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OCA Response Score (ORS) https://ocaresponsescore.github.io/calculator/

To estimate the probability of response of patients with Primary Biliary
Cholangitis treated with Obeticholic Acid.
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Abstract (max 260 w)

Background & Aims. Obeticholic acid (OCA) is the only licensed second-line therapy for primary biliary
cholangitis (PBC). With novel therapeutics in advanced development, clinical tools are needed to tailor the
treatment algorithm. We aimed to derive and externally validate the OCA response score (ORS) for predicting
the response probability of individuals with PBC to OCA.

Methods. We used data from the Italian RECAPITULATE (N 441) and the IBER-PBC (N 244) OCA real-
world prospective cohorts to derive/validate a score including widely available variables obtained either pre-
treatment (ORS), or also after 6 months of treatment (ORS+). Multivariable Cox’s regressions with backward
selection were applied to obtain parsimonious predictive models. The predicted outcomes were biochemical
response according to POISE (ALP/ULN<1.67 with a reduction of at least 15%, and normal bilirubin), or
ALP/ULN<1.67, or NORMAL RANGE criteria (NR: normal ALP, ALT and bilirubin) up to 24 months.
Results. Depending on the response criteria, ORS included age, pruritus, cirrhosis, ALP/ULN, ALT/ULN,
GGT/ULN and bilirubin. ORS+ also included ALP/ULN and bilirubin after 6 months of OCA therapy.
Internally validated c-statistics for ORS were of 0.75, 0.78 and 0.72 for POISE, ALP/ULN<1.67 and NR
response, which raised to 0.83, 0.88, 0.81 with ORS+, respectively. The respective performances in validation
were of 0.70, 0.72 and 0.71 for ORS, and 0.80, 0.84, 0.78 for ORS+. Results were consistent across groups
with mild/severe disease.

Conclusions. We developed and externally validated a scoring system capable to predict OCA response
according to different criteria. This tool will enhance a stratified second-line therapy model to streamline

standard care and trial delivery in PBC.
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Obeticholic acid; predictive model; primary biliary cholangitis



Introduction

Obeticholic acid (OCA) is the only licensed second-line therapy for patients with primary biliary cholangitis
(PBC) with inadequate biochemical response or intolerance to ursodeoxycholic acid (UDCA). In the
registrative, randomised controlled trial (POISE) and its open-label extension, OCA induced a significant
reduction of alkaline phosphatase (ALP) with a stabilisation of total bilirubin up to 48 months of treatment. 2
Subsequently, several post-marketing real-world studies confirmed these data by showing an effective
biochemical response in ~40% of patients.® ® Furthermore, a recent study comparing patients from clinical trial
setting with real-world external controls highlighted greater transplant-free survival in OCA-treated
individuals.”

However, numerous challenges are still to be faced to optimize the management of patients with PBC not
responding to UDCA. Firstly, upward to 50-70% of patients, particularly those with liver cirrhosis, are not
rescued to an effective response even with OCA therapy. It must be also considered that OCA use has been
restricted in subjects with cirrhosis with present or previous hepatic decompensation or signs of portal
hypertension, and -as such- it cannot be an option in these cases. Moreover, accumulating evidence is
supporting the switch of treatment goal in PBC from the simple amelioration of liver biochemistry (e.g. POISE,
Toronto, Paris criteria) towards its complete normalization, as this is associated with the best patient
outcomes.®® However, this target is achieved only in a minority of subjects (~10-15%) taking OCA.2

New therapeutic agents, some of which are in advanced phase 111 investigation, might offer hope in the near
future, namely seladelpar,”® elafibranor,** saroglitazar,® within the peroxisome proliferator-activated
receptors (PPARs) agonist family, and setanaxib®®, a NADPH oxidase (NOX) inhibitor. Moreover, fibrates
(e.g. bezafibrate and fenofibrate), PPAR agonists used as a lipid-lowering agent to treat hyperlipidaemia, have
already shown to provide an effective biochemical response’* and improved clinical outcomes,*® although their
use currently remains off-label. In addition, preliminary evidence from ongoing trials suggests that the
combination therapy with OCA and bezafibrate can induce high rates of ALP normalization with a better safety
profile.’®

In this evolving scenario, the allocation of individuals to the second line therapy with a higher likelihood of
success will be central according to a personalized medicine approach allowing to save the costs of ineffective,
and potentially harmful, therapies and improving individual patient’s prognosis. However, at present, there are
no clinical tools capable to forecast treatment response and failure and side effects to OCA, i.e. the only
approved second-line drug so far. We have recently described the most impacting predictive factors for
biochemical response, i.e. liver cirrhosis, pruritus, and higher baseline ALP and total bilirubin.®* However, to
date, a tool capturing the predictive information of all these factors, and providing a response probability based
relevant baseline information, is still lacking.

Therefore, in the present study, we aimed to derive and validate a score (i.e., the OCA response score, ORS)
that, based on easily available baseline characteristics, would accurately predict the probability of an individual

patient to respond to OCA therapy.



Methods
This study was conducted and reported in accordance with the TRIPOD (Transparent Reporting of a

multivariable prediction model for Individual Prediction or Diagnosis) guidelines.*’

Derivation cohort (RECAPITULATE)

The “REal-world obetiCholic Acid theraPy in ITaly recapitULATion of Efficacy and safety”
(RECAPITULATE) cohort was leveraged to derive the ORS. The RECAPITULATE is a prospective study
from centres belonging to the Italian PBC Registry and/or the Club Epatologi Ospedalieri (CLEO) and/or the
Associazione Italiana Gastroenterologi e Endoscopisti Digestivi Ospedalieri (AIGO) PBC group, the Sicilian
PBC Network and PBC Project Piemonte-Liguria-Valle D'Aosta. All adult patients with PBC consecutively
starting OCA in 51 Italian centres from September 2017 to February 2022 were included. More details can be
found in Supplementary materials. The complete RECAPITULATE cohort included 487 patients. After
excluding 10 subjects with unavailable baseline ALP and 36 with a follow-up <6 months, a final cohort of 441

individuals was used to derive the ORS.

Validation cohort (IBER-PBC)

The IBER-PBC cohort was used to externally validate the predictive performance of the ORS. This is a
prospective, observational, multicentre study collecting real-world data on patients with PBC from 25
institutions in Spain and Portugal.® All adults patients prescribed with OCA in the participating centres were
included (see Supplementary materials). A total of 244 subjects with available baseline ALP and with at least

6 months’ follow-up were constituted the IBER-PBC validation cohort.

Definition of predicted outcomes
The study outcome was the attainment of an effective biochemical response to OCA therapy, as defined by
different criteria:

- POISE (alkaline phosphatase(ALP)/upper limit of normal(ULN) <1.67 with a reduction of at least

15%, and total bilirubin<l mg/dL);

- ALP/ULN<L1.67;

- NORMAL RANGE (NR, ALP/ULN<I and ALT/ULN<1 and total bilirubin<l mg/dL).
Biochemical response was adjudicated when the above-mentioned criteria were attained in at least 2
consecutive follow-ups, with no more than one isolate violation of the criteria thereafter. Follow-up
commenced at the date of the start of OCA therapy. Patients not attaining biochemical response during follow-
up were censored at the time either of OCA discontinuation for any cause, or of fibrate start or of the last
database update (July 31% 2022 for RECAPITULATE and April 30" 2023 for IBER-PBC), whichever occurred
first.

Selection of candidate predictors and missing data



The primary candidate variables of interest were easily and readily available clinical and biochemical
parameters known to influence OCA response probability based on previously published studies.®>*® In the
derivation cohort, baseline variables with >5% missingness were excluded from score derivation: platelet count
(missing 132, 30%), albumin (missing 190, 43%), prothrombin time (missing 188, 43%), creatinine (missing
189, 43%) and body mass index (missing 99, 22%). Variables with <5% missing values were conversely
imputed with random forests (see Supplementary Materials). Finally, 13 candidate variables at baseline (sex,
age, disease duration, diabetes, UDCA not treated, PBC/AIH overlap, cirrhosis, ALP/ULN, AST/ULN,
ALT/ULN, GGT/ULN and total bilirubin), and other two collected after 6 months of OCA therapy (ALP/ULN

and total bilirubin) were considered for score derivation (Table 1).

