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Abstract

Background and Aims. Gamma-glutamyltransferase (GGT) is a serum mavkeholestasis. We
investigated whether serum level of GGT is a praetjoanarker for patients with primary biliary
cholangitis (PBC).

Methods:

We analyzed data from patients with PBC from theb@l PBC Study Group, comprising 14
centers in Europe and North America. We obtainedsmeements of serum GGT at baseline and
time points after treatment. We used Cox model tthratios to evaluate the association between
GGT and clinical outcomes, including liver transpétion and liver-related death.

Results:

Of the 2129 patients included in our analysis, @8P%) had a liver-related clinical endpoint. Mean
age at diagnosis was 53 years and 91% of patieets female patients. We found a correlation
between serum levels of GGT and alkaline phospbdiasP) (r=0.71). Based on data collected at
baseline and yearly for up to 5 years, higher sdav@l of GGT were associated with lower hazard
for transplant-free survival. Serum level of GGT1lat months after treatment higher than 3.2-fold
the upper limit of normal (ULN) identified patientgho required liver transplantation or with liver-
related death at 10 years with an area under ttevier operating characteristic curve of 0.70. The
risk of liver transplantation or liver-related dean patients with serum level of GGT above 3.2-
fold the ULN, despite level of ALP lower than 1.&d the ULN, was higher compared to patients
with level of GGT lower than 3.2-fold the ULN anevel of ALP lower than 1.5-fold the ULN

(P<.05). Including information on level of GGT ince=al the prognostic value of the Globe score.

Conclusion: Serum level of GGT can be used to identify pasiewith PBC at risk for liver
transplantation or death, and increase the progneatue of ALP measurement. Our findings

support the use of GGT as primary clinical endpaintlinical trials. In patients with low serum



level of ALP, a high level of GGT identifies thosého might require treatment of metabolic

disorders or treatment escalation.

Keywords: UDCA; biomarkers; autoimmune liver disease; pradn.



I ntroduction

Primary biliary cholangitis (PBC) is a chronic dise characterised by an autoimmune damage of
the small bile ducts. The disease course is tygicdlbw and progressive, and can evolve to
cirrhosis and its complications if untreated or emikated. The backbone of treatment is
ursodeoxycholic acid (UDCA); however, up to 40%abfUDCA-treated subjects have inadequate
response by current definitiodnd.ack of biochemical response in PBC is stronglyogiated with
reduced survival, and identification of patientshagher-risk of poor outcomes is essential to
identify those who can benefit from treatment estbalf °. Different risk stratification tools
already exist, and include clinical variaft€$ In all existing models, markers are integrated to
estimate the risk of death or liver transplantation) typically after 12 months of optimally-dosed
treatment with UDCA. Total bilirubin and alkalindh@sphatase (ALP) are the main biochemical
parameters used for diagnostic and prognostic e PBC, and are present in all validated
score§® Yet, another serum marker, gamma-glutamyl traaste(GGT), is also typically elevated
in chronic cholestasis. While European Associafimnthe Study of the Liver (EASL) clinical
practice guidelines suggest to use GGT to confiBC Rliagnosi} its role in defining prognosis

and predicting treatment response has never beserpr

GGT is a liver-specific enzyme associated with ebtasis. It can also increase secondary to drug
or alcohol exposure or fatty liver in the preserafemetabolic comorbidities (e.g. diabetes,
obesity§. In contrast, ALP is not a liver-specific markeand can be raised in osteoporosis,
condition frequently associated with PBQn pregnancy and childhood. Isolated raised Adwels

with normal GGT levels are rarely found in cholesa

In previous landmark clinical trials evaluating thiicacy of second-line drugs in PBC, ALP was
used as treatment endpoint; nevertheless, the lmeinaof GGT in treated patients mirrored that of

ALP'13  There is evidence that farnesoid X agonists irdumne-derived ALP gene



expressiofi*> possibly making ALP values less reliable. Inténggy, there are a few novel drugs
currently investigated in clinical trials includirgatients with PBC which have used reduction of
GGT levels, instead of ALP levels, as primary outef ™ Nonetheless, it is not clear whether the
achievement of a reduction in GGT levels translats meaningful positive long-term clinical
outcomes. Indeed, little is known about the progno®mle of GGT and its relation to ALP in

patients with PBC.

