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AIMS
Tofacitinib is an oral, small molecule JAK inhibitor being investigated for ulcerative colitis (UC). In a phase 2 dose-ranging study,
tofacitinib demonstrated efficacy vs. placebo as UC induction therapy. In this posthoc analysis, we aimed to compare tofacitinib
dose and plasma concentration as predictors of efficacy and identify covariates that determined efficacy in patients with UC.

METHODS
One- and two-compartment pharmacokinetic models, with first-order absorption and elimination, were evaluated to describe
plasma tofacitinib concentration-time data at baseline and week 8. Relationships between tofacitinib exposure (dose, average
plasma drug concentration during a dosing interval at steady state [Cav,ss] and trough plasma concentration at steady state
[Ctrough,ss]) and week 8 efficacy endpoints were characterized using logistic regression analysis. Baseline disease, demographics,
prior and concurrent UC treatment were evaluated as covariates.

RESULTS
Plasma tofacitinib concentrations increased proportionately with dose and estimated oral clearance, and Cav,ss values were not
significantly different between baseline and week 8. Dose, Cav,ss and Ctrough,ss performed similarly as predictors of efficacy based
on statistical criteria for model fit and comparison of model predictions for each endpoint. Individual Cav,ss values were similar
between clinical remitters and nonremitters at predicted efficacious doses (10 and 15 mg twice daily). Baseline Mayo score was a
significant determinant of efficacy. Predicted differences from placebo in clinical remission at 10 mg twice daily for patients with
baseline Mayo score >8 and ≤8 were 39% (95% CI: 7–70) and 21% (–2–50), respectively.

CONCLUSIONS
Exposure–response characterization demonstrated the potential of tofacitinib 10 and 15 mg twice daily as induction therapy for
UC without monitoring of plasma drug concentrations for dose optimization.
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WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Dose optimization of biologic therapies for ulcerative colitis is required as patients may fail to respond, or lose response
due to low systemic drug concentration at the indicated dose.

• As an orally administered small molecule, tofacitinib is not expected to be susceptible to clearance mechanisms leading to
low systemic drug concentration.

WHAT THIS STUDY ADDS
• Exposure–response analyses from this phase 2 dose-ranging study of tofacitinib definitively characterized tofacitinib dose
and plasma concentration metrics as predictors of efficacy.

• Baseline disease activity was identified as themost important predictor of efficacy during induction therapy. Patients with
lower baseline disease activity were more likely to achieve remission at the end of induction treatment.

• Tofacitinib dose and plasma concentration performed similarly as predictors of induction efficacy for patients with ulcer-
ative colitis, and there was no effect of baseline disease or time on oral clearance of tofacitinib.

Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease of
the colon, characterized by intermittent episodes of disease
flare interspersed with periods of remission [1–3].
Patients with moderate to severe disease not controlled by
treatment with oral anti-inflammatory (5-aminosalicylic
acid, corticosteroids) or immunosuppressive (azathioprine,
6-mercaptopurine) drugs are currently treated with biologic
drugs administered intravenously or subcutaneously. Ap-
proved biologics for moderate to severe UC include antibod-
ies targeted against the proinflammatory cytokine tumour
necrosis factor-α (TNFα; infliximab, adalimumab and
golimumab) and the α4β7 integrin subunit on lymphocytes
(vedolizumab). However, not all patients with moderate to
severe UC derive a clinical benefit from currently available
therapies [4]. Patients with moderate to severe inflammatory
bowel disease (UC and Crohn’s disease) may initially respond
to therapy with biologic agents [i.e. TNF inhibitors (TNFi)],
but up to 60% experience secondary loss of response requir-
ing dose escalation or a switch to another TNFi to recapture
response [5, 6]. This loss of clinical benefit is often due to
the formation of neutralizing anti-drug antibodies, or
disease-related clearance mechanisms, that increase clear-
ance of the drug resulting in lower systemic drug exposure
than is required for efficacy.