Statistical analyses

Two types of predictive Cox regression models for each outcome were developed: one based only on baseline
variables (ORS), and one possibly including ALP/ULN and total bilirubin after 6 months of OCA (ORS+).
From full multivariable models, parsimonious models were obtained with automated backward selection
procedure to derive the ORS for each outcome (ORSpoise, ORS aLpuin<i.67, ORSNR). Then, the ORS+ was
derived in the subset of subjects not responding/censored at 6 months by adding the relative change from
baseline of ALP/ULN and/or total bilirubin after 6 months of OCA
therapy[(value at 6 months - value at baseline) /value at baseline]. A penalized maximum likelihood
estimation was used to account for overfitting of the models.’®* The ORS/ORS+ were calculated as the
regression linear predictor (£X). Predicted response probabilities were consequently estimated accordingly.
More details on the statistical procedure can be found in the Supplementary materials. An online ORS

calculator can be found at https://ocaresponsescore.github.io/calculator/.

Discrimination was measured with Harrell’s c-statistics, 12- and 24-month time-dependent area under the
curve (AUC), and visually shown by plotting the cumulative incidence curves according to quartiles of the
score. Overfitting was evaluated by 300-bootstrapped calibration slopes. Calibration was studied through
calibration plots. External validation was performed in the IBER-PBC cohort. All analyses were carried out

using R version 4.2.0.

Results

Study cohorts

The RECAPITULATE included 441 individuals (women 88%, mean age 57.8), while the IBER-PBC
comprised 244 individuals (women 93%, mean age 56.6) with a lower proportion of subjects with cirrhosis
(23% vs 34%). Apart from this, the two cohorts presented similar clinical and biochemical features at OCA
start, and a comparable change of ALP/ULN and of total bilirubin after 6 months of therapy (Table 1). Median
follow-up time was 18 and 23 months in the RECAPITULATE and IBER-PBC, respectively. The observed
OCA response rate according to POISE, ALP/ULN<1.67 and NR was 38%, 58%, 10% at 12 months, and 46%,


https://ocaresponsescore.github.io/calculator/

66%, 16% at 24 months in the RECAPITULATE, and 36%, 51%, 7% and 46%, 63%, 10% at 12 and 24 months
in the IBER-PBC.

Models development, performance, and internal validation.

The phases of the model-building procedures are detailed in the Supplementary materials. The final
multivariable models for ORS included age at OCA start, pruritus, cirrhosis, ALP/ULN, ALT/ULN,
GGT/ULN and total bilirubin for the prediction of POISE, and pruritus, cirrhosis, ALP/ULN, GGT/ULN and
total bilirubin for the prediction of ALP/ULN<L1.67 response (Table 2). For the prediction of NR response,
only pruritus, ALP/ULN and Total Bilirubin were retained (Table 2). ORS+ models also included the relative
change of ALP/ULN for all the outcomes, and also of total bilirubin after 6 months of OCA therapy for POISE.
We did not identify significant interaction terms in the final models. However, we found that the main effect
of selected variables (i.e. ALT and GGT) was consistently less pronounced in patients with higher disease
activity and fibrosis stage, as indicated by higher ALP and bilirubin values (Supplementary Figure 3).

ORS had an optimism-corrected Harrell’s c-statistics of 0.75, 0.78 and 0.72 for POISE, ALP/ULN<1.67 and
NR response, with an apparent 12- and 24-months AUC of 0.78, 0.80 for POISE, of 0.83, 0.83 for
ALP/ULN<1.67, and of 0.79, 0.72 for NR response (Table 3). With ORS+, the optimism-corrected c-statistics
raised to 0.83, 0.88, 0.81, respectively, and apparent 12- and 24-months AUC were 0.87, 0.85 for POISE, 0.91,
0.89 for ALP/ULN<1.67, and 0.85, 0.80 for NR response (Table 3). Calibration slopes of ORS and ORS+ on
300 bootstrapped samples were 0.92, 0.93 for POISE, 0.96, 0.96 for ALP/ULN<1.67, and 0.93, 0.91 for NR
response, suggesting modest overfitting. Internal validation disclosed mean |errors| in prediction in the range
of 0.02-0.05 (0.11 only for prediction of ALP/ULN<1.67 at 12 months; Supplementary Figure 2), indicating
good general calibration.

Subgroup analyses were conducted in men, patients with cirrhosis, subjects starting with ALP/ULN values
above 3 or in therapy with OCA and UDCA (i.e. after excluding 9 and 22 individuals intolerant to UDCA or
already taking fibrates at OCA start, respectively), and disclosed comparable discriminative performances to

those observed in the complete cohort (Table 3).

Example.

For a 55-year-old patient with ALP/ULN of 2.4, total bilirubin level of 1.2 mg/dL, ALT/ULN of 1.2,
GGT/ULN of 4 without pruritus or advanced liver disease: ORSpoise= -0.15, ORS aLpiuLn<1.67=-0.18, ORSNR=-
0.77. The corresponding probabilities of OCA response at 24 months are 35% for POISE, 60% for
ALP/ULN<1.67 and 6% for NR. After 6 months, the patient attains response to OCA according to
ALP/ULN<1.67, since reporting a drop of ALP/ULN to 1.5 (-37.5%) with total bilirubin of 1.1 mg/dL (-8.3%).
The residual predicted probability of attaining also POISE or NR response in the following 18 months (i.e.
within 24 months from OCA start) is 38% and 5%, respectively.

External validation.



In the IBER-PBC cohort, ORS showed Harrell’s c-statistics of 0.70, 0.72 and 0.71 for POISE, ALP/ULN<1.67
and NR response, with 12- and 24-months AUCs of 0.77, 0.73 for POISE, of 0.80, 0.82 for ALP/ULN<1.67,
and of 0.74, 0.71 for NR response. ORS+ improved c-statistics to 0.80, 0.84, 0.78, respectively, with 12- and
24-months AUCs of 0.89, 0.82 for POISE, 0f 0.91, 0.89 for ALP/ULN<1.67, and of 0.78, 0.80 for NR response.
Predicted response probabilities well corresponded with the observed ones (mean |error|~0.02-0.08; Figure 1).
While NR predictions were globally well calibrated with mean |error| of 0.03-0.04, calibration plots evidenced

at tendency for overestimation for higher observed risk.

Risk stratification.

The models for POISE and ALP/ULN<1.67 could identify quartiles of subjects with progressively increasing
cumulative incidence of OCA response both in the derivation and validation cohorts (Figure 2). This was
confirmed by increasing hazard ratios (Figure 2). For NR, while correctly identifying groups with lower and
higher response (I and IV quartiles), risk was less clearly stratified in the intermediate classes (I1I and Ill
quartile). An ORSpoise below -1.3 identified a small proportion of subjects (N 39 [9%] and 23 [9%] in the
derivation and validation cohorts, respectively) with a low 24-month observed POISE response probability

(6% and 7%) and high negative predictive value (91% and 92%, respectively).

Discussion.

In the present study, we analysed data from two large and independent real-world cohorts, including a total of
685 PBC subjects treated with OCA, to develop and validate a scoring system (ORS/ORS+) that accurately
predicts OCA response according to different criteria. The final clinical score incorporates readily available
clinical and biochemical parameters, such as age, presence of pruritus and of cirrhosis, ALP, total bilirubin,
ALT and GGT. ORS/ORS+ performances were good/excellent and comparable between subgroups with
milder and more severe disease. In clinical practice, the ORS is expected to help in driving treatment
allocations based on a personalized medicine approach, and its usefulness will increase further as soon as
alternative approved second-line options will become available.

Previous studies have suggested the prognostic importance of the individual components of the ORS.%*® In
particular, the probability of response to OCA sharply declines with increasing baseline values of ALP and

total bilirubin®*®

, Which were confirmed as the strongest predictors in the ORS. This is consistent with ALP
and bilirubin being the reference parameters of biochemical response, but it likely results also from their
association with the severity of biliary injury and ductopenia, which reflect a more aggressive PBC phenotype.
Indeed, the presence of cirrhosis was another negative predictive factor of response to OCA,* as well as
advanced disease stage was a key negative determinant in the case of response to UDCA.™ It is also not
surprising that pruritus was associated with a lower likelihood of response to OCA.. Indeed, being potentially
further worsened by OCA, baseline pruritus predicts a higher probability of drug discontinuation and,
ultimately, treatment failure. To note, ALT and GGT had a marginal but still prognostically meaningful role

in predicting OCA response, at least with respect to POISE criteria. In PBC, the elevation of ALT represents
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interface hepatitis activity, which can be relevant even in absence of a definite AIH overlap. While higher ALT
levels are directly associated with response to UDCA at the time of PBC diagnosis®, here we observed an
inverse association between ALT levels and response to OCA. This finding is possibly due to the fact that the
presence of persistently elevated ALT during long-term treatment with UDCA circumscribes a subgroup of
patients with more aggressive and less responsive disease phenotype. Instead, there was a slightly direct
association between GGT levels and the likelihood of attaining response according to POISE and ALP<1.67
criteria, which was somehow unexpected considering the well-known association of GGT with ALP levels
and with a worse PBC prognosis.? Notably, differently from ALP, GGT levels are affected by oxidative stress
due to drug/alcohol exposure and, more frequently, to the coexistence of steatotic liver disease and metabolic
comorbidities (e.g. diabetes or obesity). As such, it is possible that the relative elevation of GGT with respect
to that of ALP might identify a subgroup of PBC patients with a dysmetabolic background which is somehow
sensitive to some of OCA pharmacologic activities. Indeed, it is well known that the activation of FXR by
OCA reduces liver fat and has potent metabolic effects.?! Notably, the association of GGT, but also that of
ALT, are dependent on disease severity, being evident only in case of milder disease (i.e. lower ALP and
bilirubin values; see Supplementary Figure 3). Conversely, at higher ALP and bilirubin levels, their predictive
potential is lost, since strong disease activity and advanced fibrosis force out any other surrogate predictive
index.