The aim of our study was to explore whether lewdISGGT at different time points can be an

accurate predictor of liver-related outcomes inqras with PBC.

Patientsand Methods

Study Design and Population

This is a multicenter, international, observatioo@hort study. We used data from the Global PBC
Study Group multicenter cohort. The cohort has tdescribed in detail elsewhérdriefly, PBC
was defined according to established internatigoédelines. Demographic, clinical and outcome
data were collected from 14 centers across EurngéNarth America.

We included in this study UDCA-treated and untréapatients present in the database with
available GGT at 12 months of follow-up.

Patients were excluded from the analysis if they &aahort follow-up (< 6 months), data on GGT
after 12 months of treatment with UDCA were unaaalé, or whether the start date of treatment or
the exact date of major clinical events was unknoovrif they had concomitant liver disease (e.g.
overlap with viral hepatitis or autoimmune hepajiti

The primary outcome was a composite endpoint inctudither LT or death. Both all-cause death

and liver-related death were evaluated in the cai@outcome.

Explanatory variables



The following variables were available: age at dijs, sex, year of diagnosis, treatment with
UDCA, histological stage (Scheuer and Ludwig stagelod tests at the time of diagnosis, i.e.
GGT, ALP, alanine transaminase (ALT), aspartatensaninase (AST), bilirubin, albumin,
antimitochondrial antibodies (AMA) status.

In order to account for the inter-laboratory vaii&pGGT, ALP, ALT, AST, bilirubin values were
normalized according to the higher reference valuesd albumin to the lower reference values -

and expressed as ratio (x upper limit of normalNyJk lower limit of normal, LLN).

Ethical Approval
This study was conducted in accordance with théopod and the principles of the Declaration of
Helsinki. The protocol was approved by each padithg center in accordance with local

regulations.

Statistical analysis

Study entry was defined as the start date of UDR&apy, or the date of the first center visit for
patients not treated with UDCA. Patients withoutcwlmented events during follow-up were
censored at their last follow-up visit.

We analysed the correlation between GGT and ALRguSpearman’s correlation index at baseline
and yearly up to five years of follow-up. We alstalysed the correlation between ‘relative delta
(A) variations’ of GGT and ALP before and after treaht - AGGT defined as:GGT levels at
baseline - GGT levels at 12 months)/GGT levelsageline andAALP defined as:ALP levels at
baseline - ALP levels at 12)/ALP levels at baselfé analyses evaluating relativ® variations
were performed on a sub-cohort of patients withoigsing GGT values at entry of the study and
12 months later and treated with UDCA.

To study the association between GGT and outconeeCbx model hazard ratios (HRs) of LT or

death were estimated by applying a cubic splimetion of GGT at baseline and yearly up to 5



years of follow-up. To further evaluate the asstmmof GGT with LT-free survival, the effect of
GGT was adjusted for center, year of diagnosiefaized in before 1990 and after 1990), age at
diagnosis, UDCA therapy, sex, and different biocioainvariables. We explored interactions
between GGT and ALP.

We undertook a Multiple Imputation with Chained Bfjansapproach (5 imputations) to handle
missing values of factors used as adjusting vaggabi the multivariate analysis, using t¢éCE
packagen R.

To investigate the predictive performance of GGTLatmonths of follow-up towards the two
composite end-points (all-cause death or LT andrirelated death or LT) at 5 and 10 years of
follow-up and to find the optimal cutoff to dichotize GGT we used the time-dependent Receiver
Operating Characteristic (ROC) curve mettod

To investigate whether the dichotomized GGT waseanmmgful surrogate endpoint, we repeated
Cox analyses for multiple subgroups of patientsbgsoups were defined by UDCA therapy,
histological disease stage (dichotomized in LudeigScheuer 1 and 2 (early) or Ludwig and
Scheuer 3 and 4 (advanced)), biochemical diseasge sfaccording to Rotterdam criteria,
dichotomized in early versus moderate and advaneg®) at time of diagnosis (< ar 45 years),
sex, and date of diagnosis (before 1990 or aftef)1L9

LT-free survival was assessed for the dichotom@&II and for a combination of GGT and ALP
by Kaplan—Meier estimates. Log-rank test was usad domparisons between groups. The
combination of GGT and ALP was meant to explore tiwbethe addition of GGT could improve
risk stratification of PBC patients. ALP threshaisled in this analysis was equal to 1.5 x ULN, in
accordance to EASL CPG definition of low-risk patfe

Survival analyses, including time-dependent RO@ewanalysis, Kaplan-Meier estimates and Log-
rank test were repeated also ABGT andAALP.