Tofacitinib is an oral, small molecule Janus kinase
(JAK) inhibitor that is being investigated for UC. It is a selec-
tive oral inhibitor of the JAK family of kinases, including
JAK1 and JAK3, which mediate signal transduction activity
through the common γ chain of the surface receptors for
multiple cytokines, including interleukin-2, -4, -7, -9, -15
and -21 [7, 8].

Tofacitinib is not a biologic and is therefore not suscepti-
ble to changes in drug clearance due to the formation of neu-
tralizing anti-drug antibodies [9]. Clearance of tofacitinib
following oral dosing ismediated primarily by hepatic metab-
olism (70%) and, to a lesser extent, by renal elimination
(30%) [9]. Cytochrome P450 3A4 (CYP3A4) is the primary
hepatic enzyme responsible for metabolism of tofacitinib,
and CYP2C19 is an additional minor metabolic pathway.
Clinically significant differences in tofacitinib exposure due
to genetic polymorphisms in hepatic drug metabolizing en-
zymes is not expected, and the current prescribing

information for rheumatoid arthritis [10] does not recom-
mend dose changes related to genetic polymorphisms.

In an 8-week, placebo-controlled, dose-ranging phase 2
trial, patients with moderately to severely active UC treated
with tofacitinib were more likely to have clinical response
and remission than those receiving placebo [11]. The objec-
tives of this analysis were to: (1) compare tofacitinib dose and
plasma concentration as predictors of key efficacy endpoints
in the phase 2 induction study, and (2) evaluate the effect of
potential covariates, such as demographics, prior and concur-
rentUC treatments, and baseline disease activity, on tofacitinib
efficacy in patients with moderately to severely active UC.

Methods

Study design and patients
The 8-week, multicentre, randomized, double-blind, placebo-
controlled, dose-ranging, phase 2 trial included patients who
were aged at least 18 years and had a confirmed diagnosis of
UC for at least 3 months. Patients had a total Mayo score of
6–12 points (total Mayo score range: 0–12 points; higher
scores indicate more severe disease) and moderately to se-
verely active disease on sigmoidoscopy (endoscopic subscore
of 2 and 3, respectively [subscore scale: 0–3, higher scores in-
dicate more severe disease]). Patients could receive stable
doses of oral mesalamine and/or oral corticosteroids at a dose
of ≤30 mg day–1 of prednisone equivalence. Doses of oral
corticosteroids could not be increased but tapering was
permitted [11].

Patients were randomly assigned in a 2:2:2:3:3 ratio to re-
ceive oral tofacitinib at doses of 0.5mg, 3mg, 10mg or 15mg,
or placebo, administered twice daily (b.d.). Patients were
treated for 8 weeks and followed through week 12. No data
on clinical outcomes or adverse events were collected beyond
week 12 [11].

The trial is registered with ClinicalTrials.gov
(NCT00787202). The protocol was reviewed and approved
by the institutional review boards and independent ethics
committees of the investigational centres. All patients pro-
vided written informed consent. All authors had access to
the study data, and reviewed and approved the final
manuscript.
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Pharmacokinetics
The study protocol specified collection of plasma samples for
measurement of tofacitinib concentrations from all patients
prior to and following administration of a tofacitinib dose at
baseline and week 8 study visits. Samples were collected
0.25, 0.5, 1 and 2–3 h following the dose at these visits. In ad-
dition, two samples were collected 1 h apart during the week 2
and week 4 visits. Plasma samples were analysed for
tofacitinib concentrations using a validated, sensitive and
specific high-performance liquid chromatography–tandem
mass spectrometric assay method. Plasma specimens were
stored at approximately –20°C ± 10°C until analysis.
The lower limit of quantification for tofacitinib was
0.100 ng ml–1.