The ORS was derived by synthesizing the prognostic information conveyed by the abovementioned
parameters, either alone or with the inclusion of ALP and total bilirubin after 6 months (ORS+), and externally
validated in an independent large real-world cohort. Different definitions of biochemical response to OCA
were considered to embrace progressively more stringent criteria. Indeed, ALP/ULN<1.67 and POISE are the
criteria traditionally applied to define UDCA and OCA response, respectively, in clinical studies. Conversely,
response according to NR criteria (i.e. complete normalization of ALP, ALT and total bilirubin) represents the
new treatment goal in PBC, as it has been shown to provide the best disease outcomes.® ORS/ORS+ displayed
fair to good discrimination in both derivation and validation. Consistent results were obtained for time-
dependent predictions at 12-24 months, and in subgroup of individuals with mild and severe disease (men,
presence/absence of cirrhosis or starting ALP/ULN>/<3). Performances were good for all differently defined
outcomes and their reliability is supported by the consistent results obtained in two unselected and independent
real-world cohorts. Notably, the additional information on ALP and bilirubin response at 6 month (ORS+)
further increased the observed performances to c-statistics in the range of 0.8 or more both in derivation and
validation. Altogether, ORS/ORS+ will allow the treating physician to carve therapeutic strategies with
flexibility, estimating the chances of OCA treatment success starting from the minimum (ALP/ULN<1.67)
and up to the most ambitious (NR) target.

Since 2016, regulatory agencies have licensed the use of OCA in patients with PBC and inadequate response
or intolerance to UDCA. Thereafter, also bezafibrate was disclosed to be effective in ameliorating liver
biochemistry and improving survival in these patients.***> However, to date, bezafibrate use as second-line

agent for the treatment of PBC still remains off-label, and it largely depends on local availability and practice.
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Concerning OCA, post-marketing studies confirmed its capability to induce biochemical response according
to POISE criteria in ~40% of cases,®® but the complete normalization of liver biochemistry is achieved only
in ~10-15%. Moreover, its use is not free from unpleasant side effects (e.g. pruritus), and it has been associated
with occurrence of severe adverse events when prescribed to patients with advanced cirrhosis (Child class B
and C, previous decompensation). New second-line approaches including either new drugs (seladelpar,*
elafibranor,™ saroglitazar*?, and setanaxib®®) or combinational strategies (OCA and bezafibrate) are currently
under-evaluations with very promising results. Given the forthcoming new therapeutic options, a structured
algorithm will be needed to allocate the most effective therapy to the patient with the highest response chances
according to a personalized medicine approach. Tools like ORS/ORS+ will likely play a central role in this
context. Indeed, the possibility of stratifying patients according to OCA response probabilities paves the way
to personalized approaches for prioritizing the prescription of OCA in subjects with high response chances or,
conversely, for fast-tracking the switch to a combinational therapy with bezafibrate or to another drug in those
with low response chances (as displayed in Figure 2).

The relatively large sample size used for ORS derivation, along with the robust validation in an independent
cohort, are the main strengths of this study. The real-world setting makes the obtained scoring system directly
exportable to the intended target population, and it is expected to increase its generalizability. Moreover, the
incorporation of easily available clinical variables makes its use in clinical practice highly feasible, and
amenable to further external validation. The complex calculation has been simplified by the development of a
web calculator (https://ocaresponsescore.github.io/calculator/) to improve its usage in clinical practice.

This study has also some limitations. First of all, the heterogeneity of patient characteristics, which is inevitable
in a real-world scenario. Indeed, patients with PBC/AIH overlap, not taking UDCA, or taking fibrates together
with OCA were retained in the analysis. However, subgroups analyses were performed, and no sensible
deviations were evidenced from what observed in the overall cohort. Secondly, the high rate of missing values
for certain variables (i.e. platelets, albumin, liver stiffness measurements) hampered their inclusion in the
models, even though some of them could likely play a role in the prognostic prediction based on the a priori
knowledge. Finally, the scoring system has been both derived and validated in cohorts from Southern Europe.
As such, validation in other cohorts from North Europe/America is warranted to confirm its full
generalizability.

In conclusion, by analysing two independent large real-world cohorts of patients with PBC started with OCA
treatment, we have derived and externally validated a score capable of predicting the probabilities of response
to the drug according to different meaningful criteria. Together with the UDCA response scores, and with other
scores which will be hopefully developed to predict the response to the new incoming second-line drugs, the
ORS/ORS+ will enhance the background knowledge needed to face PBC treatment according to a personalized

medicine approach.
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Table 1. Baseline characteristics of the study cohorts.

Derivation cohort

Validation cohort

RECAPITULATE IBER-PBC
Country Italy Spain-Portugal
N 441 244
Sex, female 390 (88%) 226 (93%)
Age at OCA start, years 57.8 (10.7) 56.6 (10.2)
Duration of disease before OCA start, years 7.0 (3.0-12.0) 7.8 (3.4-13.1)
Diabetes mellitus 30 (7%) n.a.
UDCA not treated 9 (2%) 0 (0%)
PBC/AIH overlap” 59 (13%) 40 (16%)
Cirrhosis £ 152 (34%) 56 (23%)
Pruritus at baseline 141 (32%) 107 (44%)
ALP/ULN at baseline 2.0 (1.7-2.9) 2.1(1.7-2.8)
ALT/ULN at baseline 1.1 (0.8-1.7) 1.2 (0.8-2)
AST/ULN at baseline 1.1 (0.8-1.6) 1.3 (1-1.9)
GGT/ULN at baseline 4.1 (2.3-6.4) 4(2.3-7.3)
Total Bilirubin at baseline 0.7 (0.5-1.0) 0.7 (0.5-0.9)
Change ALP/ULN at 6 months, relative” -0.3 (-0.4--0.1) -0.2 (-0.4--0.1)
Change Total Bilirubin at 6 months, relative” 0.0 (-0.2-0.1) 0.0 (-0.3-0.2)

Data reported as means and standard deviation (SD) or median with 25th— 75th centile for continuous variables, as appropriate, and as numbers with
percentage frequency for categorical variables. For Fibrate therapy: 22 and 41 subjects from the RECAPITULATE and IBER-PBC were already on
fibrate therapy at the time of OCA and were kept in the analyses, while subjects starting fibrates after OCA were censored at fibrate start.

OCA prescribed dose in the RECAPITULATE was 5 mg daily in 221 patients (50%), 5 mg uptitrated to 10 mg daily in 170 patients (39%), 5 mg every
other day uptitrated to 5 mg daily in 15 patients (3%), other dosages in 35 patients (8%).

"PBC/AIH overlap syndrome was defined by histological evidence and all included patients were on a stable immunosuppressive therapy for at least 6
months.

Epresence of cirrhosis was ascertained by 1) liver histology and/or 2) liver stiffness measurement assessed by vibration-controlled transient elastography
>16.9 kPa and/or 3) radiological (surface nodularity, caudate lobe hypertrophy, enlarged spleen or other sign of portal hypertension at ultrasound scan),
and/or clinical features (presence of gastro-esophageal varices or previous decompensating events, such as ascites, variceal bleeding, encephalopathy)
eventually supported by laboratory findings (low platelets, low albumin, prolonged prothrombin time).