Finally, to explore the average trend of GGT/tdidirubin and ALP/GGT ratios over time in

patients who experienced LT or death, we fitteéhaar mixed model with random intercept and



random slope. The follow-up of patients was aliga¢dhe time of occurrence of the composite
endpoint, fixing the origin at that time and rewegsthe time axis.

Normally distributed data are presented as mearstamdlard deviation and skewed distributed data
as median and interquartile range. A two-sided@P08 was considered statistically significant.

All analyses were performed using R (v.3.5.1, ReCbeam).

Results

Among 4245 patients included in the Global PBC lbiase, 2129 met the inclusion criteria for this

study Supplementary Figure 1, Supplementary Table 1). Features of the cohort are shown in

Table 1 and missing data isupplementary Table 2. Demographic characteristics at diagnosis
were consistent with those reported in the litemt®ver the period of follow-up, 406 subjects

experienced a clinical endpoint: 288 died and ldéewwent LT. Liver-related deaths were 165;

123 patients (42.7% of deaths) died due to non-lekated causes. In the whole cohort, 5-, 10- and

15-year LT-free survival rates were 91%, 80% ankb,/@spectivelfSupplementary Figure 2).

Association between GGT levelsand ALP levels

Correlation between GGT and ALP was strong, aseudy Spearman index (r=0.7Bjidure 1),
up to five years of follow-ugSupplementary Figure 3). In the sub-cohort of patients with GGT
values at entry of the study and at 12 months o€CBQN = 1630), mediadGGT was 0.63 (63%
median reduction in GGT levels from baseline), whihedianAALP was 0.35 (35% median
reduction in ALP levels from baseline); we foundnaderate correlation (r=0.65) betweGGT

andAALP (Supplementary Figure4).

Association between GGT and therisk of LT or death



The association between GGT levels (at baselineyaady up to 5 years of follow-up) and the risk
of LT or death was log-linear, and higher levelsG&T were associated with reduced LT-free
survival Figure 2A and2B andSupplementary Figure 5 (A-D)).

We fitted a Cox model including the variables preése the Global PBC score, i.e. ALP, bilirubin,
platelets and albumin levels evaluated at 12 moatiasage at diagnosis, with the addition of GGT
at 12 months. HR of LogGGT was 2.55 (95% CI 1468&0) and HR of LogALP was 2.54 (95% CI
1.27, 5.05) Table 2).

We performed a time-dependent ROC analysis to iigettie optimal cut-off of GGT and ALP at
12 months follow-up discriminating between patieaxperiencing the event and those free from
the event at 10 years. The optimal cut-off for tivelated death or LT was 3.2 times the ULN for
GGT, and 2.0 times the ULN for ALFS{pplementary Figure 6). The area under the ROC curve
(AUROC) value was 0.70 for GGT, and 0.72 for ALFheT5-,10- and 15-year LT-free survival
rates for patients with GGT levels < 3.2 times tHeN were respectively 94%, 86% and 78%; for
patients with GGT levels> 3.2 times the ULN the same rates were 85%, 69% %890
(Supplementary Figure 7).

The optimal cut-off for all-cause death or LT waS 8mes the ULN for GGT, and 2.0 times the
ULN for ALP (Supplementary Figure 8). The area under the ROC curve (AUROC) value was
0.66 for GGT, and 0.70 for ALP.

The discriminative power of GGT at 12 months wa assessed evaluating the outcome (liver-
related death or LT) at different time points, fr@year- to 15 year- follow-u@lS@pplementary

Figure9).

