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Background/Aims: Vedolizumab is indicated for moderately-to-severely active ulcerative colitis (UC) and Crohn’s disease
(CD). Because multiple factors may result in different pharmacokinetics and clinical efficacies, understanding determinants of
vedolizumab clearance may enhance dose and treatment strategies. The aim was to characterize vedolizumab pharmacokinet-
ics in Asian and non-Asian UC and CD patients. Methods: Population pharmacokinetic analysis for repeated measures, using
data from 5 studies, was conducted using nonlinear mixed-effects modeling. A Bayesian estimation approach in NONMEM 7.3
was utilized to leverage the predominantly sparse data available for this analysis with results from a prior population pharma-
cokinetic analysis of vedolizumab. Results: Vedolizumab pharmacokinetics were described by a 2-compartment model with
parallel linear and nonlinear elimination. Using reference covariate values, linear elimination half life of vedolizumab was 24.7
days for anti-vedolizumab antibody (AVA)-negative patients and 18.1 days for AVA-positive patients; linear clearance (CLy.)
was 0.165 L/day for AVA-negative patients and 0.246 L/day for AVA-positive patients; central (V.) and peripheral compartment
volumes of distribution were 3.16 L and 1.84 L, respectively. Interindividual variabilities (percent coefficient of variation) were
30.8% for CL;. and 19% for V; interoccasion variability on CL;, was 20.3%; residual variance was 17.8%. For albumin, body weight
and AVA, only extreme values were identified as potentially clinically important predictors of CL;. The effect of race (Asian/
non-Asian) and diagnosis (UC/CD) on CL, was negligible and likely not of clinical importance. Conclusions: Pharmacokinetic
parameters were similar in Asian and non-Asian patients with moderately-to-severely active UC and CD. This analysis supports
use of vedolizumab flat-fixed dosing in these patients. (Clinicaltrials.gov Identifiers: NCT00783718 (GEMINI 1); NCT00783692
(GEMINI 2). CCT 101; NCT02039505 and CCT-001; NCT02038920) (Intest Res 2021;19:95-105)
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INTRODUCTION

Vedolizumab is a humanized immunoglobulin G1 (IgG1) mo-
noclonal antibody that selectively targets human lymphocyte
a,, integrin on the surface of a subset of leukocytes, which

Received December 6, 2019. Revised March 17, 2020.

Accepted March 17, 2020.

Correspondence to Hiroyuki Okamoto, Clinical Pharmacology, Takeda PRA
Development Center KK, 1-3, Kyutaromachi 4-chome, Chuo-ku, Osaka
541-0056, Japan. Tel: +81-6-4560-2715, Fax: +81-6-4560-2091, E-mail:
OkamotoHiroyuki@prahs.com

mediates lymphocyte trafficking to gastrointestinal mucosa
and gut-associated lymphoid tissue through mucosal addressin
cell adhesion molecule-1 (MAdACAM 1)." The novel mecha-
nism of action of vedolizumab allows it to bind exclusively to
the a,B, integrin, antagonizing its adherence to MAdCAM-1
and thereby impairing the migration of leukocytes into gastro-
intestinal mucosa.' The gut-selective, anti-inflammatory activ-
ity of vedolizumab enables targeted therapy without general-
ized immunosuppression. Vedolizumab intravenous (IV), a
lyophilized formulation of vedolizumab intended for IV infu-
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sion has been granted marketing approval in over 65 coun-
tries worldwide, including the United States, European Union,
and Japan. Vedolizumab 1V is indicated as a first-line biologic
for adult patients with moderately to severely active ulcerative
colitis (UC) or Crohn’s disease (CD) who have failed to respond
to or are intolerant of conventional therapy; or as a second-
line biologic following treatment with a tumor necrosis factor
(TNF) antagonist.”’ Vedolizumab IV is well-established as ef-
fective and safe for both induction and maintenance treatment
of UC and CD.

The recommended dose regimen for vedolizumab IV is 300
mg administered by IV infusion at 0, 2, and 6 weeks and then
every 8 weeks (Q8W) thereafter. In some regions, increasing
the frequency of dosing to every 4 weeks (Q4W) is indicated
for those who have lost response to the Q8W regimen during
the maintenance phase. Therapy for UC or CD patients should
be discontinued if no evidence of therapeutic benefit is ob-
served by week 14.

The pharmacokinetics (PK) of vedolizumab and other ther-
apeutic monoclonal antibodies used for the treatment of UC
and CD have been previously reported.*” Several factors are
associated with accelerated clearance of these antibodies, in-
cluding the presence of anti-drug antibodies, sex, body size,
concomitant immunosuppressant use, inflammatory bowel
disease (IBD) type, albumin concentration, and degree of sys-
temic inflammation.”"’ For vedolizumab, only extreme albu-
min and body weight values were identified in a previously re-
ported population PK analysis as potential clinically impor-
tant predictors of its linear clearance (CL;) in a predominantly
Western population.’

Biologic drugs have shown that they are generally insensi-
tive to ethnicity; most monoclonal antibodies show no differ-

8,11-16 FOI' ex-

ences between ethnic groups with respect to PK.
ample, golimumab showed comparable PK in healthy Cauca-
sian and Japanese subjects following a single dose subcutane-
ous administration.” Similar results were reported for certoli-
zumab in patients with CD."

Here we report the results of a new analysis which aimed to
update the previously developed population PK model for ve-
dolizumab" with data from phase 3 studies in Japanese pa-
tients.

Because genetic, environmental, and/or cultural differences
amongst populations may result in different PK and unex-
pected clinical response rates, the goal of this analysis is to as-
sess the impact of covariates on vedolizumab PK in Asian and
non-Asian UC and CD patients, while describing the typical
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population parameters as well as interindividual and residual
variability.

