – Kdeg ) *
A4 * C
Kss+ C

A1 (t = 0) = 0; A2 (t = 0) = 0; A3 (t = 0) = 0; A4 (t = 0) =
Kin

Kdeg

Figure 1. TMDD final model with stimulation of production.
The drug (C) in the central compartment was assumed to have
first-order elimination (Kel) and an extra nonspecific nonlin-
ear clearance with the Michaelis-Menten model (VMAX/[Km+C])
used to model this process. The drug was also assumed to be
distributed to and from peripheral tissue compartment (AT) by
first-order rates (Kpt and Ktp). In addition, the drug in the central
compartment was assumed to have a target-mediated process
with free IP-10 target (R). R was assumed to be degraded with
rate Kdeg. The quasi-steady-state model was used to model the
process with KSS as the dissociation constant.The drug and IP-10
target complex (RC) was assumed to either dissociate or be de-
graded by the internalization process (Kint). The EMAX function
EMAX*C/(EC50+C) was added as the additional coefficient for
Kin,which represents the stimulation of the free IP-10 target pro-
duction by the drug concentration. IP-10, interferon-γ–induced
protein 10.

converting the standard TMDD QSS model to the
TMDD QSS 2-target model.27 These terms could be
responsible for the elimination of the drug by binding
to the monokine induced by IFN-γ (MIG/CXCL9
target) in addition to IP-10. Even the TMDD QSS
2-target model did not capture the peaks of total IP-10
targets following peaks of total drug well. Attempts to
introduce an additional distribution compartment for
total IP-10 were not successful, but the fit significantly
improved when stimulation of the IP-10 production by
the drug was added to the model.

Estimation Methodology. Initially, the first-order con-
ditional estimation with interaction (FOCEI) method
in NONMEM was used to estimate nonlinear mixed-
effects model parameters in model development,
a method typically used when the observed data
are normally distributed.28 In the later stages of
model development the NONMEM Monte Carlo
expectation-maximization method with importance
sampling was implemented due to the difficulty of ob-
taining convergence of the FOCEI method with in-
creasing complexity of the model. Unlike FOCEI, the
expectation-maximization method with importance
sampling method works best when each structural pa-
rameter of the model is associated with the random
effect. Therefore, random effects were included for all
structural parameters.28 To describe observations below
the quantification limit, the M3 method29 was used to
maximize the likelihood for all the data, treating data
below the quantification limit as left-censored observa-
tions (ie, the value is not known, but it is known to be
below the quantification limit of the assay).

Model Evaluation
Diagnostic plots and visual predictive checks were car-
ried out to evaluate the model fit and confirm the pre-
dictive quality of the model.

Model Application
Simulations were conducted using the final TMDD
model to predict the PK and PD profiles of BMS-
986184 in a virtual population of healthy participants.
Simulations were carried out for the 6 SC Q2W dose
panels, with each dose panel represented by a typical
individual in the simulation. Simulations were run 1000
times for 25 dose intervals for each dose panel. Simu-
lations were also used to evaluate relative contributions
of nonspecific linear, IP-10–mediated, and, hypotheti-
cally, MIG/CXCL9-mediated elimination pathways.

Results
Study Population
In total, 54 healthy participants who received BMS-
986184 were included in the analysis data set for the
model development. The analysis data set included 744
PK concentration observations, 523 free IP-10 concen-
tration observations, and 523 total IP-10 concentration
observations. Overall, 348 free IP-10 concentration
observations (66.5%) from 54 participants and 21 total
IP-10 concentration observations (4.0%) from 20 par-
ticipants were below the LLOQ in the analysis data set.

Overall, 35/42 (83.3%) participants who received
BMS-986184 in the SAD study and 8/12 (66.7%) par-
ticipants who received BMS-986184 in the MAD study
completed the study period. The main reasons for not
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Table 2. Parameter Estimates for Final TMDD Model

Parametera Symbol Estimate RSE, % 95% CIb

Fixed effects
CL (L/h) exp(θ1) 0.021 61.1 0.006-0.07
VC (L) exp(θ2) 3.521 5.3 3.177-3.903
Q (L/h) exp(θ3) 0.031 49.5 0.012-0.081
VP (L) exp(θ4) 3.255 20.7 2.168-4.886
Ka (1/h) exp(θ5) 0.009 32.4 0.005-0.017
Kin (nmol/[Lh]) exp(θ6) 0.020 28.4 0.011-0.034
Kdeg (1/h) exp(θ7) 1.247 39.7 0.573-2.714
Kint (1/h) exp(θ8) 0.109 21.5 0.071-0.166
KSS (nmol/L) exp(θ9) 0.002 77.2 0.001-0.011
F1 exp(θ10) 0.787 37.5 0.377-1.643
EMAX exp(θ11) 6.367 36.8 3.093-13.11
EC50 (nmol/L) exp(θ12) 96.57 165.1 3.797-2456
VMAX (nmol/[Lh]) exp(θ13) 0.146 13.5 0.112-0.19
Km (nmol/L) exp(θ14) 2.886 13.2 2.229-3.737
T½ (h)c 264.5