“calculated as (value at 6 months — value at baseline)/value at baseline.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase; n.a.,
not available; PBC,/AIH primary biliary cholangitis/autoimmune hepatitis; OCA, obeticholic acid; UDCA, ursodeoxycholic acid; ULN, upper limit of
normal.
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Table 2. Derivation models for OCA response scores (ORS) according to different response criteria.
ALP/ULN<1.67 RESPONSE

A) MODEL DERIVATION

Candidate Predictor
Sex, female

Age at OCA start
Duration of disease
UDCA not treated
Diabetes mellitus
PBC/AIH overlap
Pruritus at baseline
ALP/ULN at baseline
Cirrhosis

Total Bilirubin at baseline
ALT/ULN at baseline
AST/ULN at baseline
GGT/ULN at baseline
Change ALP/ULN

at 6 months, relative
Change Total Bilirubin

at 6 months, relative

Score ORSyroisE

POISE RESPONSE

ORSprorset

ORSALP/ULN<1.67

ORSALruLN<1.67F

NR RESPONSE
ORSKr ORSnrT

aHR (95%CI), 32

0.79 (0.62-1.01), 3.7

0.52 (0.36-0.76), 11
0.43 (0.28-0.66), 27
0.77 (0.55-1.07), 2.4
0.52 (0.41-0.67), 26
0.82 (0.58-1.16), 1.2

1.30 (1.10-1.52), 10

aHR (95%CI), 32

0.85 (0.67-1.09), 2

0.70 (0.48-1.03), 3
0.42 (0.28-0.64), 42
0.74 (0.53-1.05), 3
0.50 (0.38-0.66), 24
0.77 (0.54-1.11), 2

1.23 (1.05-1.45), 6

0.43 (0.33-0.57), 37

0.88 (0.73-1.06), 2

aHR (95%CI), 3

0.59 (0.44-0.79), 12
0.33 (0.26-0.42), 84
0.80 (0.61-1.04), 2.7
0.78 (0.67-0.91), 9.4

1.09 (0.96-1.25), 1.8

aHR (95%CI), 3

0.73 (0.55-0.98), 4
0.21 (0.16-0.27), 150
0.82 (0.63-1.07), 2
0.84 (0.71-1.00), 4

1.01 (0.88-1.15), 0.9

0.43 (0.35-0.52), 73

aHR (95%CI), > aHR (95%CI), 1*

0.64 (0.34-1.21), 2
0.34 (0.20-0.56), 18

0.87 (0.46-1.66), 2
0.15 (0.08-0.29), 31

053 (0.35-0.80),9  0.50 (0.32-0.79), 9

0.22 (0.12-0.40), 25

ORS models were obtained from full models including all candidate predictors with automated backward selection procedure using the Akaike Information Criteria as stopping rule, and the Wald 42 of individual variables
as the statistics on which to base the stopping rule. ORS+ models are fitted only in subjects not responding/censored at 6 months (N 264, N 190 and N 354 for POISE, ALP/ULN<1.67 and NR), with the addition to reduced
models 1 of the relative change of ALP/ULN and of total bilirubin at 6 months of OCA therapy. The relative change is calculated as [(value at 6 months — value at baseline) / value at baseline]. A penalized maximum
likelihood estimation was used to account for overfitting. Variables have been transformed as detailed in Supplementary table 1, and hazard ratios (HR) are reported for the comparison of the third vs first quartile for

continuous variables, and for categories for categorical variables. Wald #?is reported for indicating the contribution of each variable in the predictive scores.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the curve; Cl, confidence intervals; GGT, gamma glutamyl transferase; PBC,/AIH primary
biliary cholangitis/autoimmune hepatitis; NR, normal range; OCA, obeticholic acid; ORS, OCA response score; sbjs, subjects; UDCA, ursodeoxycholic acid; ULN, upper limit of normal.

Table 3. Discriminative performance of the OCA response scores (ORS) according to different response criteria.
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MODEL DISCRIMINATION ORSroise  ORSporset+ ORSavLpuLN<1.67  ORSALP/ULN<1.67T ORSnr ORSnr+
DERIVATION COHORT (N 441)

Harrell’s C-statistics, apparent 0.77 0.84 0.79 0.88 0.73 0.82
Harrell’s C-statistics, optimism-corrected* 0.75 0.83 0.78 0.88 0.72 0.81

Time-dependent AUC at 12 months
Time-dependent AUC at 24 months

VALIDATION COHORT (N 244)

Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months

Subgroup analyses in the derivation cohort

Men (N 51)
Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months
No Cirrhosis (N 289)
Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months
Cirrhosis (N 152)
Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months
ALP/ULN<3 (N 339)
Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months
ALP/ULN>3 (N 102)
Harrell’s C-statistics, apparent
Time-dependent AUC at 12 months
Time-dependent AUC at 24 months

0.78 (0.73-0.84)
0.80 (0.74-0.86)

0.70
0.77 (0.71-0.83)
0.73 (0.65-0.80)

0.79
0.80 (0.65-0.96)
0.85 (0.76-0.95)

0.75
0.75 (0.68-0.82)
0.78 (0.7-0.86)

0.81
0.84 (0.76-0.92)
0.80 (0.69-0.90)

0.74
0.76 (0.70-0.82)
0.80 (0.73-0.87)

0.72
0.75 (0.58-0.92)
0.67 (0.49-0.85)

0.87 (0.83-0.90)
0.85 (0.79-0.90)

0.80
0.89 (0.83-0.95)
0.82 (0.76-0.88)

0.83
0.90 (0.79-0.99)
0.89 (0.68-0.99)

0.81
0.84 (0.78-0.90)
0.82 (0.74-0.90)
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0.86 (0.69-1.02)
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Only OCA+UDCA** (N 410)

Harrell’s C-statistics, apparent 0.77 0.84 0.80 0.89 0.72 0.81
Time-dependent AUC at 12 months 0.80 (0.74-0.85)  0.88 (0.84-0.92) 0.85 (0.80-0.89) 0.94 (0.90-0.97) 0.77 (0.68-0.86)  0.86 (0.84-0.89)
Time-dependent AUC at 24 months 0.80 (0.73-0.86)  0.85 (0.80-0.91) 0.83 (0.77-0.88) 0.91 (0.86-0.95) 0.70 (0.61-0.79) 0.8 (0.73-0.88)

* Determined by bootstrapping 300 samples of the derivation data. ** Excluding 9 subjects with intolerance to UDCA and 22 subjects who started Fibrate before OCA and continued it during OCA therapy.
-2 inaccurate estimates, not reported, due to few observed response events during follow-up.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under the curve; Cl, confidence intervals; GGT, gamma glutamyl transferase; PBC,/AIH primary
biliary cholangitis/autoimmune hepatitis; NR, normal range; OCA, obeticholic acid; ORS, OCA response score; sbjs, subjects; UDCA, ursodeoxycholic acid; ULN, upper limit of normal.
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Figure 1. External calibration of the OCA Response Score (ORS and ORS+) for the occurrence of
response according to POISE, ALP/ULN<1.67 and NORMAL RANGE criteria in the v cohort, at 12
and 24 months of OCA therapy. Reported curves are for the observed vs predicted response probabilities.
The absolute error in prediction is reported as mean and 90™ quantile. Calibration is reported for ORS (upper

panels) and for ORS+ (lower panels).

Figure 2. Response probability to Obeticholic acid (OCA) according to quartiles of the OCA response
score (ORS). Cumulative incidence curves (upper panels) for OCA response in the derivation (solid lines)
and validation cohorts (dashed lines), and accompanying hazard ratios (lower panel) between the risk

groups.
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Supplementary Materials

Development and validation of a scoring system to predict response to obeticholic acid in
primary biliary cholangitis.