METHODS

1. Study Design and Sample Collection

A similar approach to what was presented before was adapted
in the current analysis, where the majority of the data consist-
ed of sparse vedolizumab PK sampling from phase 3 studies.'
The analysis was conducted using vedolizumab serum con-
centrations obtained from 5 randomized, placebo-controlled
clinical studies: a phase 1 study in Japanese patients with active
UC (CPH 001), two phase 3 studies in patients with moderate-
ly to severely active UC (GEMINI 1; NCT00783718, and CCT
101; NCT02039505), and two phase 3 studies in patients with
moderately to severely active CD (GEMINI 2; NCT00783692
and CCT-001; NCT02038920) (Supplementary Table 1).""*
Studies CPH-001, CCT-001 and CCT-101 were all conducted
in Asian (Japanese) patients, whereas the GEMINI studies
were conducted in predominantly Western populations. The
study designs and clinical data for the CPH-001, GEMINI 1
and 2 studies have been previously reported."* The study de-
signs for CCT-001 and CCT 101 were consistent with those of
the GEMINI studies, but were conducted in Japanese pa-
tients.” All study protocols and consent forms were approved
by institutional review boards or ethics committees at the
study sites, and studies were conducted in accordance with
the principles of good clinical practice and the Declaration of
Helsinki. All patients provided written informed consent be-
fore study participation.

Details of the blood sampling times for PK and anti-vedoli-
zumab antibodies (AVA) are provided in Supplementary Ta-
ble 1. Extensive PK sampling was used in the phase 1 study,
whereas sparse sampling was used in the phase 3 studies.

2. Assays
Vedolizumab serum concentrations were determined using a
sandwich enzyme-linked immunosorbent assay (ELISA) as
described previously.' The assay used to quantify vedolizum-
ab serum concentrations in studies GEMINI 1 and 2 and CPH
001 had lower and upper limits of 0.125 pg/mL and 8 pg/mL,
respectively. The assay used in studies CCT-001 and CCT-101
had a calibration range of 0.200 pg/mL to 8 pg/mL.

The presence of AVA in human serum samples was detect-
ed using a validated electrochemiluminescence (ECL) assay.
All samples that screened positive were further diluted to de-
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termine the final AVA titer using standard techniques. If both
screening dilutions were negative, the sample was considered
negative.

3. Data Assembly

The dosing, covariate, and PK data were merged and format-
ted for the population analysis using R, version 3.3.3 of R (R
Foundation for Statistical Computing, Vienna, Austria; http://
www.r-project.org/). Concentration measurements with miss-
ing observation times had times imputed relative to dosing
times. Pre-first dose observations with measurable concentra-
tions were excluded from the analysis but maintained in the
dataset. Patients who received placebo in both induction and
maintenance phases from GEMINI 1, GEMINI 2, CCT-101,
and CCT-001 were not included in the dataset. Samples with
vedolizumab concentrations below the limit of quantification
(BLQ) were not evaluated during the population PK model
development given that the percentage of BLQ data after the
first dose was small (6% of the total data), although these sam-
ple records were maintained in the dataset for model evalua-
tion purposes.

Covariates present in the population PK dataset were body
weight, age, sex, race, IBD diagnosis, serum albumin, and AVA
titer. IBD diagnosis was defined as UC or CD. Six different race
categories were present in the dataset: white, Asian, American
Indian or Alaska Native, Native Hawaiian or other Pacific Is-
lander, and other. Body weight, albumin and AVA titer were
present in the dataset as time-varying covariates. All other co-
variate data present in the dataset were baseline values. The
AVA-related variables in the analysis dataset represented total
binding antibodies (not neutralizing antibodies).

Body weight and serum albumin were typically observed
on a frequent basis over the course of the studies and there-
fore, interpolation of values between observed time points
was done using a last observation carried forward approach
rather than, for example, linear interpolation. Body weight and
albumin were often observed on dosing or PK sampling visits.
AVA titers were sampled much less frequently compared to
body weight and albumin, and so AVA titers were imputed be-
tween observed values using linear interpolation. This ap-
proach was taken to avoid unreliable and biased covariate es-
timates due to NONMEM backfilling covariate records be-
tween two time points during the estimation procedure.

An occasion variable named OCC was included in the data-
set for modeling interoccasion variability (IOV). An occasion
was defined as a dosing interval with at least one associated
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vedolizumab PK measurement.

4. Population Pharmacokinetic Model Development
The population PK analysis for repeated measures was con-
ducted using a nonlinear mixed-effects modeling approach
(NONMEM 7, version 7.3; ICON Development Solutions, Elli-
cott City, MD, USA).”* The pre- and post-processing input/out
and analysis scripting was programmed using R. The Monte
Carlo importance sampling expectation-maximization (EM)
method was employed during model development, and the
final population PK model was fit to the data using the full
Bayesian Markov Chain Monte Carlo (MCMC) method. The
Bayesian prior distributions specified in the final population
PK model were utilized during all stages of model develop-
ment. Both Bayesian MCMC and importance sampling meth-
ods were implemented with the $PRIOR subroutine to incor-
porate priors into the population PK models."

In the previous vedolizumab population analysis, the base
population PK model was developed using extensively sam-
pled PK data from studies C13002 and C13009. Results from
the base population PK model were then used as prior infor-
mation to selectively inform a subset of PK parameters in the
final population model fit to sparse phase 3 data (GEMINI 1, 2,
and 3)." A similar approach was adapted here, where the ma-
jority of the data for the final population model consisted of
sparse vedolizumab PK sampling from phase 3 studies GEMI-
NI1and 2, CCT 101 and CCT-001.

The final population PK model developed previously, was
used as a starting point for model development in the current
analysis." Of note, the previous published population model
was developed with AVA as determined by an ELISA assay.'
The samples were subsequently re assayed with an ECL assay
and the population PK model was updated. Because of inter-
ference issues with the ELISA assay, the impact of AVA on ve-
dolizumab CL,; in the previous analysis was investigated using
a subject-level AVA variable (subject never had AVA-positive
result versus subject had at least one AVA-positive result). The
new analysis had updated ECL assay data and time-varying
AVA data in the dataset, so other functional forms of modeling
the AVA effect on CL, were evaluated using the continuous ti-
ter data (rather than a categorical effect as previously).”