Efficacy assessments
Total Mayo score was determined at baseline and week 8
study visits. Colonoscopy or flexible sigmoidoscopy was per-
formed at baseline and again at week 8. Clinical response
was the primary study endpoint and was defined as a decrease
from baseline in the total Mayo score by at least 3 points and
at least 30% with an accompanying decrease in rectal bleed-
ing subscore of at least 1 point or absolute rectal bleeding
subscore of 0 or 1. Clinical remission was a secondary end-
point and defined as a total Mayo score of ≤2 points, with
no individual subscore exceeding 1 point. Mucosal healing
was defined as an endoscopy subscore of 0 or 1, and was de-
rived posthoc since it was not a prespecified endpoint in the
study [12, 13]. Exposure–response characterisation was per-
formed using clinical response, clinical remission and muco-
sal healing as efficacy endpoints.

Data analysis and modelling
Plasma tofacitinib concentration–time profiles were de-
scribed using nonlinear mixed-effects compartmental
models implemented in NONMEM version 7.3 (ICON
Development Solutions). One- and two-compartment phar-
macokinetic models, with first order absorption and elimi-
nation, were evaluated to describe plasma tofacitinib
concentration-time data at baseline and week 8 and the
best-fit model was selected. Maximum likelihood estimates
of fixed- and random-effect parameters were obtained using
the first-order conditional estimation method. Parameter
estimates were used to derive predicted individual
tofacitinib concentration metrics, e.g. average plasma
drug concentration during a dosing interval at steady state
(Cav,ss) over the nominal 12-h dosing interval and minimum
trough plasma concentration at steady state (Ctrough,ss) at the
end of the 12-h dosing interval.

Since the primary objective of the pharmacokinetic anal-
ysis was to obtain individual Cav,ss and Ctrough,ss values for
exposure–response analysis, a limited covariate evaluation
was performed in the pharmacokinetic model. The effect of
baseline disease severity on Cav,ss was evaluated using base-
line measurements of faecal calprotectin, C-reactive protein
(CRP), albumin concentration, and total Mayo score, which
were each added individually as covariates on oral clearance.
Tofacitinib dose and visit week were evaluated as covariates
on oral clearance to assess dose-proportionality and durabil-
ity of Cav,ss (derived from oral clearance) between study visits.

Predicted individual concentration metrics were used as in-
put for graphical and model-based characterization of
exposure–response relationships for efficacy endpoints.

Efficacy endpoints at week 8 (clinical remission, clinical
response, mucosal healing andMayo score) were summarized
and plotted by tofacitinib dose and quartiles (four bins) of
concentration metrics (Cav,ss and Ctrough,ss). The binary data
for clinical remission, clinical response and mucosal healing
were each described using logistic regression models. Linear
and nonlinear Emax relationships of these endpoints with
dose, Cav,ss and Ctrough,ss were evaluated, and the model pro-
viding a statistically better fit, based on the Akaike Informa-
tion Criterion (AIC), was selected. Effects of covariates were
evaluated in each model. The logistic regression model,
expressed linearly on the logit (log odds) scale, was specified

as: logit p Y ¼ 1½ �ð Þ ¼ ln p
1–p

� �
¼ β0 þ βD þ βm�Xm , where

p[Y = 1] was the probability of response, β0 (intercept)
corresponded to the placebo effect, βD was the drug effect
and Xm was the vector of covariates with corresponding lin-
ear coefficient vector βm. In linear models, the drug effect
was described as: βD = βd *C, where βdwas the slope coefficient
of the effect of the exposuremetric C (dose, Cav,ss or Ctrough,ss),
and in Emax models, βD = Emax × C/(E50 + C), where the param-
eters Emax and E50 represented maximal effect and the dose or
concentration for half-maximal effect, respectively.

Covariates evaluated in each exposure–response model
included potentially important prior and concurrent UC
treatments: prior TNFi failure (yes or no) and concomitant
corticosteroid use during the treatment period (yes or no).
Baseline disease markers (faecal calprotectin, CRP, albumin
concentration and total Mayo score) were evaluated as con-
tinuous covariates. The effect of patient demographics (sex,
age, body weight and body mass index) and smoking status
(current smoker or current nonsmoker) were also assessed.
The covariates were evaluated individually using a linear
coefficient, as described above, and significant covariates
were included additively in the full model. Following iden-
tification of the full dose–response model for each efficacy
endpoint, individual Cav,ss and Ctrough,ss values were each
tested as a covariate in the model to evaluate whether con-
centration metrics provided statistically significant im-
provement in model fit, based on minimum objective
function values.