Index

Description Of the StUAY CONOIES ........ccueuueeeeeeueeeeeeeenrerreeeeseeseenesseesesmsssessensssessesssssssssnssssssesnsssssssnnns 2
Derivation cohort — RECAPITULATE.......ccccoitiiiiiniiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 2
Validation cOhort — IBER-PBC.........cccitiiiiiiiiiiiiiiiniiniiniiiniiiniimisimsmssessessssssesssesssssssssssessssssssssssssssnn 2

Variable selection and model development................eeuueeeeeeuneereeenrieeeeennreseeennsseseennssessesnsssssssnnsnns 3
IMISSING VAlUES ....cceeeeciiiiiiiiiieieceteeeerennseseeseeeeennanssssseeseeesnnnssssssseeeesnnnsssssssssessnnnnsssssssseesennnnsssssssnneesnnnnnss 3
LY Lo To [=Y I8 < TU 1] e [T T S5O OO UORPR 3
Stepwise variable SEIeCtiON ........c.ue i rrrrreecce e st rereess s ee e s s e s e e nnnss e e s s s e e e s nnnnsssesseeeennnnnnnnnnnns 6
Collinearity and interactions between variables ...........ccoveeeieiiieeiiiiiieeneeniteeneenieenneereeessesrenessesrensssessensnens 9
OCA response Score (ORS) FOrMUIA. ......ceiiiiiiieeiiiiieeeitttttenieeeeereeeeensseeeeeeressnnssssssssessssnnssssssssssssnsnnnssnns 10
INternal ValidatioNn. .......eeeiiiiiiiiieiiiiciccttee e aeaee 11
Relation between ALT and GGT and the probability of OCA response according to POISE..................... 12



Description of the study cohorts

Derivation cohort — RECAPITULATE

The “REal-world obetiCholic Acid theraPy in ITaly recapitULATion of Efficacy and safety”
(RECAPITULATE) is a prospective study collecting data from centers belonging to the Italian PBC Registry
and/or the Club Epatologi Ospedalieri (CLEO) and/or the Associazione Italiana Gastroenterologi e
Endoscopisti Digestivi Ospedalieri (AIGO) PBC group, the Sicilian PBC Network and PBC Project Piemonte-
Liguria-Valle D'Aosta. All adult patients with PBC consecutively starting OCA in 51 Italian centres from
September 2017 to February 2022 were included. Diagnosis of PBC and of PBC/AIH overlap was established
according to EASL guidelines'. The cohort included also patients with histologically defined
PBC/autoimmune hepatitis (AIH) overlap syndrome and on a stable immunosuppressive therapy for at least 6
months. Patients who had been previously enrolled in a sponsored trial with OCA were excluded. Presence of
cirrhosis was defined by: 1) liver histology and/or 2) liver stiffness measurement assessed by vibration-
controlled transient elastography >16.9 kPa and/or 3) radiological (surface nodularity, caudate lobe
hypertrophy, enlarged spleen or other sign of portal hypertension at ultrasound scan), and/or clinical features
(presence of gastro-esophageal varices or previous decompensating events, such as ascites, variceal bleeding,
encephalopathy) eventually supported by laboratory findings (low platelets, low albumin, prolonged
prothrombin time)>*. Eligibility for OCA treatment was based on physician judgment and on Italian
prescriptive rules: ALP/ULN>1.5 and/or total bilirubin more than 1 but less than 2 after at least 12 months of
treatment with UDCA, or intolerance to UDCA. The administration and dosage of OCA therapy was managed
independently by each physician, based on patient characteristics and the package insert.

Data collection was opened from February till July 2022. Data capture was performed through informatized
case record forms, completed by physicians in each participating centre. Demographic, clinical and
biochemical data were collected at baseline (immediately before starting OCA therapy), and every 6 months
of OCA therapy up to July 31% 2022. OCA dose adjustment and OCA discontinuation were collected. Pruritus
was systematically assessed at baseline and at every follow-up visit. Other adverse events were not
systematically assessed but registered when they led to permanent drug discontinuation. Data underwent
quality control for completeness and accuracy at the University of Milan - Bicocca, Milan and University
Campus Bio Medico, Rome. Missing, inaccurate or implausible data were systematically queried with the
treating physicians. The study was conducted in accordance with the Declaration of Helsinki guidelines and
the principles of good clinical practice. The study was approved by the University of Milan-Bicocca research
ethics committee (Study name: PBC322), coordinator of the Italian National Registry and by the Research and
Development Department of each collaborating hospital.

The complete RECAPITULATE cohort included 487 patients. After excluding 10 subject with not available
baseline ALP and 36 without at least 6 months of follow-up, a sample of 441 individuals was used to derive
the OCA response score.

Validation cohort — IBER-PBC

The IBER-PBC cohort is a prospective, observational, multicentre, real practice study collecting data on
patients with PBC from 25 institutions in Spain and Portugal.®> All adults patients prescribed with OCA in the
participating centres were included. Diagnosis of PBC was made in presence of intrahepatic cholestasis with
positive AMA at a titre > 1:80 or, in case of negative AMA, with positive ANA (positivity for GP210 and/or
SP100 antibodies) or with a liver biopsy suggestive of PBC.! Diagnosis of PBC/AIH overlap was established
according to EASL guidelines.! Patients achieving response by the Paris Il criteria at baseline regardless of
liver fibrosis stage, with intolerance to UDCA, previous liver transplantation transplanted patients, or pregnant
women were excluded. Presence of liver cirrhosis was ascertained with 1) liver histology and/or 2) liver
stiffness measurement assessed by vibration-controlled transient elastography >16.9 kPa and/or 3)
radiological, clinical and laboratory features.>* Eligible patients were consecutive patients with PBC not
responding to UDCA according to Paris Il Criteria (i.e. patients with ALP >1.5x ULN or ALT >1.5x ULN or
bilirubin >1 mg/dl) who received OCA-based therapy as second line treatment. Demographic, clinical and
biochemical data were collected at baseline (immediately before starting OCA therapy) and at each visit
thereafter. All patients underwent visits every 3-6 months at local investigator discretion. Blood count, liver
biochemistry including aminotransferases, ALP, GGT, serum bilirubin, 1gG and IgM were determined at
baseline and at each visit. The occurrence of adverse events were monitored at each visit. Pruritus at baseline
or during follow-up was assessed by verbal rating scale (VRS; mild, moderate or severe). Discontinuation of
OCA was also collected. The study was conducted according to the principles of the updated declaration of



Helsinki and approved by the Institutional Research Board of the corresponding centres, in accordance with
local regulations. A total of 244 subjects with available baseline ALP and with at least 6 months’ follow-up
were used as validation cohort.

Variable selection and model development

Missing values

In the derivation cohort, the following variables presented >5% missing values: platelet count (N missing 132,
30%), serum albumin (N missing 190, 43%), prothrombin time (N missing 188, 43%), serum creatinine (N
missing 189, 43%) and body mass index (N missing 99, 22%). Due to the high missingness rate, these variables
were not considered for model derivation procedures. Conversely, missing values for AST/ULN (N missing
8, 1.8%), ALT/ULN (N missing 7, 1.6%), GGT/ULN (N missing 10, 2.3%) and total bilirubin (N missing 9,
2%) were imputed with random forests using the missRanger package® in R-software. In the validation IBER-
PBC cohort AST/ULN (N missing 1, 0.4%), GGT/ULN (N missing 11, 4.5%) and total bilirubin (N missing
1, 0.4%) were imputed with the same method. Missing values were predicted based on these same variables
as well as age at OCA start, sex, ALP/ULN, diabetes mellitus and presence of cirrhosis.

Model building

Finally, 13 candidate variables at baseline (sex, age, disease duration, diabetes, UDCA not treated, PBC/AIH
overlap, cirrhosis, ALP/ULN, AST/ULN, ALT/ULN, GGT/ULN and total bilirubin), and other two collected
after 6 months of OCA therapy (ALP/ULN and total bilirubin) were considered for score derivation.

Model building procedures were performed as described in Ewout W. Steyemberg’s (in particular Chapter 23)
and Frank E. Harrell’s textbooks.”® Two types of risk prediction models for each outcome were developed:
one based only on variables collected at OCA start (ORS), and one possibly including also the values of
ALP/ULN and total bilirubin after 6 months of OCA therapy (ORS+). To note, the ORS+ was derived in the
subset of subjects not responding/censored at 6 months (N 264, N 190 and N 354 for POISE, ALP/ULN<1.67
and NR criteria).

Candidate variables were tested by uni- and multivariable Cox regression analyses with OCA response criteria
(POISE, ALP/ULN<1.67, NORMAL RANGE criteria) as outcomes. The proportional hazards assumption of
the Cox models was checked using Schoenfeld residuals, and no violations were detected.

Since highly correlated with values at OCA start (Spearman’s p 0.63 and 0.76, respectively), ALP/ULN and
total  bilirubin after 6 months were expressed as relative change from baseline
[(value at 6 months - value at baseline) /value at baseline]. Possible non-linear relationships between
continuous predictors and the log hazard of the outcomes were checked and visually explored by means of
restricted cubic splines. In case of manifest non-linearity, different types of variable transformation were tested.
The optimal variable transformation was chosen when maximizing the model goodness-of-fit, as evaluated by
the Wald y? (Supplementary table 1).