Prior distributions specified in the previous final population
PK model were incorporated into the current analysis model
development. In brief, informative priors were defined for
maximum elimination rate (V,,.), concentration at half-maxi-
mum elimination rate (K,,), peripheral volume distribution
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(V,) and intercompartmental clearance (Q), whereas uninfor-
mative (vague) priors were defined for the remaining fixed-ef-
fect parameters (structural PK parameters and covariate coef-
ficients) and interindividual random-effect parameters in the
model. This was implemented in NONMEM using the $PRIOR
subroutine. The uninformative priors allowed estimation of
these parameters to be driven by study data in the current
analysis rather than previous results.

Covariate effects in the previous final model were removed
and the full covariate model was reconstructed to incorporate
the covariates of interest for this analysis. Covariates were re-
moved from the previous model for several reasons: not of
clinical interest for the current analysis, was found not to be a
clinically meaningful covariate in the prior analysis, or was not
measured in the Japanese studies (CPH-001, CCT-101, and
CCT001).

Body weight was chosen to represent changes in vedoli-
zumab PK as a function of body size and was described using
an allometric model with a reference weight of 70 kg. The oth-
er continuous covariates entered the model as power func-
tions normalized by a reference value. The categorical covari-
ates entered the model as power functions, with a separate di-
chotomous (0, 1) covariate serving as an on-off switch for
each effect.

Inferences about the clinical relevance of covariates were
based on the resulting parameter estimates and measures of
estimation precision (Bayesian 95% credible intervals [CDIs])
from the full model. In the absence of an exposure-response
relationship for efficacy-related clinical endpoints to provide a
context for interpretation of PK variability, covariate effect siz-
es on CL;, greater than + 25% of the normalized reference value
were proposed as clinically meaningful changes.

Further details regarding the population PK analysis meth-
ods, including modeling assumptions and model evaluation,
were provided in the supplementary appendix of Rosario et al.
(2015)." Further details regarding the general modeling meth-
ods for this analysis are provided in Supplementary Material 1.

5. Population PK Model Evaluation

The final population PK model and parameter estimates were
investigated with a posterior predictive check method. The basic
premise is that a model and parameters derived from an ob-
served dataset should produce simulated data that are similar to
the original observed data. Five hundred random samples of pa-
rameter estimates from the joint posterior probability distribu-
tion were taken. For each set of parameter estimates, one simu-
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lation replicate of the original dataset was generated using the fi-
nal population PK model. Distributions of an exposure metric of
the simulated data were compared with the distribution of the
same exposure metric in the observed dataset using a visual
predictive check (VPC) for study CPH-001 or quantile plots for
the remaining studies. A VPC was chosen for CPH-001 as this
study had more intensive PK sampling compared to other stud-
ies in the analysis which had sparse sampling.

The precision of the parameter estimates from the final
population PK model was assessed by summarizing the pa-
rameter samples from the Bayesian posterior probability dis-
tributions. Bayesian 95% CDIs were constructed by observing
the 2.5th and 97.5th percentiles of the posterior distributions.
No sample thinning was performed when summarizing the
posterior distributions.

RESULTS

1. Pharmacokinetic Analysis Dataset

The PK analysis dataset consisted of 1,933 individuals who
contributed 16,598 evaluable vedolizumab serum samples,
including 9 patients from the phase 1 study (CPH-001, UC),
and 743, 966, 152, and 63 patients from the phase 3 GEMINI 1
(UC), GEMINI 2 (CD), CCT-101 (UC), and CCT-001 (CD)
studies, respectively.

Demographics and other characteristics of the PK analysis
dataset are summarized in Table 1. The dataset consisted of
1,018 men (53%) and 915 women (47%) with ages ranging
from 17 to 79 years and baseline body weights ranging from
28 to 172 kg. Serum baseline albumin ranged from 1.40 to 5.30
g/dL. A total of 1,029 individuals had CD (53%) and 904 (47%)
had UC. The dataset consisted of 77% white patients, and 396
Asian patients (20%).

There were 1,774 patients (92%) with observed AVA titer
that were all negative and 159 patients (8.2%) with at least one
observed positive AVA titer. Titer values for positive samples
were typically between 10 and 6,250 with very few titers above
6,250.

The effect of race on vedolizumab CL; was modeled using 2
categories: Asian and non-Asian. American Indian, black, Na-
tive Hawaiian and other patients were pooled together with
white patients to define the non-Asian category given the
small number of patients in those racial groups. Japanese pa-
tients in studies CPH-001, CCT-101, and CCT-001 (n=224)
made up 57% of the total number of Asian patients (n=396).
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Table 1. Summary of Categorical Covariates by Study

All studies CPH-001 CCT-101 CCT-001 GEMINI 1 GEMINI 2
No. 1,933 9 152 63 743 966
AVASUB
Negative 1,774 (91.8) 7 (77.8) 144 (94.7) 60 (95.2) 673 (90.6) 890 (92.1)
Positive 159 (8.2) 2(22.2) 8 (5.3) 3 (4.8) 70 (9.4) 76 (7.9)
Diagnosis
CD 1,029 (53.2) - - 63 (100) - 966 (100)
uc 904 (46.8) 9 (100) 152 (100) - 743 (100) -
Race
American Indian’ 5(0.3) - - - 3(0.4) 2(0.2)
Asian 396 (20.5) 9 (100) 152 (100) (100) 102 (13.7) 70 (7.2)
Black 30(1.6) - - - 10 (1.3) 20 (2.1)
Native Hawaiian® 3(02) - - - 2(03) 1(0.1)
Other 12 (0.6) - - - 9(1.2) 3(03)
White 1,487 (76.9) - - - 617 (83.0) 870 (90.1)
Sex
Female 915 (47.3) 2(222) 62 (40.8) 24 (38.1) 311 (41.9) 516 (53.4)
Male 1,018 (52.7) 7(77.8) 90 (59.2) 39 (61.9) 432 (58.1) 450 (46.6)
Age (yr) 36.0 (17.0-79.0) 39.0 (21.0-70.0) 430 (18.0-77.0) 31.0 (17.0-79.0) 38.6 (18.3-77.7) 33.6 (17.7-77.3)
Body weight (kg) 67.0(280-1720) 71.5(43.7-93.1)  57.6(35.2-91.9) 553 (35.5-104.0)  71.8(33.0-172.0)  67.0(28.0-163.0)
Albumin (g/dL) 3.80(1.40-530)  4.20(3.20-4.60)  4.10(2.50-490)  3.70 (1.90-4.40)  3.90(1.60-5.30)  3.60 (1.40-5.00)