Exposure–response modelling was performed using maxi-
mum likelihood methods implemented in NONMEM version
7.3 [14], and data handling and plotting was performed using
R version 3.02 [15]. Model comparisons for nested models
(e.g. covariate evaluation) were performed using the log like-
lihood ratio test, based on difference in the log likelihood
minimum objective function value between models. The
AIC, which adjusts the log likelihood for the number of
model parameters, was used for comparison of non-nested
models such as exposure–response models with dose, Cav,ss

and Ctrough,ss as predictors. Evaluation of the predictive prop-
erties of each full model was performed by simulating 5000
trials, identical to the index trial, using 5000 parameter sets
sampled from the variance–covariance matrix of each full
model. The proportion of responders at each dose or bin of
Cav,ss or Ctrough,ss in each trial was summarized across simu-
lated trials to obtain median (or mean) and confidence
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intervals (CI). These were plotted as a function of dose or ex-
posure (using the midpoint of each bin of Cav,ss and Ctrough,ss)
for comparison to observations in predictive check plots.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.
org/, the common portal for data from the IUPHAR/BPS Guide
to PHARMACOLOGY [16] and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 [17, 18].

Results

Data
Demographic and baseline disease characteristics of patients
included in the analysis are shown in Table 1. Of the 194 ran-
domized patients receiving study treatment, 188 were in-
cluded in the analysis. Tofacitinib plasma concentrations
data were available from 141 patients receiving active drug
in the study. Plasma concentrations were missing for five pa-
tients, and one randomized patient did not receive study
treatment. These six patients were excluded from the analysis
data set used for this analysis. Baseline faecal calprotectin was
not available for seven patients, and baseline CRP, albumin
concentration and Mayo score were each missing for one pa-
tient. Patients with missing baseline disease covariates were
excluded when these covariates were included in the model,
and no imputation was performed. Data from patients ran-
domized to placebo were incorporated into the exposure–
response analysis with dose, Cav,ss and Ctrough,ss set to 0.

Pharmacokinetics
The pharmacokinetic data at the baseline and week 8 visits
were included in the analysis. Plasma concentrations col-
lected at weeks 2 and 4 were not included due to missing dos-
ing information. A one-compartment pharmacokinetic
model (mono-exponential disposition), with parameters oral
clearance (CL/F), oral volume of distribution (V/F), first-order
absorption and an absorption lag time, was used to describe
the data. Mean (standard error) of the fixed-effect parameters,
CL/F, V/F and first-order absorption rate constant (Ka), were
22.4 (0.95) l h–1, 94.2 (2.35) l and 2.83 (0.46) h–1, respectively.
Absorption lag time was estimated to be 0.16 h, but resulted
in lack of model convergence and was fixed to this value to al-
low successful convergence. Estimated between-patient vari-
ability (% coefficient of variation) was 31.4% for CL/F and
87.5% for Ka. Residual variability was 47.5%. Based on mean
CL/F and V/F estimates from the model, predicted half-life
of tofacitinib in this population of patients with UC was
2.9 h. Cav,ss and Ctrough,ss values for individual patients were
obtained from individual estimates of pharmacokinetic
model parameters using Equation (1) and Equation (2), re-
spectively.