Sub-group analysis
We further explored the ability of GGT to prediaitcome in different patient subgroups. The
threshold of 3.2 times the ULN after 12 months afoiwv-up was still predictive in the following

subgroups: patients treated with UDCA, patientdwistologically early and late disease, patients



with biochemically early disease, patients youngerolder than 45 years of age at diagnosis,
females or males, diagnosed before 1990 or afté0.1&GT levels did not show a significant
association with the outcome in the subgroups leithnumbers/ few events, i.e. untreated patients

and patients with biochemically moderate/advandsease Eigure 3).

GGT improvesrisk stratification based on ALP

To explore the contribution of GGT in the risk $freation based on ALP, two groups (ALP1.5

X ULN, i.e. high-risk; and ALP < 1.5 x ULN, i.e.Morisk) were defined. The comparison of these
two groups is shown iSupplementary Figure 10.

The risk of death or LT in patients with GGT level8.2 times the ULN, compared with those with
GGT levels < 3.2 times the ULN, was higher in bthtbse subjects with ALP <1.5 times the ULN
and ALP> 1.5 times the ULN. Notably, in the ALP < 1.5 xN group, the 5-,10-,15-year LT-
free rates for patients with GGT levels < 3.2 tirtftes ULN were 96%, 90% and 83%, respectively;
in the same group, the rates for patients with G&/Els> 3.2 times the ULN were significantly
lower (90%, 83% and 74%, respectively; p < 0.05y(re 4).

Notably, findings were consistent and maintainee@nvhll-cause death or liver-related death were
used (not shown), when analyses were restrictexhly treated patientsSgpplementary Figure

11) when using other ALP cutoffs (1.67 x ULN and .OLN) in treated patientsSgpplementary
Figure 12 and 13) and when including only treated patients haviridg?Aevels < 1.5 x ULN at 12

months and stratified by levels of bilirubin (<>4.0 x ULN) Supplementary Figure 14).

Relative delta variations of GGT

To explore the possible predictive value&X&GT we repeated survival analyses in the selected
cohort of UDCA treated patients with GGT valuedath baseline and 12 months of follow-up (n
=1630 subjects). In univariate Cox regression amglyhigher values aAGGT were associated

with lower hazard of liver-related death or LT (HR/2, 0.62-0.83, p < 0.001); higher values of



AALP did not associate with lower hazard of livelated death or LT (HR 0.82, 0.65-1.04, p =
0.10). The optimal cut-off AAGGT able to discriminate between those patientemsmpcing liver-
related death or LT, evaluated at 10 years, wa® @6%); the AUROC value fakGGT was 0.68.
The optimal cut-off oAALP able to discriminate between those patienteggpcing liver-related
death or LT, evaluated at 10 years, was 0.45 (45Pk@: AUROC value forAALP was 0.58
(Supplementary Figure 15).

Transplant-free survival was significantly worsepatients wittAGGT values from baseline < 66%

and in patients withALP from baseline < 45%SUupplementary Figure 16 A and B).

Trend of GGT/bilirubin and ALP/GGT ratios over disease course

We explored the behavioral pattern of two ratio&T&ilirubin and ALP/GGT, over time to
investigate whether the relationship between GGI'tha other two established prognostic markers
changes as disease progresses. Averaging all silifends, we found a progressive reduction of
GGT/bilirubin ratio over time, reaching a value 425 one year, 3.97 six months and 3.75 one
month before the occurrence of LT or death, respagt(Supplementary Figure 17A). ALP/GGT
ratio showed a slight increase from enrolimentinwetof the event, reaching a value of 0.86 one
year before, 0.88 six months and 0.89 one monttoréethe occurrence of LT or death

(Supplementary Figure 17B).



Discussion

In this international, multicenter study, we prawidvidence of the prognostic role of GGT in
patients with PBC. We have shown that higher GAtliesado associate with worse prognosis, and
therefore GGT represents a clinical marker of ltgrga outcome in PBC. The prognostic power of
GGT towards hard clinical endpoints (LT-free sualvis maintained irrespective of stage of the
disease, sex and age. GGT levels identify a highkrgroup among those currently considered at
low risk based on ALP definition (< 1.5 times théN). Finally, GGT decreases over time as the
disease progresses, as shown by the decrease dbia@bin ratio, which is due to reduction of
GGT and increase of bilirubin at the same time, @uedreduction of ALP/GGT ratio before LT or
death; therefore the prognostic cut-off presentethis work should be applied only for bilirubin

values under 1.0 x ULN.