Values are presented as number (%) or median (range).

°Or Alaska Native.

°Or other Pacific Islander.

AVASUB, detectable anti-vedolizumab antibodies at any point during study; CD, Crohn's disease; UC, ulcerative colitis.

2. Population Pharmacokinetic Modeling Results Dose

1) Final PK Model Intercompartmental

The structural component of the final vedolizumab popula- Cortral >/ Foripheral
tion PK model consisted of a two-compartment model with compartment | €————| compartment

zero order (IV infusion) input and parallel linear and nonlin-
ear elimination pathways. The model was parameterized in
terms of CLy, central volume distribution (V.), V, Q, Vi, and
K (Fig. 1). The model was implemented using PREDPP sub-
routine ADVAN13 and TRANSI. Interindividual random ef-
fect distributions were modeled using exponential variance
models for CLi, V., and V,, with a full block covariance matrix,
while residual random effects were described with a propor-

Linear clearance Nonlinear clearance (e.g.

target-mediated elimination)
Vmax

Fig. 1. Diagrammatic representation of the final population phar-
macokinetic model of vedolizumab. CL, linear clearance; CLy, non-
linear clearance; Vima, maximum elimination rate; Ky, half-maxi-
mum elimination rate; Conc, vedolizumab concentration. This fig-
ure is reproduced with permission from John Wiley & Sons.

tional error model. IOV was modeled on CL. using an expo-
nential random effect.

The primary covariates of interest for the full covariate mod-
predictor of CLy; and diagnosis (UC vs. CD) as a predictor of
CLi. All covariates (with exception of race and diagnosis) were

el were defined a priori. They included: body weight as a pre-
dictor of CLy, V, V}, Q, and Vi, serum albumin as predictor of

CLi; AVA as a predictor of CLy; race (Asian vs. non-Asian) as time-varying.
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CLy, Vo V,, Q, and Vi were scaled by body weight using a
power model normalized to a weight of 70 kg. The power coef-
ficients were estimated for CL,; and V, and fixed to theoretical
allometric values for the remaining parameters (0.75 for Q
and Vi 1 for V,,). The effect of albumin on CL;. was described
using a power model normalized to albumin concentration of
4.0 g/dL. The effect of race (Asian vs. non-Asian) on CL;, was
described using a multiplicative function with the covariate
serving as an indicator variable for the effect. The effect of di-
agnosis (UC vs. CD) on CL; was similarly described by a mul-
tiplicative function with the covariate serving as an indicator
variable. The effect of AVA on CL, was investigated by model-
ing separate typical value parameters of CL;, for AVA-negative
and AVA-positive patients. The change in CL;, as a function of
AVA titer was described using a log-transformed power model
normalized to a titer of 250. Negative AVA was defined as a ti-
ter <10 and positive AVA was defined as a titer >10. The sepa-
rate typical CL, values for AVA-negative and AVA-positive
shared the same interindividual variance term and covariate
effects (i.e, body weight, albumin, race and diagnosis).

Diagnostic plots demonstrated that the final model was
consistent with the observed data and showed an adequate fit
of the model (Supplementary Figs 1, 2). When stratifying plots
of observed data vs model predictions by race (Supplementa-
ry Fig. 2), diagnosis or AVA titer (not shown), no notable
trends of systematic bias were observed. This indicated that
the model adequately described the data across different rac-
es, diagnoses and AVA titers.

PK parameter estimates and 95% CDIs from the final popu-
lation PK model and their interindividual variability estimates
are shown in Table 2. Typical value estimates of the PK param-
eters are presented for the reference covariates (body weight:
70 kg, albumin: 4 g/dL, race: non-Asian, diagnosis: UC, AVA-
negative titer: <10; AVA-positive titer: 250). The point estimates
in the table were derived by observing the median of the
Bayesian posterior distributions. The linear elimination phase
halflife (t1/2) was 24.7 days for AVA-negative patients and 18.1
days for AVA-positive patients (titer 250). Interindividual vari-
ability estimates were indicative of moderate to large unex-
plained variability. The interindividual variability estimates
(percent coefficient of variation [%CV]) from the model were
30.8% for CLy, and 20.2% for V., and 70.2% for V,, (Table 2). IOV
on CL; was moderate, with an estimated %CV of 20.3%. The
residual error (unexplained random residual variability in the
model) was relatively small (%CV of 17.8%) (Table 2).
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Table 2. Parameter Estimates from the Final Population Pharma-
cokinetic Model for Vedolizumab

Bayesian 95%

PK parameter Estimate® DI
AVA- CL, (L/day) 0.165 (0.160, 0.170)
AVA+ CL (L/day) 0.246 (0.222,0.273)
Ve (1) 3.16 (3.11,3.22)
Vv, () 1.84 (1.71,1.99)
Vinex (Mg/day) 0.238 (0.191,0.296)
Q (L/day) 0.161 (0.150, 0.173)
K (g/mL) 0.851 (0.641, 1.150)
Cli~ WT 0.472 (0.400, 0.533)
CLi~ albumin -1.19 (-1.27,-1.11)
ClLi~ AVA+ 00713 (0.0404, 0.1020)
ClLi~race: Asian 1.10 (1.06, 1.14)
Ve WT 0.466 (0.424, 0.509)
CL.~ diagnosis: CD 0.990 (0.960, 1.020)
Vo WT 1.00 Fixed