Cav;ss ¼ Dose
12�CL=F ; (1)

Figure 1
Distribution of Cav,ss and Ctrough,ss by tofacitinib dose. At each dose,
individual estimated values are shown by grey symbols and the me-
dian value is shown by a black symbol. Error bars represent the range
from 2.5th to 97.5th percentiles of estimated values. The solid line
and shaded area represent a smooth through the data. b.d., twice
daily; Cav,ss, average plasma drug concentration during a dosing
interval at steady state; Ctrough,ss, trough plasma concentration at
steady state

Figure 2
Proportion of patients achieving clinical remission, grouped by
tofacitinib dose (and placebo) and quartiles of Cav,ss and Ctrough,ss,
following 8 weeks of tofacitinib induction treatment in patients with
moderate to severe ulcerative colitis. Error bars represent 95% confi-
dence intervals. b.d., twice daily; Cav,ss, average plasma drug con-
centration during a dosing interval at steady state; Ctrough,ss,
trough plasma concentration at steady state; N, number of patients
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Ctrough;ss ¼ Dose�Ka
Ka–CL=Vð Þ�V=F

expð– CL=Vð Þ�12
1– expð– CL=Vð Þ�12 –

exp –Ka�12ð Þ
1– exp –Ka�12ð Þ

� �
;

(2)

The distribution of individual observed plasma concen-
trations at each dose was consistent with the respective pre-
diction intervals obtained from simulations from the model
(Figure S1). The estimate of CL/F was not influenced by dose
or sampling occasion, indicating dose-proportional increase
in Cav,ss and no significant change in exposure between the
baseline and week 8 visits within each dose group. CL/F did
not correlate significantly with baseline values of albumin
concentration, total Mayo score, faecal calprotectin or CRP
concentration, indicating that baseline disease activity did
not influence tofacitinib Cav,ss. Predicted Cav,ss and Ctrough,ss

values increased approximately in proportion with dose, con-
sistent with linear and dose-proportional pharmacokinetics
of tofacitinib (Figure 1).

Observed efficacy
The observed proportion of patients achieving clinical remis-
sion at week 8, as a function of tofacitinib dose and bins (by
quartiles) of Cav,ss and Ctrough,ss, is displayed in Figure 2. Sim-
ilar plots for clinical response (Figure S2), mucosal healing
(Figure S3) and change from baseline in Mayo score (Figure
S4) at week 8 are included in the Supporting Information.
These data demonstrated the similarity of observed
exposure–response, when efficacy data are grouped by dose,
Cav,ss or Ctrough,ss. Additionally, the distribution of Cav,ss and
Ctrough,ss values within dose groups (dose-normalized for
comparison across dose groups) were similar for patients in
clinical remission and those not in clinical remission, partic-
ularly in the efficacious dose groups (10 and 15mg b.d.), indi-
cating that Cav,ss or Ctrough,ss were not determinants of
efficacy at an efficacious dose (Figure 3). Further modelling
for statistical comparison of exposure–response, using dose,
Cav,ss and Ctrough,ss as exposure metrics, was performed with
all three efficacy endpoints.

Model-predicted efficacy
Model-predicted clinical remission as a function of dose, Cav,ss

and Ctrough,ss indicated very similar exposure–response
predictions for the three exposuremetrics (Figure 4). Parameter
estimates and AIC values from linear or Emax models
characterizing exposure–response relationships for clinical

Figure 3
Distribution of individual dose-normalised Cav,ss values (A), and
Ctrough,ss values (B) in patients in clinical remission, and those not
in clinical remission, at week 8, represented by box plots. Boxes rep-
resent interquartile range and the bold line in each box represents
the median. Whiskers represent 95% confidence intervals and out-
liers are shown as symbols. b.d., twice daily; Cav,ss, average plasma
drug concentration during a dosing interval at steady state