Random effects
ω2

C L �(1, 1) 0.419 93.6 0-1.188
ω2

V C
�(2, 2) 0.036 73.6 0-0.088

ω2
Q �(3, 3) 0.769 39.1 0.18-1.358

ω2
V P

�(4, 4) 0.492 18.6 0.313-0.671
ω2

K a
�(5, 5) 0.181 58.2 0-0.387

ω2
K in

�(6, 6) 0.117 30.1 0.048-0.186
ω2

K deg
�(7, 7) 0.031 354.3 0-0.249

ω2
K int

�(8, 8) 0.034 120.3 0-0.115
ω2

K SS
�(9, 9) 3.181 58.0 0-6.794

ω2
F1 �(10, 10) 0.260 139.6 0-0.97

ω2
E M AX �(11, 11) 0.347 170.1 0-1.502

ω2
EC50 �(12, 12) 3.503 49.4 0.114-6.893

ω2
V M AX

* �(13, 13) 0.010
ω2

K M
* �(14, 14) 0.010

Residual error
σ 2

p drug �(1, 1) 0.040 5.0 0.036-0.044
σ 2

a drug �(2, 2) 0.559 73.4 0-1.364
σ 2

p f ree i p10 θ15 0.433 15.9 0.299-0.568
σ 2

a f ree i p10 θ16 0.000 16.5 0-0.001

(Continued)

completing the study were withdrawal of consent (3/54;
5.6%) and adverse events (AEs; 3/54; 5.6%). Baseline
characteristics for both the SAD andMAD cohorts are
shown in Table 1.

Final Model
Among all tested models, QSS approximation of the
2-target TMDD model with stimulation of IP-10 pro-
duction (Figure 1) had the lowest Bayesian information
criterion. Therefore, it was chosen as the final model
for the analysis. Parameter estimates for this model are
shown in Table 2.

Table 2. Continued

Parametera Symbol Estimate RSE, % 95% CIb

σ 2
p total i p10 θ17 0.369 9.6 0.299-0.439

σ 2
a total i p10 θ 18 0.007 18.4 0.005-0.01

CL indicates clearance; EC50, drug concentration to achieve 50% of
EMAX; EMAX, maximum percentage of the stimulation of the free
IP-10 target production by the drug concentration; F1, bioavailability
constant; IP-10, interferon-γ–induced protein 10; Ka, absorption rate;
Kdeg, free IP-10 target degradation rate; Kin, free IP-10 target produc-
tion rate; Kint, elimination rate constant of the drug–target complex; Km,
Michaelis-Menten constant of target-mediated drug elimination from the
central compartment;KSS, dissociation constant of the drug-target com-
plex;ω2

P ar , variance of the random effects on parameter Par (Par = CL,
VC, Q, VP, Ka, Kin, Kdeg, Kint, KSS, F1, EMAX, EC50, VMAX, KM); Q, inter-
compartment clearance; RSE, relative standard error; σ2

p D at and σ2
a D at ,

the proportional and additive residual error variance correspondingly for
the Dat (Dat = drug, free IP-10, and total IP-10); T½, elimination half-life;
TMDD,target-mediated drug disposition;VC,volume of the central com-
partment; VMAX, maximum target-mediated drug elimination rate from
the central compartment in Michaelis-Menten function;VP,volume of the
peripheral compartment.
aParameter with fixed values (not estimated) are denoted with an * after
the names, with the fixed value given in the Estimate column.
bConfidence intervals of fixed effects are obtained by exponentiating
the estimated confidence intervals for the corresponding parameter θ.
Confidence interval of random effects and residual error parameters are
for variance.
cComputed as β half-life. Shows the half-life of a linear part of the model,
valid at high concentrations when nonlinear elimination is small relative
to the linear part.

Model Fitting and Estimation
Visual predictive checks confirmed the good fit of
the model (Figure S1). Diagnostic plots of the fi-
nal model demonstrated reasonable estimates of fixed
(Figure S2) and random (Figure S3) parameters.
Plots of observed versus predicted values for drug
concentration (Figure S4A), free IP-10 concentra-
tion (Figure S4B), and total IP-10 concentration
(Figure S4C) demonstrated that the observed versus
predicted concentrations were aligned around the 45°
line. There were no obvious trends in the plots of nor-
malized probability distribution errors versus time or
dose (Figure 2). In addition, visualizations of the con-
centration data (drug, free IP-10, and total IP-10) were
plotted for each patient in each of the 9 dose panels
with predicted lines from the model (Figure S5). The
final TMDD structural model, with QSS assumption
and stimulation of production, fit reasonably well for
the drug, free IP-10, and total IP-10 concentration data
across all doses studied. NONMEM codes for the final
model are shown in the supplementary materials.