Vi ~WT 0.750 Fixed

Q~WT 0.750 Fixed

IV CL (wéu) 30.8 %CV (29.5,32.2)
CORR CL-V. r=0.581 (0.532, 0.627)
IV Ve (o) 20.2 %CV (19.2,212)
CORR CL-V, r=0.0188 (-0.0565, 0.0951)
CORR V=V, r=0371 (0.284, 0.455)
IV Vy (%) 70.2 %CV (62.8,78.8)
IV Virax (0rex) 0.00 %CV fixed

1V Q (wd) 0.00 9%CV fixed

IV K, (@) 0.00 %CV fixed

10V CL. (@iovew) 20.3 %CV (18.8,21.8)

ReSprop (Grop) 0.0318 (%CV=17.8) (0.0303, 0.0333)

*Estimates of 6 modeled in the natural log domain were exponentiated
and are reported in the table. Parameter estimate and 95% credible
interval (CDI) were derived from the median, 2.5th and 97.5th percentiles
of the Bayesian posterior probability distribution. Separate typical values
of linear clearance (CL) were modeled for anti-vedolizumab antibodies
(AVA)- and AVA+ with a shared interindividual variance term and shared
covariate effects except for AVA effect (which was only present when
a patient had a positive titer). Typical estimates of the pharmacokinetic
(PK) model parameters are presented for the reference covariates: body
weight: 70 kg, albumin: 4 g/dL, race: non-Asian, diagnosis: UC, AVA- titer:
<10, AVA+ titer: 250.

V., central volume distribution; V,, peripheral volume distribution; Vi,
maximum elimination rate; Q, intercompartmental clearance; Ky, half-
maximum elimination rate; WT, body weight (kg); IV, interindividual
variability (variance, ®’); CORR, correlation coefficient (r); %CV, percent
coefficient of variation; |0V, interoccasion variability (variance, ®Y); ReSprop,
proportional residual variability (variance, Gﬁrop].
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2) Final Model Covariate Effects
The effect of body weight was a determinant of variability in
CL. with an estimated power coefficient (95% CDI) of 0.472
(0.400, 0.533) (Table 2). Serum albumin was also a determi-
nant of variability in CL;, with an estimated power coefficient
(95% CDI) of -1.19 (-1.27, - 1.11).

The effect of race on CL, was small and precisely estimated
with a point estimate (95% CDI) indicating an increase in CL;,
in Asian patients by a factor of 1.10 (1.06, 1.14) compared to
non-Asian patients (Table 2).

There was no effect of IBD diagnosis on CL;; the effect was
precisely estimated with a point estimate (95% CDI) indicat-
ing a decrease in CL, in CD patients by a factor of 0.990 (0.960,
1.020) compared to UC patients.

The presence of AVA was estimated to increase vedolizum-
ab CL,. For a typical AVA positive patient with a titer of 250,
the point estimate and 95% CDI for CL, was 0.246 L/day
(0.222, 0.273) compared to 0.165 L/day (0.160, 0.170) for the
reference patient with a negative AVA. The 95% CDI for the
power coefficient of the AVA titer effect was relatively wide
(0.0404, 0.1020). This imprecision is in part likely due to the
low incidence of positive AVA titers in the dataset.

Further evaluation of covariates on CL;. was conducted via
simulation as described previously." The impact of covariates
on vedolizumab CL; is shown in Fig. 2. Covariate effect sizes
of £25% from the typical reference patient were used as a limit
for clinically meaningful changes. The figure clearly shows the
expected impact of body weight, albumin and AVA on CL,.
Body weight and albumin appeared not to have a clinically
meaningful impact across the range of values evaluated ex-
cept at the extremes (i.e., observed 5th and 95th percentiles of
the covariates). Extreme values of body weight (e.g., 106 kg)
and albumin (e.g,, 2.7 g/dL) and a positive AVA titer (>10)
were identified as potentially clinically important predictors
of CLy, as the 95% CDI for the covariate effect partially or com-
pletely fell outside of the +25% range. The effect of race was
not considered to be clinically important as the entire 95%
CDI for the covariate effect fell within the +25% range. Simi-
larly, there was no clinically meaningful effect of IBD diagnosis
on CL;. The distribution of individual patient vedolizumab
CLy. estimates from the final population PK model for Asian
and non-Asian in patients with UC and CD are shown in Fig,
3. This figure reflects the minimal impact of race and IBD di-
agnosis on vedolizumab CLy.
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Fig. 2. Covariate effects on vedolizumab linear clearance (CL). CL.
relative to the typical reference subject (body weight: 70 kg, albu-
min: 4 g/dL, race: non-Asian, diagnosis: UC, AVA: negative [titer
<10]) is plotted by covariate value. Covariates were fixed to the
reference values except when they were the subject of perturba-
tion. Body weight and albumin were evaluated at the 5th, 25th,
75th, and 95th percentiles in the dataset. Positive AVA was evalu-
ated at titer values with the highest incidence in the dataset. The
closed circles represent the effect for that covariate at the median
covariate parameter estimate derived from the Bayesian posterior
probability distribution. The horizontal line represents the evalua-
tion of the effect at the extremes of the posterior derived 95%
credible interval (CDI) for that covariate parameter estimate. Me-
dian and 95% CDI values for the covariate effect are shown
above the distribution. The vertical line at x=1 represents the
typical reference subject, and the grey shaded region represents a
parameter change of +25% from the reference value of 1 (null
effect).
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Fig. 3. Distribution of individual vedolizumab linear clearance
(CL) estimates from the final population pharmacokinetic model
in Asian (A) and non-Asian patients (B) with ulcerative colitis (UC)
and Crohn's disease (CD).