Figure 4
Observed and model-predicted clinical remission at week 8 using
tofacitinib dose, Cav,ss and Ctrough,ss as predictors. Predictions shown
are from a basemodel, prior to inclusion of covariates. Solid lines rep-
resent median prediction, shaded regions represent the 95% predic-
tion intervals, and symbols represent observed proportions with
95% confidence intervals shown by error bars. b.d., twice daily;
Cav,ss, average plasma drug concentration during a dosing interval
at steady state; Ctrough,ss, trough plasma concentration at steady
state
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remission, clinical response and mucosal healing are listed in
Table 2. AIC values for Cav,ss models were similar to, or lower
than, those for Ctrough,ss models, indicating that Cav,ss was gen-
erally a better exposure metric for predicting efficacy than
Ctrough,ss. Therefore, Cav,ss was used as the primary metric for
comparison of dose and plasma concentration as predictors of
efficacy. AIC values for clinical remission models were similar
between dose and Cav,ss, indicating statistically similar model
fits. Cav,ss was a slightly better predictor than dose for clinical re-
sponse, and a slightly worse predictor for mucosal healing. A
comparison of parameter estimates andmodel predictions indi-
cates that the small differences in AIC values are unlikely to
result in clinically meaningful differences in predicted efficacy.
Predicted placebo-adjusted clinical remission by tofacitinib
dose, Cav,ss or Ctrough,ss demonstrated similarity of model pre-
dictions between dose and plasma concentration metrics
(Figure 5). Furthermore, there was no statistically significant
improvement in dose–response model fits for clinical remis-
sion, clinical response or mucosal healing with the addition
of Cav,ss or Ctrough,ss as covariates in the model, indicating that
patient-specific Cav,ss or Ctrough,ss does not explain differences
in efficacy between patients beyond that accounted for by dose.

Predictive checks using simulations from each model in-
dicated consistency between distributions of observed and
predicted data. Predictive checks of dose, Cav,ss and Ctrough,ss

models for clinical remission are shown in terms of
difference from placebo in Figure 5, and additional predictive
check plots are included in the Supporting Information
(Figure S5). Efficacy of tofacitinib was significantly better
than placebo at 10 mg and 15 mg b.d. doses, based on the
lower 95% prediction intervals (two-sided) for placebo-
adjusted clinical remission that exceeded 0 for all three expo-
sure models (Figure 5).

Covariate effects in dose and exposure–response
models
Baseline Mayo score was a significant (P < 0.05) covariate in
dose and exposure models for all three endpoints when evalu-
ated individually. Baseline CRP was also significant in the clin-
ical remission and clinical response models, and prior TNFi
failure was a significant covariate when evaluated individually
onmucosal healing. Baseline albumin concentration was a sig-
nificant covariate on clinical remission, but not on mucosal

Table 2
Mean and 95% confidence interval of parameter estimates and AIC values from dose and exposure–response models for clinical remission, clinical
response and mucosal healing

Dose Cav,ss Ctrough,ss

Clinical remission

AIC 190 190 190

E50 (mg or ng ml–1) 1.06 (0.17–6.49) 3.86 (0.63–23.55) 0.84 (0.14–4.86)

Emax 2.35 (1.25–3.45) 2.35 (1.25–3.45) 2.35 (1.26–3.44)

Placebo 1.81 (–0.35–3.97) 1.83 (–0.33–3.99) 1.91 (–0.23–4.05)

Coefficient for baseline CRP –0.104 (–0.26–0.05) –0.105 (–0.26–0.05) –0.105 (–0.26–0.05)

Coefficient for baseline total Mayo score –5.97 (–9.2 to –2.74) –6 (–9.25 to –2.75) –6.04 (–9.31 to –2.77)

Clinical response

AIC 237 236 239

Slope 0.11 (0.07–0.18) 0.03 (0.02–0.05) 0.12 (0.07–0.22)

Placebo 0.951 (–0.84–2.74) 0.93 (–0.87–2.73) 1.08 (–0.69–2.85)

Coefficient for baseline CRP –0.103 (–0.21–0) –0.104 (–0.21–0) –0.0981 (–0.2–0.01)

Coefficient for baseline total Mayo score –1.85 (–4.44–0.74) –1.81 (–4.4–0.78) –1.84 (–4.41–0.73)

Mucosal healing

AIC 235 236 236

Slope 0.08 (0.04–0.15) 0.02 (0.01–0.04) N/A

ED50 N/A N/A 1.71 (0.13–21.85)

Emax N/A N/A 1.41 (0.41–2.41)

Placebo 3.21 (1.37–5.05) 3.25 (1.41–5.09) 3.12 (1.27–4.97)