Abnormal GGT levelsX 3.2 x ULN) at 12 months discriminate the prognagipatients with ALP

< 1.5 x ULN, currently defined as low risk group BASL recommendationsinterestingly, these
patients (n=160) die of liver-related events ratifian cardiovascular or other events (rate of non-
liver-related deaths = 35% within this sub-cohevrhich is comparable to 41% in the same rate
within the group ALP > 1.5 x ULN and GGT < 3.2 x NLand far lower than 47% in patients with
ALP < 1.5 x ULN and GGT < 3.2 x ULN). Moreover, weticed that patients with elevated GGT
and low ALP have higher inflammatory markers (ALAST) and ALP values than patients with

low GGT and low ALP $upplementary Table 3). We are not able to discriminate whether



patients with GG 3.2 x ULN and ALP < 1.5 x ULN suffer from overlap PBC and fatty liver
disease or, in alternative, GGT is a complimentaayker of cholestasis; in the latter case it might
be necessary to identify lower thresholds for Alde &GT, as proposed by Murillo ef&IFuture
studies should better define the features of thigyup of patients. In the meantime, PBC patients
with low ALP and raised GGT levels should be thgiady screened for common causes of isolated
GGT elevation such as liver steatosis, alcohol alausl medications; after this careful evaluation,

escalation with anticholeretic drugs might be fuesdi.

GGT is an orphan marker of cholestasis with unkn@sognostic role in PBC so far. There is
evidence supporting prognostic role of GGT in ottieolestatic diseases in the pediatric setting

%> where GGT has been commonly used instead of Aideed, due to the changing values of the
bone isoenzyme of ALP in growing children, clinieaterpretation of laboratory values may be
misled. Although PBC affects nearly only adultgzah be associated to conditions like osteoporosis
where ALP levels may be non-spedificin postmenopausal women serum ALP levels aregiyo
correlated with bone ALP levéfs This makes ALP in middle-aged women with PBC kgsacific.

In the context of PBC and bone disease, GGT canvaid marker of cholestasis to stratify risk of

liver-related events, define disease activity andik response to therapy.

The choice of GGT as primary efficacy endpoint iiage 1l clinical trials who evaluated the safety
and efficacy of Setanaxiband Tropifexal® in patients with PBC was driven by a context-sfieci
biological rationale, despite its use as surrogatdpoint had not been validated. Our study offers a
piece of evidence to support the use of GGT aabigiclinical endpoint for clinical trials in PBC.

Our results are not able to provide a clear threskar clinical trials choosing GGT as primary
efficacy outcome. However, the spline plots cleathpw that the lower the GGT level, the better

the outcome. Additionally, reduction of GGT leveisder UDCA treatment equal or bigger than



66% from baseline is associated with better tramggdiee survival; this could be of help when
planning the percentage of decrease of GGT to ée as primary endpoint for a new drug.
Limitations of the study are its retrospective matthat prevented full data for all the variabM&e
were also not able to account for possible knownfaxmders like alcohol and drug exposure or
histological evidence of liver steatosis, sincesthdata are not available in the Global PBC Study
Group database. Yet, the strong correlation of G@M ALP supports the concept that GGT is also

a marker of cholestasis and offers complementdoynmation to ALP.

In conclusion, our study shows that GGT is a sptignostic marker of outcome in PBC, and that
the higher the values of GGT the worse the LT-Baevival. As ‘Global PBC’ investigators, we
endorse the use of GGT together with validated sires to discriminate long-term prognosis of
patients with PBC. Moreover, we believe that inigras with isolated elevation of GGT clinicians
should at first screen and address common cause&dfelevation such as metabolic liver disease
and medications; if excluded, add-on therapie*®€ might be considered with the aim to reduce
also GGT levels together with ALP and bilirubin éés. Finally, GGT can safely replace ALP in
patients with conditions that may spuriously aléstels of ALP or in clinical trials when considered

more appropriate by investigators.
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Tables