Model Application
The median trough concentration (Cmin) at the seventh
dose interval varied from 0 to 1.4% of the Cmin at
the eighth dose interval for all 6 dose panels in the
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simulation. The median Cmin at the eighth dose interval
varied by less than 1% of the Cmin at the ninth dose in-
terval for all 6 dose panels in the simulation. Therefore,
99% steady state was reached at the eighth dose. To be
conservative, the 25th dose interval (8400 hours) was
chosen as the PK steady state for the summary.

Drug (Figure S6A), free IP-10 (Figure S6B), and
total IP-10 (Figure S6C) concentration profiles from
simulation were summarized for steady state. With
a 2-week dosing interval, suppression of free IP-10
was observed across all doses studied, with a greater
duration of suppression seen with increasing doses.
The shape of the total IP-10 curve is similar to that of
the drug’s PK profile; increases in total IP-10 appear
to reflect increases in drug concentration. Nonlinear,
dose-dependent increases in Cmin, maximum concen-
tration, average concentration, and area under the
concentration–time curve within the Q2W interval
were seen (Figure 3), with a visible plateau observed
with a dose of 150 mg.

Plots of free IP-10 percentage as baseline values (me-
dian and 5% and 95% quantiles) were generated. With
a dose of 150 mg (Figure S7) for the majority of the
dosing interval (ie, 2 weeks), the 95% quantiles of IP-
10 as a percentage of baseline value were below 10%
(believed to be effective target suppression). Free IP-10
as a percentage of baseline value at steady state for all
doses is shown in Figure 4; for doses �100 mg, free
IP-10 as a percentage of the baseline value at steady
state was maintained at �0% over the 2-week dosing
interval; with doses �150 mg, the 95% quantile of free
IP-10 as percentages of baseline values were almost
all within 10%. Free IP-10 summary exposure param-
eters at steady state are shown in Figure 5. Decreases
in free IP-10 concentrations were seen with increasing
drug doses, as with the plots of drug exposure parame-
ters, and a plateau was seen close to 150 mg. Simulation
with every-4-week multiple-dose panels produced sim-
ilar results to that of the Q2W dose panel, indicating
that dosing in this schedule may be feasible (data not
shown). Table 3 presents relative fractions of the dose
eliminated by 3 different elimination pathways (linear,
IP-10–mediated, andMM-mediated) at steady state for
different dose levels, computed as median over 1000
simulated participants at each dose level.

Safety
In total, 78.6% of participants who received BMS-
986184 and 71.4% who received placebo in the SAD
study experienced an AE (Table S2). In the MAD
study 100% of the patients in each treatment group
reported AEs (Table S3). No deaths were reported in
either study, and there were no dose-related trends
in the incidence or severity of AEs. There were no
serious AEs (SAEs) or discontinuations due to AEs
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Figure 2. Normalized probability distribution error for (A)
drug concentration, (B) free IP-10 concentration, and (C) to-
tal IP-10 concentration. The 3 dashed lines in each panel rep-
resent the expected 10th percentile (NPDE = −1.2816), me-
dian (NPDE = 0), and 90th percentile (NPDE = 1.2816).A, 7.4%
were below 10th percentile, 50.8% above 50th percentile, and
6.2% above 90th percentile. B, 1.5% were below 10th percentile,
17.0% above 50th percentile, and 3.6% above 90th percentile.
C,3.3%were below 10th percentile,50.9% above 50th percentile,
and 8.6% above 90th percentile. IP-10 indicates interferon-γ–
induced protein 10; NPDE, normalized probability distribution
error.
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for effective target suppression. IP-10 indicates interferon-γ–induced protein 10; Q2W, every 2 weeks; SC, subcutaneously.

during the SAD study. One participant in the placebo
arm had an SAE (ventricular tachycardia) during the
MAD study. The SAE resolved with treatment, and the
participant was discontinued from the study. Four par-
ticipants were discontinued due to AEs in the MAD
study. One was due to the SAE mentioned, and 3 were
due to nonserious AEs (vomiting; infusion-related re-
action; peripheral swelling, myalgia, and arthralgia; all

received BMS-986184). Two participants in the 200-mg
Q2Wgroup in theMAD study developed and sustained
antidrug antibodies (ADAs) against BMS-986184. One
participant developedADAs on day 15, whichwere sus-
tained until study discharge on day 85; the other partic-
ipant developed ADAs on day 43, which were sustained
until study discharge on day 86. No obvious differences
in the drug, free IP-10, and total IP-10 profiles of these
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2 participants compared with other participants were
observed by visually checking.