Baseline total Mayo score –5.18 (–7.79 to –2.57) –5.15 (–7.74 to –2.56) –5.35 (–7.98 to –2.72)

Prior TNFi failure –0.798 (–1.63–0.03) –0.805 (–1.63–0.02) –0.789 (–1.62–0.04)

AIC, Akaike Information Criterion (–2 × log likelihood +2 × number of model parameters); Cav,ss, average plasma drug concentration during a dosing
interval at steady state; CRP, C-reactive protein; Ctrough,ss, trough plasma concentration at steady state; E50, dose, Cav,ss or Ctrough,ss value at which
effect is half-maximal in Emax model (log scale); Emax, maximum effect in Emax model; N/A, not applicable; TNFi, tumour necrosis factor inhibitor
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healing or clinical response, when evaluated individually. Base-
lineMayo score andCRP provided the largest decrease in objec-
tive function value relative to a base model without covariates.
Baseline faecal calprotectin was not a significant predictor of
any of the three efficacy endpoints. The full model for clinical
remission included baseline Mayo score, CRP and albumin
concentration as covariates, but albumin concentrationwas re-
moved in the final model to avoid model ill-conditioning due
to inclusion of multiple correlated covariates. The final model
for clinical response included baselineMayo score and baseline
CRP as covariates, and the final model for mucosal healing
included baseline Mayo score and prior TNFi failure as covari-
ates. In the final models for clinical remission and mucosal
healing, only baseline Mayo score was significant, based on
the two-sided 95% CI of parameter estimate excluding 0,
whereas no covariate reached significance for clinical response
based on the above criterion.

Predictions of covariate effects were obtained using simu-
lations from each final model. The difference from placebo in
predicted percentage of patients in clinical remission at the
10mg b.d. dose, among those with baseline total Mayo scores
lower than or equal to the median of 8, was 39% (95%
CI: 7–70) compared to 21% (95% CI: –2–50) for those above
the median. Similarly, the predictions for the third quartile
of Cav,ss, from the model with Cav,ss as a predictor, were 39%
(95% CI: 7–67) and 21% (95% CI: –3–50), respectively, for pa-
tients below and above a baseline total Mayo score of 8.
Therefore, patients with baseline Mayo score >8 had approx-
imately two-fold lower clinical remission rate compared to
those with a lower baseline Mayo score. Within each of the
above two subgroups of baseline Mayo score, predicted

placebo-adjusted clinical remission rates were similar
between each dose and the corresponding Cav,ss quartile, in-
dicating similar dose and concentration response relation-
ships within each subgroup.

Discussion
Exposure–response analyses from this 8-week, phase 2 induc-
tion study using a 30-fold dose range of tofacitinib provided
the first definitive characterization of the relationship be-
tween tofacitinib dose and plasma concentration metrics
and induction efficacy, and also provided a basis for selection
of the 10 mg b.d. dose as the induction dose for phase 3 stud-
ies. The analysis provided further understanding of the pre-
dictors of week 8 induction efficacy, such as baseline disease
severity. No significant change in tofacitinib exposure was
observed over the course of the study in individual patients.
Disease activity at baseline was not a determinant of
tofacitinib clearance, unlike biologic drugs that are suscepti-
ble to higher clearance (potentially resulting in sub-
therapeutic exposure) in patients with high disease activity.
In addition, in longer-term studies in other indications such
as rheumatoid arthritis, tofacitinib exposures have been sta-
ble over time [19]. Exposure–response relationships were
characterized in these analyses for three key efficacy
endpoints: clinical remission (currently accepted registration
endpoint), clinical response (primary endpoint in this phase
2 study) and mucosal healing (a commonly used and impor-
tant endpoint in UC clinical trials). Predictions from dose–
response models for all three endpoints indicated that
tofacitinib was efficacious at 10 and 15 mg b.d. doses.