For POISE response, we modelled ALP/ULN with a restricted cubic spline (4 knots, Supplementary Figure 1),
which showed a significantly improved y? of 42 compared to the linear fit (3 29) and to other types of
transformation. For ALP/ULN<1.67 and NORMAL RANGE response, ALP/ULN was modelled with a
restricted cubic spline (3 knots, Supplementary Figure 1), displaying the best model fit. Non linearity was also
found for ALT/ULN and AST/ULN. By applying restricted cubic spline, we visually detected a decrease of
the log hazard of POISE and ALP/ULN<1.67 response and a plateau for values of 1.5 and higher
(Supplementary Figure 1). We then fitted a linear model up to the value of 1.5 and then a plateau, finding y?
values similar to restricted cubic spline. With similar x® values, the transformation with lower degrees of
freedom was preferred and a linear fit up to 1.5 was considered for ALT/ULN and AST/ULN for both
outcomes. For NORMAL RANGE, the threshold effect at 1.5 for ALT/ULN and AST/ULN was less evident,
and a natural logarithmic transformation showed the best model fit with the lowest degrees of freedom.

For age at OCA start, the linear fit resulted in a model y? of 0.53 (POISE response), of 0.67 (ALP/ULN<1.67
response), and of 0.3 (NORMAL RANGE response). If we fit a model with restricted cubic spline (4k, 3 df),
the %2 raised to 1.33, 3.13 and 1.01, respectively. The difference between the linear and the spline fit was 0.8,
2.47 and 0.71 which was not significant at 2 df (3 - 1 df, p values of 0.67, 0.29 and 0.72, respectively). As



such, the linear fit was considered to age at OCA start. A similar approach was also applied for disease duration
and GGT/ULN (Suppl Fable 1).

Supplementary Table 1. Impact of various codings of continuous predictors in univariate Cox regression
models.

Response Criteria POISE ALP/ULN<1.67 NRO,ENNCIBAI\EL
: : Wald y? Wald 2 Wald y?
Predictor Coding (d) (d) (d)
ALP/ULN Linear 27 (1) 66 (1) 12 (1)
RCS, 3k 23(2) 93 (2) 21(2)
RCS, 4k 39(3) 90 (3) 19 (3)
Log 26 (1) 87 (1) 17 (1)
Sqrt 27 (1) 77 (1) 15 (1)
Quadratic 27 (2) 66 (2) 12 (1)
x<2.1=0, then x-2.1 26 (1) 47 (1) 8(1)
x<2.1=0, then (x- 31 (1) 65 (1) 11 (1)
2.1
x<2.1=0, then (x- 31(1) 70 (1) 12 (1)
2.0)1-2
Total Bilirubin Linear 39 (1) 12 (1) 9(1)
RCS,3k 31(2) 11 (2) 7(2)
RCS,4k 28 (3) 11 (3) 6 (3)
Sqrt 37(1) 11 (1) 8(1)
Ln 37 (1) 11 (1) 72)
Quadratic 39 (2) 12 (2) 71)
Age at OCA start Linear 0.53 (1) 0.67 (1) 0.3(1)
RCS,3k 0.85 (2) 0.99 (2) 0.57 (2)
RCS,4k 1.33(3) 3.13(3) 1.01 (3)
Sqrt 0.46 (1) 0.53 (1) 0.31(1)
Ln 0.39 (1) 0.62 (1) 0.31(1)
Quadratic 0.53 (2) 0.47 (2) 0.3(1)
Disease Duration Linear 0.16 (1) 1.23(1) 0.41 (1)
RCS,3k 0.49 (2) 1.23(2) 1.10 (2)
RCS,4k 0.95 (3) 1.27 (3) 1.15(3)
Sqrt 0.03 (1) 1.37 (1) 0.27 (1)
Ln 0.02 (2) 1.15(1) 0.19 (1)
Quadratic 0.16 (2) 1.23(2) 0.41 (1)
ALT/ULN Linear 5(1) 13 (1) 5.5 (1)
RCS,3k 11(2) 21(2) 55(2)
RCS,4k 10 (3) 21 (3) 55(3)
Ln 9(1) 19 (1) 6.1 (1)
Sqrt 7() 17 (1) 6.0 (1)
Quadratic 5(2) 13 (2) 55(1)
linear, then x>1.5=1.5 11 (1) 22 (1) 5.4 (1)
AST/ULN Linear 7() 11 (1) 3.5(1)
RCS,3k 15 (2) 17 (2) 5.8(2)
RCS,4k 15 (3) 17 (3) 6.4 (3)
Ln 12 (1) 15 (1) 53(1)
Sart 10 (1) 14 (1) 46 (1)
Quadratic 7(2) 11 (2) 3.5(1)
linear, then x>1.5=1.5 16 (1) 17 (1) 5.6 (1)
GGT/ULN Linear 0.5(1) 7.27 (1) 1.31(1)



RCS,3k 0.51 (2) 9.68 (2) 2.82(2)

RCS,4k 2.00 (3) 11.08 (3) 3.83(3)
Ln 0.31 (1) 9.22 (1) 0.84 (1)
Sqrt 0.4 (1) 8.51 (1) 0.99 (1)
Quadratic 0.5(2) 7.27 (2) 1.01 (1)
Relative change ALP/ULN Linear 27 (1) 20 (1) 10 (1)
at 6 months RCS,3k 24 (2) 20 (2) 12 (2)
RCS,4k 20 (3) 20 (3) 12 (3)
Sqrt 4(1) 5() 3(1)
Quadratic 27 (2) 20 (2) 10 (1)
x<-0.2=-0.2, then 20 (1) 19 (1) 2(1)
linear
Relative change Total Linear 27 (1) 20 (1) 0.3(1)
bilirubin RCS,3k 24 (2) 20 (2) 0.7 (2)
at 6 months RCS,4k 20 (3) 20 (3) 1.5(@3)
Sqrt 4(1) 5() 0.1(1)
Quadratic 27 (2) 20 (2) 0.3(1)
x<0=0, then linear 20 (1) 19 (1) 0.1(1)

Relative change of ALP/ULN and total bilirubin calculated as (value at 6 months — value at baseline)/value at baseline.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; df, degree of freedom;
k, knot; RCS, restricted cubic spline.

Supplementary Figure 1. Unadjusted relations between continuous variables and the log hazard of
response to OCA according to different response criteria. Only variables showing non-linear
relationships with outcomes have been displayed according to their optimal (black lines) and nearly
optimal fit (grey lines). Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
ALP, alkaline phosphatase; df, degree of freedom; k, knot; Ln, natural logarithm; RCS, restricted cubic spline.
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Stepwise variable selection

Full multivariable Cox regression models were firstly fitted with all the candidate variables (Supplementary
table 2). Then, parsimonious models were obtained by means of automated backward stepwise selection
procedures using the Akaike Information Criteria (AIC, the lower the better) as stopping rule, and the Wald y?
of individual variables as the statistics on which to base the stopping rule (Supplementary table 2). Finally, a
penalized maximum likelihood estimation was used to account for overfitting.®

The following variables were retained in the final models for

ORSpoise: age at OCA start, pruritus at OCA start, ALP/ULN, cirrhosis, total bilirubin, ALT/ULN, GGT/ULN
ORSaLpuLN<167: pruritus at OCA start, ALP/ULN, cirrhosis, total bilirubin, GGT/ULN

ORSNORMAL RANGE: pruritus at OCA start, ALP/ULN, total bilirubin

The relative change ([value at 6 months — value at baseline]/value at baseline) of ALP/ULN and/or of total
bilirubin after 6 months of OCA therapy were subsequently added for the derivation -in the subset of subjects
not responding/censored at 6 months- of an updated ORS (ORS+), if improving the goodness-of-fit:
ORS+poise: age at OCA start, pruritus at OCA start, ALP/ULN, cirrhosis, total bilirubin, ALT/ULN,
GGT/ULN + relative change of ALP/ULN at 6 months and relative change of total bilirubin at 6 months
ORS+aLpuLn<167: pruritus at OCA start, ALP/ULN, cirrhosis, total bilirubin, GGT/ULN + relative change of
ALP/ULN at 6 months and relative change of total bilirubin at 6 months

ORS+normaL rance: pruritus at OCA start, ALP/ULN, total bilirubin + relative change of ALP/ULN at 6
months and relative change of total bilirubin at 6 months



Supplementary table 2. Multivariable Cox proportional hazard models for response to Obeticholic acid in the derivation cohort (RECAPITULATE),
according to different criteria.