Table 1. Characteristics of the study population

Total cohort

(N = 2129)
Age at diagnosis 531+ 121
< 1990 510 (24.3)
Year of diagnosis
> 1990 1594 (75.7)
Female sex (%) 1932 (90.7)
AMA positive (%) 1888 (89.1)
Treated with UDCA (%) 1983 (94.2)
1 533 (44.3)
2 332 (27.6)
3 221 (18.4)
Histological disease stage? (%)
4 118 (9.8)
early 1017 (72.3)
moderately
313 (22.3)
advanced
Biochemical disease stage® (%)
advanced 76 (5.4)

Serum GGT at baseline (x ULN)

5.98 [3.12, 10.88]

Serum ALP at baseline (x ULN)

2.16 [1.34, 3.80]

Serum bilirubin at baseline (x ULN)

0.6 [0.45,1.00]

Serum AST at baseline (x ULN)

1.5 [1.00-2.24]

Serum ALT at baseline (x ULN)

1.6 [1.00-2.54]

Serum GGT at 12 months (x ULN)

2.09 [1.00, 4.60]

Serum ALP at 12 months (x ULN)

1.30 [0.89, 2.15]

Serum bilirubin at 12 months (x ULN)

0.58 [0.41, 0.83]

Serum albumin at 12 months (x LLN)

1.16 [1.08, 1.25]

Serum AST at 12 months (x ULN)

0.93 [0.70, 1.41]

Serum ALT at 12 months (x ULN)

0.89 [0.60, 1.50]

Median follow up (years)

7.50 [3.91, 12.18]

Liver transplants (%) 116 (5.4)
All-cause deaths (%) 288 (13.5)
Liver-related deaths (%) 165 (7.7)

®histological disease stage according to Ludwig $clteuer’s classification




Phiochemical disease stage according to Rotterdaeriar
Abbreviations. AMA= anti mitochondrial antibodies; UDCA = ursodeoxicholic acid; GGT =
gamma-glutamyl transferase; ALP = alkaline phosphatase; AST = aspartate aminotransferase;

ALT = alanine aminotransferase.



Table 2. Multivariate analysisto identify variables associated with LT or liver-related death

Factors Multivariate model
HR (95% CI) p

Ageat diagnosis, years 1.01 (0.99,1.02) 0.08
Log ALP x ULN at 12 months 2.54 (1.27,5.05) 0.009
Log GGT x ULN at 12 months 2.55 (1.58,4.10) 0.00039
Bilirubin x ULN at 12 months 1.27 (1.21,1.33) p < 0.0001
Albumin x ULN at 12 months (per 0.1) 0.66 (0.60,0.73) p < 0.0001
Platelets (per 10) 0.93 (0.91,0.95) p < 0.0001

Note: the above analysis has been corrected girgfiby center.
Abbreviations. HR, hazard ratio; CI, confidence interval; p, p-value; GGT, gamma-glutamyl

transferase.
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Subgroup N= HR (95% CI)

>1990 1594 : -] 3.91 [2.69, 5.68]
<1990 510 m 1.48 [1.07, 2.05]
Male sex 197 I—-—i 2.05[1.06, 3.96]
Female sex 1932 3.03 [2.34, 3.93]
Age under 45 554 ] 3.52 [2.15, 5.77]
Age over 45 1574 : HaH 2.80[2.11,3.72]
Moderate or advanced stage 389 H—I 1.37 [0.98, 1.90]
Early stage 1017 | —— 2.84[1.69, 4.75]
Histological stage 3 or 4 339 — 2.53 [1.64, 3.89]
Histological stage 1 or 2 865 —=— 3.72[2.25, 6.17]
UDCA treated 1983 HEH 2.81[2.17, 3.64]
UDCA not treated 121 [ 1.98 [0.95, 4.10]

[ T I T T 1
0.25 1 2 5 10

Hazard ratio for GGT levels >= 3.2 x ULn versus < 3.2 x ULN at 12 months - log scale



Survival probability

Strata

ggt12<3.2x alp12>=1.6x
ggt12<3.2x alp12<1.5x
ggt12>=3.2x alp12<1.5x
ggt12>=3.2x alp12>=1.5x

p < 0.0001

s GGT12 < 3.2XULN & ALP12 < 1.5XULN

0 10 15
Time (years)
Number at risk
306 210 107 51
1062 738 360 139
160 106 62 27
593 383 201 103
0 5 10 15