The 10mg b.d. dose was selected for evaluation in phase 3
induction studies, given that the predicted increment in effi-
cacy between 10 mg b.d. and 15 mg b.d. was small (based on
the clinical remission endpoint). Dose, Cav,ss and Ctrough,ss

performed similarly as predictors for each clinical endpoint,
based on several measures, including model fit criteria, pre-
dictive checks, parameter estimates and comparison of pre-
dictions from the models. These analyses provide strong
evidence that tofacitinib dose and plasma concentration are
similarly predictive of efficacy during the 8-week induction
period of the study. Covariate analysis indicated that baseline
Mayo score was the most important disease severity measure
impacting efficacy, for all three efficacy endpoints. While this
effect was significant for clinical remission and mucosal
healing, it did not reach statistical significance for clinical re-
sponse. This is consistent with the nature of the remission
and mucosal healing endpoints that are based on patient sta-
tus at the end of the study, whereas clinical response is calcu-
lated as a change from baseline and therefore not influenced
to the same extent by baseline values. The effect of baseline
disease activity on efficacy was not due to differences in expo-
sure, since baseline disease severity did not influence the
pharmacokinetics of tofacitinib.

Characterization of exposure–response of tofacitinib on
primary and key secondary efficacy endpoints in this
8-week induction study indicated that plasma concentra-
tions and dose were similarly predictive of efficacy, and
pharmacokinetic data indicated similar plasma concentra-
tions in individual patients at the start and end of therapy.

Figure 5
Observed and predicted placebo-adjusted clinical remission as a
function of tofacitinib dose, Cav,ss and Ctrough,ss. Error bars represent
95% confidence intervals for observed data and 95% prediction in-
tervals for predicted data. Two-sided 95% confidence interval for ob-
served data obtained from a chi-squared test for difference in
independent proportions; two-sided 95% prediction interval ob-
tained from 5000 simulated parameter vectors from the final
models. b.d., twice daily; Cav,ss, average plasma drug concentration
during a dosing interval at steady state; Ctrough,ss, trough plasma
concentration at steady state
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Therefore, plasma concentrations in individual patients did
not provide additional predictive value for efficacy beyond
that provided by tofacitinib dose. Baseline Mayo score was
an important determinant of efficacy at week 8 in these pa-
tients with UC.
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Figure S1 Observed and predicted plasma tofacitinib con-
centrations vs. time by dose group following the first study
dose (+) and the last study dose at the week 8 visit (o). The

A. Mukherjee et al.

1144 Br J Clin Pharmacol (2018) 84 1136–1145

http://labeling.pfizer.com/ShowLabeling.aspx?id=959
http://labeling.pfizer.com/ShowLabeling.aspx?id=959


y-axis is shown on a log scale. The solid line represents the
median of 500 simulated trials and the shaded region repre-
sents 95% prediction intervals. b.d., twice daily
Figure S2 Proportion of patients achieving clinical response
at week 8 by tofacitinib dose, Cav,ss and Ctrough,ss. Error bars
represent 95% confidence intervals. b.d., twice daily; Cav,ss,
average plasma drug concentration during a dosing interval
at steady state; Ctrough,ss, trough plasma concentration at
steady state; N, number of patients
Figure S3 Proportion of patients with mucosal healing at
week 8 by tofacitinib dose, Cav,ss and Ctrough,ss. Error bars rep-
resent 95% confidence intervals. b.d., twice daily; Cav,ss, aver-
age plasma drug concentration during a dosing interval at
steady state; Ctrough,ss, trough plasma concentration at steady
state; N, number of patients

Figure S4 Change from baseline in Mayo score at week 8 by
dose and quartiles of Cav,ss b.d., twice daily; Cav,ss, average
plasma drug concentration during a dosing interval at steady
state
Figure S5 Model-predicted and observed proportions of pa-
tients with clinical response (A) and mucosal healing (B) as
a function of tofacitinib dose or Cav,ss. Symbols and error bars
represent observed proportion and corresponding 95% confi-
dence interval, and solid line and shaded region represent the
median prediction and 95% prediction intervals. b.d., twice
daily; Cav,ss, average plasma drug concentration during a dos-
ing interval at steady state
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