Discussion
A 2-target TMDD structural model with QSS as-
sumption and stimulation of IP-10 production was
developed to characterize PK and TE of BMS-986184
in healthy participants by simultaneous fitting of the
drug, free IP-10, and total IP-10 data. The results and
predictions showed that the model fit reasonably well
for the drug, free IP-10, and total IP-10 concentration
data in the FIH study. The TMDD model was then
used to conduct simulations of a virtual population of
healthy individuals to predict PK and TE responses for
different dosage regimens. Here, we demonstrate that a
dose of approximately 150 mg Q2W could be a suitable
dosage regimen for future clinical trials. BMS-986184
was generally well tolerated at the doses studied.

It is important to note that the approach here
has a more mechanistic focus, rather than a clinical
focus. Integrated modeling strategies, such as the one
described here, provide a mechanistic framework for
understanding and extrapolating PK and dose across
different populations and disease states. The use of
these models has the potential to increase the efficiency
of drug development, reduce the need for animal stud-
ies, and increase PK understanding.30 A QSS model
was selected to characterize BMS-986184, as this
model has the ability to accurately predict the phase in
which the amount of receptor available is close to 0,24

which represents the majority of our data points.

Table 3. Fraction of the Dose Elimination Via Different Elimi-
nation Routes

Dose (mg)

Fraction
of Linear
Elimination

Fraction
of IP-10

Elimination

Fraction
of MM

Elimination

10 0.074 0.334 0.558
30 0.196 0.211 0.548
50 0.322 0.170 0.470
100 0.553 0.123 0.300
150 0.663 0.102 0.212
200 0.744 0.084 0.160

IP-10 indicates interferon-γ–induced protein 10; MM,Michaelis-Menten.
Because the median of the fraction of elimination was used, the total of 3
fractions of elimination via different elimination routes is not necessarily
equal to 100%.

The final model indicated the possible contribution
of an unobserved second target (MIG/CXCL9) to the
drug elimination; this contribution was described by
theMM elimination term. TheMM constant of target-
mediated drug elimination from the central compart-
ment (Km) of this term was estimated to be 3 orders of
magnitude (1443 times) higher than theKD of the drug-
target complex, in agreement with similar differences in
the KD of the drug binding toMIG/CXCL9 and IP-10,
respectively (data on file, BMS investigators’ brochure).
It is difficult to estimate model parameters related to
the unobservable target.27 To improve model conver-
gence and stability for the analysis data, variance for
maximum target-mediated drug elimination rate from
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the central compartment in MM function and Km were
fixed to small values. Thus, the TMDD model devel-
oped in this study was able to account for both high-
affinity target (human IP-10 with aKD of <0.1 nmol/L)
and low-affinity target (MIG/CXCL9 with a KD of
200 nmol/L; data on file, BMS investigators’ brochure).

Parameter estimates demonstrated that the central
and peripheral compartments had similar volumes and
yielded a total volume of distribution of around 7 L;
however, it is important to note the high variance in
the estimates for peripheral compartment volume. As
evident from Table 3, linear elimination is dominant at
the highest dose level, whereas at the lowest dose level
almost all drug is eliminated by the target-mediated
pathways. At all dose levels the MM elimination frac-
tion (possibly related to MIG/CXCL9 binding) is 2 to
3 times larger than the fraction of the dose eliminated
by the IP-10–mediated pathway. Both target-mediated
pathways contribute to the overall elimination, allow-
ing estimation of the target-related model parameters
with reasonable precision.

A function of stimulation of the free IP-10 target
production by the drug concentration was added to
replicate stimulation of IP-10 production by IFN-γ .11

This assumption considers the possible flux of IP-10
from tissue to circulation so that it would act as if the
production of IP-10 were increased by drug treatment.
It is possible that the addition of dose as a covari-
ate in the stimulated production function in our model
may explain the discrepancies seen between the phys-
iologic free IP-10 data and the results of the model
(Figure 1).

A few limitations of this model must be considered.
Duration of dosing was short, with participants receiv-
ing a maximum of 2 doses. As a result, issues may arise
in extrapolating steady-state data based on this limited
data set. In addition, model development was based on
the data from healthy participants in this FIH study,
with no UC patient data as a validation data set. Be-
cause the levels and production of IP-10, as well as
its interaction with BMS-986184, may be different in
patients with UC compared with healthy participants,
dosage projections for patients with UC must be ap-
proached with caution. Finally, it should be noted that
clearance of mAbs is typically faster in patients with
UC than in healthy volunteers,31,32 and thus considera-
tion must be taken when selecting therapeutic doses for
patients.

Conclusions
The use of a model-based approach allowed the
characterization of the PK and TE of BMS-986184
in healthy participants. Integrated modeling strategies
such as this can be used to help guide rational drug

development by narrowing the possibilities regarding
doses and schedules to be tested in clinical trials.
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