Time (years)

Group 1 Group 2 Group 3
Group 1 / 0.006 le-10
Group 2 0.006 / 0.12
Group 4 <2e-16 0.006 0.009

GGT12 > 3.2XULN & ALP12 < 1.5XULN
GGT12 < 3.2XULN & ALP12 > 1.5XULN
GGT12 > 3.2XULN & ALP12 > 1.5XULN



Figure Legends

Figure 1. Correlation between levels of logGGT and logALP at 12 months. Spearman
correlation R=0.71
Abbreviations: Log = logarithm; GGT = gamma-glutamyl transferase; ALP = alkaline

phosphatase. ULN = upper limit of normal.

Figure 2. The hazard ratio of liver transplantation or death for GGT levels at different time
points (A, at baseline; B, at 12 months) with cubic spline transformation estimated by Cox
regression.

Abbreviations: GGT = gamma-glutamyl transferase. ULN = upper limit of normal.

Figure 3. Subgroup analysis of GGT levels. HRs of liver transplantation or liver-related
death for GGT levels> 3.2 timesthe ULN versus < 3.2 timesthe ULN at 12-month follow-
up for different subgroups. Early, moderate or advanced stage are defined according to
Rotterdam criteria.

Abbreviations. GGT = gamma-glutamyl transferase. HRs = hazard ratios. ULN = upper

limit of normal. UDCA = ursodeoxycholic acid.

Figure 4. Transplant-free survival of patients with GGT levels < 3.2 times the ULN versus>
3.2 timesthe ULN at 12-month follow-up in both patients with ALP levels <1.5 times the
ULN and > 1.5 times the ULN. Pairwise comparisons among the survival rates of the four
groups have been estimated by log-rank test with Benjamini-Hochberg adjustment for

multiplicity. Groups are defined asfollows: Group 1 GGT at 12 months< 3.2 x ULN & ALP



at 12 months < 1.5 x ULN; Group 2 GGT at 12 months> 3.2 x ULN & ALP at 12 months <
1.5x ULN; Group 3 GGT at 12 months < 3.2 x ULN & ALP at 12 months> 1.5 x ULN;
Group 4 GGT at 12 months> 3.2x ULN & ALP at 12 months> 1.5 x ULN.
Abbreviations: ULN = upper limit of normal, NS= not significant, GGT = gamma-glutamyl

transferase, ALP = alkaline phosphatase.
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Supplementary Tables

Supplementary Table 1 Features of excluded cases compared to included ones

Included Excluded? p-value
(N = 2129) (N=2116)
Age at diagnosis 53.1+ 121 51.9+11.7 1.00
< 1990 510 (24.2) 490 (24.4)
Year of diagnosis 1990 1594 (75.8) 1521 (75.6) 0.95
Female sex (%) 1932 (90.7) 1913 (90.4) 0.74
AMA positive (%) 1888 (89.1) 1852 (89.0) 0.90
Treated with UDCA (%) 1 1983 (94.2) 1782 (87.2) <0.001
0 0 (0.0 2 (0.2)
1 533 (44.3) 307 (28.4)
2 332 (27.6) 364 (33.6)
Histological disease stage® (%) 3 221 (18.4) 154 (14.2) <0.001
4 118 (9.8) 255 (23.6)
early 1017 (72.3) 701 (64.3)
moderately 313 (22.3) 302 (27.7)
Biochemical disease stage® (%) advanced 76 (5.4) 302 (27.7) 030
Serum GGT at baseline (x ULN) 5.98 [3.12, 10.88] | 6.56 [3.03, 11.62] 0.36
Serum ALP at baseline (x ULN) 2.16 [1.34, 3.80] 2.27 [1.37, 4.10] 0.12
Serum bilirubin at baseline (x ULN) 0.6 [0.45,1.00] 0.64 [0.43, 1.04] 0.90
Serum AST at baseline (x ULN) 1.5 [1.00-2.24] 1.53 [1.00, 2.46] 0.23
Serum ALT at baseline (x ULN) 1.6 [1.00-2.54] 1.68 [1.07, 2.75] 0.14
Serum ALP at 12 months (x ULN) 1.30 [0.89, 2.15] 1.42 [0.94, 2.44] 0.20
Serum bilirubin at 12 months (x ULN) 0.58 [0.41, 0.83] 0.55 [0.38, 0.86] 0.36
Serum AST at 12 months (x ULN) 0.93 [0.70, 1.41] 0.55 [0.38, 0.86] 0.69
Serum ALT at 12 months (x ULN) 0.89 [0.60, 1.50] 0.90 [0.60, 1.56] 0.14
Serum albumin at 12 months (x LLN) 1.16 [1.08, 1.25] 1.15 [1.06, 1.26] 0.52
Median follow up (years) 7.50 [3.91, 12.18] | 7.79 [4.13, 11.96] 0.42