Outcome
Score
Model
Predictor
Sex, female
Age at OCA start

Duration of disease before OCA
start

Diabetes mellitus

UDCA not treated

PBC/AIH overlap

Pruritus at baseline

ALP/ULN at baseline

Cirrhosis

Total Bilirubin/ULN at baseline

ALT/ULN at baseline

AST/ULN at baseline

GGT/ULN at baseline

Change ALP/ULN

at 6 months, relative
Change Total Bilirubin
at 6 months, relative

POISE RESPONSE ALP/ULN<1.67 RESPONSE NORMAL RANGE RESPONSE
ORSPpoISE ORS+roise ORSALrULN<1.67  ORS+ALP/ULN<1.67 ORSNORMALRANGE ~ ORS+NORMALRANGE
Full Reduced Reduced 2 Full Reduced Reduced 2 Full Reduced Reduced 2
aHR (95%CI) aHR (95%Cl), 72 aHR (95%Cl), 3 aHR (95%CI) aHR (95%Cl), 72 aHR (95%CI), 12 aHR (95%CI) aHR (95%CI), 1> aHR (95%CI), 1>
1.09 (0.69- 0.83 (0.58- 2.28 (0.80-
1.74) 1.19) 6.52)
0.81 (0.63- 0.79 (0.62-1.01), 0.98 (0.79- 0.83 (0.53-
0.85 (0.67-1.09), 2
1.05) 37 1.22) 1.31)
0.86 (0.70- 0.99 (0.83- 0.80 (0.54-
1.05) 1.19) 1.17)
0.77 (0.37-1.6) 0.80 (0.47- 1.43 (0.48-
1.37) 4.23)
0.43 (0.10- 0.41 (0.15- 1.53 (0.32-
1.78) 1.14) 7.29)
0.92 (0.56- 1.00 (0.68- 1.19 (0.48-
1.49) 1.49) 2.94)
0.48 (0.33- 0.61 (0.46- 0.73 (0.55-0.98), 4 0.60 (0.32-
052(0.36-0.76),11  0.70 (0.48-1.03), 3 059 (0.44-0.79), 12 0.64 (0.34-1.21), 2 0.87 (0.46-1.66), 2
0.70) 0.83) 1.16)
0.34 (0.22- 0.42 (0.28-0.64), 0.32 (0.25- 0.21 (0.16-0.27), 150 0.27 (0.16-
0.43 (0.28-0.66), 27 0.33 (0.26-0.42), 84 0.34 (0.20-0.56), 18 0.15 (0.08-0.29), 31
0.54) 42 0.42) 0.48)
0.79 (0.56- 0.77 (0.55-1.07), 0.81 (0.61- 0.82 (0.63-1.07), 2 0.66 (0.35-
0.74 (0.53-1.05), 3 0.80 (0.61-1.04), 2.7
1.13) 24 1.06) 1.23)
0.49 (0.38- 0.50 (0.38-0.66), 0.77 (0.66- 0.84 (0.71-1), 4 053 (0.34-
052 (0.41-0.67), 26 0.78 (0.67-0.91), 9.4 053 (0.35-0.80), 9 0.5 (0.32-0.79), 9
0.63) 24 0.91) 0.82)
0.84 (0.54- 0.82 (0.58-1.16), 0.76 (0.52- 0.70 (0.39-
0.77 (0.54-1.11), 2
1.30) 12 1.12) 1.26)
0.87 (0.55- 1.28 (0.86- 1.08 (0.59-
1.38) 1.92) 1.99)
138 (1.17- 112 (0.97- 1.01 (0.88-1.15), 0.9 1.28 (0.92-
1.30 (1.10-152),10  1.23 (1.05-1.45), 6 1.09 (0.96-1.25), 1.8
1.63) 1.30) 1.77)

0.43 (0.33-0.57),
37

0.88 (0.73-1.06), 2

0.43 (0.35-0.52), 73

0.22(0.12-0.4), 25

Reduced models 1 (ORS) were obtained from full models with automated backward selection procedure using the Akaike Information Criteria as stopping rule, and the Wald y2 of individual variables as the statistics on
which to base the stopping rule. Reduced models 2 were fitted only in subjects not responding/censored at 6 months (N 264, N 190 and N 354 for POISE, ALP/ULN<1.67 and NR), with the addition to reduced models 1 of
the relative change of ALP/ULN and of total bilirubin at 6 months of OCA therapy. The relative change is calculated as [(value at 6 months — value at baseline) / value at baseline]. A penalized maximum likelihood
estimation was used to account for overfitting. Variables have been transformed as detailed in Supplementary table 1, and hazard ratios (HR) are reported for the comparison of the third vs first quartile for continuous
variables, and for categories for categorical variables. Wald %2 is reported for indicating the contribution of each variable in the predictive scores.



Abbreviations: AIH, autoimmune hepatitis; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyl transferase; ORS, OCA response score; OCA, Obeticholic
acid; PBC, primary biliary cholangitis; UDCA, ursodeoxycholic acid; ULN, upper limit of normal to check



Collinearity and interactions between variables
Collinearity and multicollinearity between variables were explored in the final models by computing the
Spearman p correlation coefficients and the variance inflation factor (VIF). Correlation coefficients were
<0.6, and VIF<2, demonstrating no significant collinearity/multicollinearity (Supplementary table 3).
Similarly, no interactions were evident between variables in the final models (Supplementary table 3).

Supplementary table 3. Two-way interactions, correlations and multicollinearity between variables
included in the final model for the OCA response score (ORS).

POISE RESPONSE

. Rel change
Age at Pruritus ALP/ Total Rel change total g
OCA at OCA Cirrhosis S ALT/ULN GGT/ULN ALP/ULN A
ULN bilirubin bilirubin at
start start at 6 months 6 months
ngt at OCA P i(r)\.tg;act P interact 0.57 P interact 0.77 P interact 0.5 P interact 0.19 P interact 0.19 P interact 0.7 P interact 0.7
grgg\nsjfa:: Srﬁge%mlaf P interact 0.72 P interact 0.21 P interact 0.91 P interact 0.69 P interact 0.06 P interact 0.32 P interact 0.77
ALP/ULN Srﬁ(e;%m;g Sr?\f)agnlin P interact 0.47 P interact 0.19 P interact 0.32 P interact 0.19 P interact 0.02 P interact 0.95
Cirrhosis Sr;r)]eoag.ml;n Srf]zag_g%" Srf]zag_g%" P interact 0.15 P interact 0.31 P interact 0.85 P interact 0.9 P interact 0.78
gl(; ::Iial.llbl n Srggaromoa; Srﬁsaromoaf Sr’:\?)a(r)%%n Srphia(r)r.\;azn P interact 0.16 P interact 0.81 P interact 0.58 P interact 0.38
ALT/ULN Sﬁf:[?g“ Sr;;;agrqe;n Sr;;;agrge;n Sr;?]iagnaasn Sr;;iagn;in P interact 0.31 P interact 0.58 P interact 0.27
GOTIULN ¥ e e s Spome Sty
Rel change
ALP/U Lﬁl t Spearman Spearman Spearman Spearman Spearman Spearman Spearman P interact 0.63
a tho 0.12 tho 0.07 tho -0.37 tho -0.04 tho 0.01 tho -0.15 tho -0.23 nteract .
6 months
Rel change
total Spearman Spearman Spearman Spearman Spearman Spearman Spearman Spearman
ili i rho 0.12 rho -0.05 rho -0.01 rho 0.14 rho -0.26 rho -0.07 rho-0.1 rho 0.05
bilirubin at 6
months
VIF
ORS 1.14 1.04 1.23 1.04 1.05 1.48 1.47
ORS+ 1.15 1.07 1.34 1.08 1.15 1.53 1.46 13 1.08
ALP/ULN<1.67 RESPONSE
. Rel change
Pruritus ALP/ Total Rel change total 9
at OCA Cirrhosis e GGT/ULN ALP/ULN at L
start ULN bilirubin 6 months bilirubin at 6
months
Pruritus at P interact P interact P interact P interact P interact P interact
OCA start 0.13 0.32 0.82 0.32 0.78 0.11
Spearman P interact P interact P interact P interact P interact
ALP/U LN rho 0.14 0.29 70.85 0.53 0.20 0.94
Cirrhosis Srizagngzn Srﬁiagnae;n P |Stzgact P |3t§;act P |gt§;act P |gt§xr3act
Total Spearman Spearman Spearman P interact P interact P interact
bilirubin rho -0.01 rho 0.07 rho 0.22 0.92 0.55 0.78
Spearman Spearman Spearman Spearman P interact P interact
GGT/ULN rho 0.09 rho 0.43 rho 0.11 rho 0.15 0.32 0.97
Rel change
ALP/U Lﬂl t Spearman Spearman Spearman Spearman Spearman P interact
a rho 0.07 rho -0.37 rho -0.04 rho 0.01 rho -0.23 0.54
6 months
Rel change
tOtaI Spearman Spearman Spearman Spearman Spearman Spearman
bilirubin at 6 rho -0.05 rho -0.01 rho 0.14 rho -0.26 rho-0.1 rho 0.05
months
VIF
ORS 1.01 111 1.04 1.05 111
ORS+ 1.03 1.14 1.09 1.13 1.12 1.14 1.09
NORMAL RANGE RESPONSE
. Rel change
Pruritus Rel change g
at OCA ALP/ Total ALP/ULN total
ULN bilirubin bilirubin at 6
start at 6 months months
Pruritus at P interact P interact P interact P interact
OCA start 0.89 0.40 0.72 0.52
Spearman P interact P interact P interact
ALP/ULN rho 0.14 0.75 0.63 0.95



Total Spearman Spearman . P interact P interact
bilirubin rho -0.01 rho 0.07 0.81 0.96

Rel change

Spearman Spearman Spearman P interact
ALP/ULN at rho 0.07 rho -0.37 rho 0.01 B 0.54
6 months
Rel change

total Spearman Spearman Spearman Spearman
bilirubin at 6 rho -0.05 rho -0.01 rho -0.26 rho 0.05

months

VIF
ORS 1.01 1.01 1.00
ORS+ 1.03 1.28 1.06 1.30 1.05

P for interaction are from Wald y? tests.
Abbreviations: ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; interact, interaction; ORS, OCA response score; ULN, upper limit of
normal; Rel, Relative; VIF, variance inflation factor.