3. Pharmacokinetic Model Evaluation

The vedolizumab population PK model evaluation results,
which included the results of a posterior predictive check and
Bayesian 95% CDIs, revealed that the final model provided a
reliable description of the data with good precision for most
fixed and random effect parameters.

The precision of the population PK model parameters was
assessed by summarizing the parameter samples from the
Bayesian posterior probability distributions. Bayesian 95% CDIs
were constructed by observing the 2.5th and 97.5th percentiles
of the posterior parameter distributions. Overall, most structural
model parameters, covariate effects, and random effect vari-
ance terms were estimated with good precision (Table 2).

The final model and parameter estimates were evaluated
with a simulation-based posterior predictive check method.
Exploratory graphs (VPC and quantile-quantile plots) were
generated to compare distributions of an exposure metric in
the simulated data with the distribution of the same metric in
the observed dataset (Supplementary Figs 3, 4; studies CPH-
001, CCT-001, and CCT-101). The results demonstrated good
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agreement between observed and simulated data when eval-
uated under different vedolizumab regimens, race groups and
IBD diagnosis. The predictive check results are not shown for
the GEMINI studies but were consistent with those previously
reported.’

DISCUSSION

A population PK model for vedolizumab administered IV to
patients with moderately to severely active UC and CD was
developed, using data collected in clinical trials in Japan and
outside Japan. The PK of vedolizumab was well described by a
two-compartment model with zero-order input and parallel
linear (CL;) and nonlinear (CLy) elimination from the central
compartment. The physiological interpretation of this model
has been provided elsewhere.' The estimated half-life in AVA-
negative patients was 24.7 days, which is consistent with that
of endogenous human IgG1 (~21 days) and of therapeutic
monoclonal antibodies of the IgG1 subclass.” The previously
reported half-life of vedolizumab in non-Japanese patients
was 25 days."

Previously we reported the effects of intrinsic and extrinsic
covariates (body weight, age, albumin, fecal calprotectin,
Crohn’s Disease Activity Index score, partial Mayo score, con-
comitant immunosuppressive therapy use, AVA status, and
prior TNF-a antagonist therapy status) on vedolizumab CL,.
In the analysis reported here, we only carried forward and
evaluated the effects of body weight and albumin, which were
identified as potentially clinically important covariates in the
previous analysis. AVA titer, race, and IBD diagnosis were also
of clinical interest for this analysis and thus included in the full
covariate model.

For the first time, we assessed the effect of race (Asian vs.
non-Asian) on the elimination of vedolizumab. Race was not
explored in the previous analysis. The impact of race on clear-
ance of vedolizumab was found to not likely be clinically sig-
nificant. The effect of race on CL, was small and precisely esti-
mated with a point estimate (95% CDI) indicating an increase
in CLy. in Asians by a factor of 1.10 (1.06, 1.14) compared to
non-Asian patients. The effect of Asian race on CL;, was esti-
mated with good precision and the effect 95% interval lied
within the +25% region of unimportance. If there was insuffi-
cient information on this effect (e.g, sample size) we would
expect the 95% interval of the posterior distribution for the co-
variate effect to be wide and span across values of a covariate
effect that are both clinically important and unimportant.
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Likewise, a comparison of the distribution of individual pa-
tient CL. estimates between Asian and non-Asian patients
showed similarities between the 2 race groups (Fig. 3). These
results are expected as vedolizumab is an antibody, and IgG1
characteristics are generally insensitive to ethnicity. Beyond
the PK data presented here, phase 3 trials in Asian UC or CD
patients treated by vedolizumab at a similar posology have
shown similar trends in clinical efficacy and safety to the
GEMINTI studies.""**!

Extreme values of albumin had important effects on vedoli-
zumab CL;. Albumin concentrations below 2.7 g/dL were as-
sociated with increased vedolizumab CL, relative to a patient
with 4 g/dL albumin that was greater than the prespecified
criterion for clinical significance (assuming reference values
for all other covariates). Similar association of low albumin
concentrations with increased clearance has been reported in
population PK analyses of other monoclonal antibodies.”"’ A
potential physiological mechanism behind the relationship
between albumin and vedolizumab CL. has been discussed
elsewhere.'

The second important covariate identified was body weight,
which was positively correlated with vedolizumab CLi, but
not considered clinically relevant when evaluated over a range
of weights reflecting the majority of observed weights in the
dataset. For example, a patient of 46 kg with reference values
for all other covariates had an estimated (95% CDI) relative
change in CL;, of 0.82 (0.79, 0.86) versus a 70 kg patient; this
result is within the prespecified criterion for clinical signifi-
cance (Fig. 2). Likewise, a patient of 106 kg had an estimated
(95% CDI) relative change in CL;, of 1.22 (1.17, 1.26) versus a
70 kg patient; a result that just crossed the criterion for clinical
significance. The impact of body weight on vedolizumab CL;
is consistent with that reported in population PK analyses of
other therapeutic monoclonal antibodies.”"

Previously, we reported the impact of AVA on clearance of
vedolizumab using data from an ELISA assay.' Later, samples
from GEMINI 1 and 2 were re-assayed using an ECL assay
and the population PK model was updated.” In this updated
model the covariate model for AVA on CL. was also revised.
Here we reported the effect of AVA on vedolizumab CL;, using
the new assay and the updated model. In the current analysis,
the presence of AVAs increased CLy. from 0.165 to 0.246 L/day,
for AVA-negative patients (<10 titers) and AVA-positive pa-
tients (titer 250), respectively. The estimated half-life was 24.7
days for the linear elimination phase for AVA-negative patients
(<10 titers) and 18.1 days for AVA-positive patients (titer 250).
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The impact of AVA on CL, reported here was greater than that
previously reported.’ This can be attributed to a number of
factors outlined above and in section “Population pharmaco-
kinetic model development.”