OCA response score (ORS) formula.

The ORS/ORS+ were calculated as the sum of the variables included in the final models (Supplementary Table
2), weighted for their B regression coefficients (linear predictor, gX). The ORS/ORS+ were centered on the
mean in the derivation cohort. Predicted response probabilities at 12 and 24 months of OCA therapy were then
estimated using baseline survival estimates So(t), where t is the time at which predicting OCA response, using

the formula: 1 - So(t)eﬂX. Full formulas for computing ORS/ORS+ according to different OCA response criteria,
along with So(t) estimates at 12 and 24 months are reported in Supplementary table 4. An online calculator can
be found at https://ocaresponsescore.github.io/calculator/.

Supplementary table 4. ORS/ORS+ formulas and baseline survival estimates.

OCA response score (ORS)

Outcome ORS ORS+

POISE 1.5530021 If ALP/ULN6months <1.67 &
-0.014619049*Age at OCA start (ALP/ULN6months- ALP/ULN)/ ALP/ULN <
+0.64567037*Pruritus -0.15 & TotalBilirubin6months <1, then
+0.68734539*ALP/ULN POISE criterium is already attained,
-1.3477237*(ALP/ULN—-1.38).3
+2.3394176*(ALP/ULN-1.8).3 else calculate:

-1.0333051*(ALP/ULN—-2.471429).* | 2.9645625-0.010079541*Age at OCA start
+0.041611269*(ALP/ULN-4.87) .* -0.35115548*Pruritus

-0.26753893*Cirrhosis -0.69673211* ALP/ULN
-1.2938781*TotalBilirubin -0.29445138*Cirrhosis
—0.26917078*min(ALT/ULN,1.5) -1.37536*TotalBilirubin
+0.063070033*GGT/ULN —0.34807907*min(ALT/ULN,1.5)
+0.050888012*GGT/ULN
-2.9107294*[(ALP/ULN6months —
ALP/ULN)/ALP/ULN]

—0.34485537*[(TotalBilirubin6months —
TotalBilirubin)/TotalBilirubin]

and (x). = x if x >0, 0 otherwise and (x). = x if x >0, 0 otherwise
ALP/ULN<1.67 | 3.2969418 If ALP/ULN6months <1.67, then the

-0.52175514*Pruritus - ALP/ULN<1.67 criterium is already attained,

1.3061516*ALP/ULN

+0.2527601*(ALP/ULN-1.5).* else calculate

-0.32479018*(ALP/ULN —2.05) .3 3.6024346
+0.07203008*(ALP/ULN —3.98).% | -0.31340847*Pruritus

-0.22389756*Cirrhosis - 1.8927908*ALP/ULN
0.49623968*TotalBilirubin +0.37438631*(ALP/ULN —1.5) .3
+0.021747561*GGT/ULN -0.4810767*(ALP/ULN —2.05) ,®
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and (x). = x if x >0, 0 otherwise

+0.1066904*(ALP/ULN —3.98) .
-0.1994449*Cirrhosis
—0.34343259*TotalBilirubin
+0.0022129224*GGT/ULN
—2.9341961*[(ALP/ULN6months —
ALP/ULN)/ALP/ULN]

and (x)+ = x if x >0, 0 otherwise

NORMAL 4.4364308 If ALP/ULN6months <1 &
RANGE -0.44185524*Pruritus - ALT/ULN6months < 1 &
1.6629714*ALP/ULN TotalBilirubin6months <1, then the NR
+0.4761417*(ALP/ULN —1.5).3 criterium is already attained,
-0.61182975*(ALP/ULN —2.05) .3
+0.13568805*(ALP/ULN —3.98).> | else calculate
—1.2762865*TotalBilirubin 5.2190166
-0.13479947*Pruritus
-2.7592853*ALP/ULN
+0.7405286*(ALP/ULN-1.5) ,*
—0.95156006* (ALP/ULN-2.05) .*
+0.21103147*(ALP/ULN —3.98) .3
—1.380134*TotalBilirubin
—5.1873971*[(ALP/ULN6months —
ALP/ULN)/ALP/ULN]
and (x). = x if x >0, 0 otherwise and (x). = x if x >0, 0 otherwise
Baseline Survival — Sy(t)
POISE
12 months 0.6954680 0.7026726
24 months 0.6115819 0.6179623
ALP/ULN<1.67
12 months 0.4327055 0.3945538
24 months 0.3369205 0.2949377
NORMAL
RANGE
12 months 0.9285800 0.9551407
24 months 0.8760027 0.9183093
OCA predicted response probability
ORS
1—50()°

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; GGT, gamma-glutamyl
transferase; ULN, upper limit of normal.

Internal validation.

Internal validation was performed by comparing the observed vs predicted response probability, after

bootstrapping 300 sample of the derivation cohort. Absolute error in prediction were all in the range of 0.02-
0.05, indicating good calibration. The prediction of ALP/ULN<1.67 at 12 months presented the highest mean
error (0.11 for both ORS and ORS+). Calibration plots are reported as Supplementary Figure 2.

Supplementary Figure 2. Internal calibration of the OCA Response Scores (ORS and ORS+) for the
occurrence of response according to POISE, ALP/ULN<1.67 and NORMAL RANGE criteria in the
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derivation cohort, at 12 and 24 months of OCA therapy. Reported curves are for the observed vs
predicted response probabilities and for optimism-corrected values, after bootstrapping 300 samples of the
derivation cohort. The absolute error in prediction is reported as mean and 90" quantile.
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Relation between ALT and GGT and the probability of OCA response according to POISE
Supplementary Figure 3 highlights the effect of ALP and bilirubin on the hazard of POISE response
according to ALT and GGT values. An inverse association can be observed for ALT/ULN particularly at
lower ALP and bilirubin levels (upper left panel). With increasing ALP/ULN values, the relation
progressively gets blunted. With higher bilirubin levels (upper central and right panels), the relation of ALT

with OCA response is no more evident and not influenced by ALP/ULN.

For GGT/ULN, a direct relation is observable particularly at lower ALP/ULN and bilirubin levels, which

progressively declines at increasing ALP values (lower left panel). At high bilirubin levels (2 mg/dL, right

panel), GGT effect on OCA response is close to flat and not influenced by ALP.

Supplementary Figure 3. Shape of the relationship between the hazard of OCA response according to
POISE and ALT and GGT, at different levels of ALP/ULN and total bilirubin at baseline.
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What You Need to Know
This content should include three headings (Background, Findings, Implications for patient care) with 1-2
brief sentences (25-30 words; exclude nonstandard abbreviations) per heading.

Background.

With novel second-line therapies in advanced development, a tool for predicting biochemical response to
OCA is needed to tailor the treatment algorithm of PBC patients who are unresponsive or intolerant to
UDCA.

Findings.

The OCA response score (ORS) was derived and externally validated for predicting biochemical response
according to POISE, ALP/ULN<1.67 and normal range criteria. This incorporates the age, the presence of
pruritus, a cirrhotic disease stage, the serum level of ALP, ALT, GGT and bilirubin, and the ALP and
bilirubin change after 6 months of OCA therapy (https://ocaresponsescore.github.io/calculator/).

Implications for patient care.
In the evolving landscape of clinical practice, as more second-line therapies loom on the horizon, the ORS
could enhance personalized treatment allocations.


https://ocaresponsescore.github.io/calculator/