There was no effect of IBD diagnosis on CLy; the point esti-
mate (95% CDI) indicated a lower CL;. in CD patients by a fac-
tor of 0.990 (0.960, 1.020) compared to UC patients. Further
evaluation of the effect of IBD diagnosis on CL; showed that
this covariate is not expected to be clinically meaningful (Fig.
2). This finding is consistent with the previous population PK
analysis of vedolizumab.'

In conclusion, a population model characterizing the PK
properties of vedolizumab was successfully developed for
Asian and non-Asian patients with UC or CD. The modeling
results suggest that vedolizumab CL, is similar in Asian pa-
tients compared to non-Asian patients and in UC and CD pa-
tients. Albumin, body weight and AVA were identified as pre-
dictors of vedolizumab CLy, but the effects of these covariates
are only considered clinically meaningful at extreme values.
This analysis supports the use of flat-fixed dosing with vedoli-
zumab in Asian and non-Asian UC and CD patients.
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See “Population pharmacokinetics of vedolizumab in Asian and non-Asian patients with ulcerative colitis and
Crohn’s disease” on page 95-105.

Supplementary Material 1. General modeling methods

Assessment of model adequacy and decisions about increasing (or decreasing) model complexity were driven by the data and
guided by goodness-of-fit criteria, including: (1) visual inspection of diagnostic scatter plots (including observed vs. predicted con-
centration, residual/weighted residuals vs. predicted concentration or time and histograms of individual random effects); (2) suc-
cessful convergence of the minimization routine with at least 2 significant digits in parameter estimates; (3) plausibility of parame-
ter estimates; (4) precision of parameter estimates; (5) correlation between model parameter estimation errors <0.95; and (6) the
Akaike information criterion (AIC), given the minimum objective function value and number of estimated parameters.

A full covariate modeling approach emphasizing parameter estimation rather than stepwise hypothesis testing was implement-
ed for the population pharmacokinetic analysis." First, predefined covariate-parameter relationships were identified based on ex-
ploratory graphics, scientific interest, mechanistic plausibility or prior knowledge. Then a full covariate model was constructed
with care to avoid correlation or collinearity in predictors; covariates with correlation coefficients greater than ~0.35 were not si-
multaneously included as potential predictors.

Inferences about clinical relevance of covariates were based on the resulting parameter estimates of the full model and mea-
sures of estimation precision (Bayesian 95% credible intervals). No hypothesis testing was conducted. This approach enables the
direct assessment of clinical relevance of covariate effects and also provides some explanation for the apparent absence of a co-
variate effect (i.e., true lack of effect vs lack of information about the effect).

Covariate effects on linear clearance (CL, ) were further evaluated via simulation using the joint posterior probability distribu-
tion of parameter samples from the Bayesian Markov chain Monte Carlo (MCMC) chain. One set of sampled model parameter
values was generated at each MCMC iteration. Each set of parameter values was then used to simulate CL, for the reference pa-
tient and over a grid of different covariate values. Each level was evaluated for categorical covariates. Continuous covariates were
evaluated at observed 5th, 25th, 75th, and 95th percentiles in the dataset. Covariates were fixed at their reference values except
when they were the subject of perturbation (i.e., covariate effects were evaluated in a univariate fashion). Typical value simulations
were used, so the resulting covariate effect distributions reflect parameter uncertainty for the reference patient and perturbed co-
variate settings, but do not reflect interindividual or residual variability.
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Supplementary Table 1. Clinical Studies Included in Vedolizumab Population Pharmacokinetic-Pharmacodynamic Analyses

Study Study design/study population/ . . Participants enrolled/ ot

identifier geographic region DL Lo with PK Sampling times

CPH 001 Phase 1, open-label, multiple-dose study Multiple IV doses Total=9 PK: Day 1 (predose, 2, 6, and 12
in Japanese patients with UC (aged (days 1, 15, 43) VDZ=9 hours postdose); on days 15
18-70 yr). VDZ 150 mg (n=3) PK=9 and 43 (predose, 2 and 6 hours

Site in Japan. VVDZ 300 mg (n=6) postdose); on days 2, 3 (first 3
patients only), 8, 16, 29 and during
follow-up (day 44 and wk 8, 10,
14,18, 22, 26, 30, and 34)
AVA: days 1, 15 and 43 (predose),
and any time on days 29, 57, 71,
99, 127, 155, 183, 211, and 239.

CCT-101 Phase 3, randomized, double-blind, Multiple IV doses Induction: PK: wk 2, 6, 10, 14, 22, 30, and 60/
placebo-controlled, parallel-group, Induction (wk 0, 2, Cohort 1 ET (predose if drug administered
multicenter study of efficacy, 6): Cohort 1 (double-  VDZ=164 at visit, or anytime during visit
safety and PK of VDZ induction and blinded) Placebo =82 if drug not administered). AVA:
maintenance therapy. VDZ 300 mg Placebo Cohort 2 wk 0,10, 30, 60/ET (predose if

Japanese patients with moderate or Cohort 2 (open-label)  VDZ =46 drug administered at visit, or
severe UC and inadequate response VDZ 300 mg Maintenance: anytime during visit if drug not
to, loss of response to, or intolerance  Maintenance (wk 14 VDZ Q8W =41 administered).
of 1 or more of the following agents: 60): VDZ 300 mg Placebo=42
corticosteroids, immunomodulators, or ~ Q8W Placebo Placebo continuation =26
TNF-0. antibodies (aged 15-80 yr). PK=152

Sites in Japan.

CCT-001 Phase 3, randomized, double-blind, Multiple IV doses Induction: PK: wk 2, 6, 10, 14, 22, 30, and 60/
placebo-controlled, parallel-group, Induction (wk O, 2, 6): VDZ=79 ET (predose if drug administered
multicenter study of efficacy, VDZ 300 mg Placebo  Placebo=78 at visit, or anytime during visit if
safety and PK of VDZ induction and Maintenance (wk 14 Maintenance: drug not administered).
maintenance therapy. 60): VDZ 300 mg VDZ Q8W =12 AVA: wk 0,10, 30, 60/ET (predose

Japanese patients with moderate or Q8W Placebo Placebo =12 if drug administered at visit, or
severe CD and inadequate response Placebo continuation=17  anytime during visit if drug not
to, loss of response to, or intolerance PK=63 administered).
of 1 or more of the following agents:
corticosteroids, immunomodulators, or
TNF-a antibodies (aged 15-80 yr).

Sites in Japan.

GEMINI 1 Phase 3, 52-wk, randomized, placebo- ~ Multiple IV doses Induction ITT: PK: wk 0, 2, 6,22, and 46 (predose

(NCT00783718)  controlled, double-blind, multicenter  Induction (wk 0, 2): VDZ =225 [within 30 min before start of
study of efficacy and safety of VDZ VDZ 300 mg Placebo =149 infusion] and postdose [within 2
induction and maintenance therapy. Placebo Induction non ITT: hr after start of infusion]); wk 14

Patients with moderately to severely Maintenance (wk VDZ =521 and 38 (predose); wk 4 and 52
active UC and inadequate response 6-52):VDZ 300 mg ~ Maintenance ITT: (anytime during visit).
to, loss of response to, or intolerance Q4W VDZ 300 mg VDZ Q4W =125 AVA: wk 0, 6, 14, 26, 38, 52 (or ET),
of 1 or more of the following Q8W Placebo VVDZ Q8W =122 66 (or Final Safety visit) and at
agents: corticosteroids (ex-US Placebo= 126 the time of disease exacerbation.
only), immunomodulators, or TNF-a Maintenance non ITT: Samples were collected predose, if
antagonists (aged 18-80 yr). VDZ Q4W =373 applicable.

Sites in North America, Western/ Placebo =149
Northern Europe, Central Europe, PK=654

Eastern Europe, and Asia/Australia/
Africa.
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Study Study design/study population/ . . Participants enrolled/ Sy
identifier geographic region DRI e with PK Sl s

GEMINI 2 Phase 3, 52-wk, randomized, placebo- ~ Multiple IV doses Induction ITT: VDZ =220 PK:wk 0, 2, 6, 22, and 46 (predose

(NCT00783692)  controlled, double-blind, multicenter Induction (wk 0, 2): Placebo = 148 Induction [within 30 min before start of

study of efficacy and safety of

VDZ 300 mg Placebo

non-ITT:VDZ =747

VDZ induction and maintenance
therapy. Patients with moderately to
severely active CD and demonstrated
inadequate response to, loss of

Maintenance (wk
6-52): VDZ 300 mg
Q4W VDZ 300 mg
Q8W Placebo

Maintenance ITT:
VDZ Q4W = 154 VDZ
Q8W =154 Placebo =153

Maintenance non-ITT: VDZ

response to, or intolerance of 1 or more
of the following agents: corticosteroids
(ex-US only), immunomodulators,

or TNF-a antagonists (aged 18-80

yr). Sites in North America, Western/
Northern Europe, Central Europe,
Eastern Europe, and Asia/Australia/
Africa.

Q4W =506 Placebo =148
PK=827

infusion] and postdose [within 2 h
after start of infusion]); wk 14 and
38 (predose); wk 4 and 52 (anytime
during visits). AVA: wk 0, 6, 14, 26,
38, 52 (or ET), 66 (or Final Safety
visit) and at the time of disease
exacerbation. Samples were

collected predose, if applicable.

PK, pharmacokinetics; IV, intravenous; VDZ, vedolizumab; AVA, anti-vedolizumab antibody; Q8W, every 8 weeks; ET, early termination; Q4W, every 4

weeks; ITT, intent to-treat; CD, Crohn's disease; UC, ulcerative colitis.
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Supplementary Fig. 1. Goodness-of-fit plots for the vedolizum-
ab final population pharmacokinetic model: residual and condi-
tional weighted residual with interaction (CWRESI) versus popu-
lation predicted vedolizumab concentration. Values are shown as
points with a dashed red loess trend line through the data. A solid
black line at y=0 is shown for reference.
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Supplementary Fig. 2. Goodness-of-fit plots for the vedolizum-
ab final population pharmacokinetic model: observed vedolizum-
ab concentrations versus population (PRED) and individual pre-
dicted (IPRED) vedolizumab concentration. Results are stratified
by race. Values are shown as points with a dashed red loess trend
line through the data. The line of identity (solid black) is shown
for reference.
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Supplementary Fig. 3. Predictive check for the vedolizumab final population pharmacokinetic model: Study CCT 101 (A) and Study CCT-
001 (B). Distributions of simulated vedolizumab trough concentrations at nominal times during induction and maintenance therapy
within each individual are compared with the actual observed distribution of trough values from the population pharmacokinetic dataset
for Studies CCT-001 and CCT-101. All nominal sampling times were troughs with the exception of the Week 10 sample which was ob-
tained at any time during the visit. Observed and simulated distributions were compared using quantile-quantile (QQ) plots. The 500 da-
taset replicates were simulated and QQ plots for each replicate are depicted by a solid blue line and are overlaid on the plot. The solid di-
agonal black line represents a reference line of identity. The dashed black vertical lines represent the 25th, 50th and 75th percentiles of
the observed data at a given nominal study visit.
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Supplementary Fig. 4. Predictive check for the vedolizumab fi-
nal population pharmacokinetic model: Study CPH-001. Distribu-
tions of simulated vedolizumab concentrations within each indi-
vidual are compared with the actual observed distribution from
the population pharmacokinetic dataset for Study CPH-001. Re-
sults are presented on a semi-log plot using dose normalized ve-
dolizumab concentrations. CDI, credible interval.
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