%excluded patients are those without GGT at 12 nwatlwith GGT ratio <= 0.2 among 4245 patients
available for analysis

®histological disease stage according to Ludwig®clieuer’s classification



‘biochemical disease stage according to Rotterdaeriar(using albumin and bilirubin)
AMA= anti mitochondrial antibodies; UDCA = ursodedxolic acid; GGT = gamma-glutamyl transferase;

ALP = alkaline phosphatase; AST = aspartate anansferase; ALT = alanine aminotransferase.



Supplementary Table 2 Missing values

Missings (%)

Age at diagnosis 1 (0.5)
Year of diagnosis 25 (1.2)
Female (%) /
AMA positive (%) 9 (0.4)
Treated with UDCA (%) 25 (1.2)
Histological disease stage® (%) 925 (43.4)
Biochemical disease stage® (%) 723 (34.0)
Serum GGT at baseline (x ULN) 279 (13.1)
Serum ALP at baseline (x ULN) 387 (18.2)
Serum bilirubin at baseline (x ULN) 389 (18.3)
Serum AST at baseline (x ULN) 300 (14.1)
Serum ALT at baseline (x ULN) 300 (14.1)
Serum GGT at 12 months (x ULN) /
Serum ALP at 12 months (x ULN) 7 (0.3)
Serum bilirubin at 12 months (x ULN) 205 (9.6)
Serum albumin at 12 months (x LLN) 660 (31.0)
Serum AST at 12 months (x ULN) 54 (2.5)
Serum ALT at 12 months (x ULN) 42 (2.0)

AMA= anti mitochondrial antibodies; UDCA = ursodecixolic acid;GGT = gamma-glutamyl
transferase; ALP = alkaline phosphatase; AST =résgaaminotransferase; ALT = alanine amino
transferase.



Supplementary Table 3 Comparison between patientswith isolated elevated GGT and

patientswith GGT and ALP under threshold

GGT12<3.2 & ALP12<15

GGT12>3.2 & ALP12<1.5

n 1063 160
Age at diagnosis 54.6 (46.4, 63.0) 52.6 (44.2, 61.9)
Year of diagnosis <1990 133 (12.7) 38 (23.8)
> 2000 911 (87.3) 122 (76.2)
Female sex (%) 963 (90.6) 135 (84.4)
AMA positive (%) 943 (89.1) 141 (88.1)
Treated with UDCA (%) 1016 (96.7) 145 (91.8)
Histological stage® 1 326 (52.1) 42 (48.3)
2 170 (27.2) 21 (24.1)
3 85 (13.6) 19 (21.8)
4 45 (7.2) 5 (5.7)

Serum total bilirubin at 12 months (x ULN)

0.50 (0.38, 0.67)

0.53 (0.40, 0.71)

Serum albumin at 12 months (x ULN)

1.18 (1.10, 1.26)

1.18 (1.09, 1.25)

Serum ALP at 12 months (x ULN)

0.91 (0.70, 1.14)

1.19 (0.99, 1.31)

Serum AST at 12 months (x ULN)

0.74 (0.60, 0.94)

0.93 (0.77, 1.17)

Serum ALT at 12 months (x ULN)

0.66 (0.49, 0.90)

0.91 (0.72, 1.35)

Serum GGT at 12 months (x ULN)

1.06 (0.67, 1.75)

4.50 (3.68, 6.07)

®histological disease stage according to Ludwig3elteuer’s classification

AMA= anti mitochondrial antibodies; UDCA = ursodecixolic acid;GGT = gamma-glutamyl

transferase; ALP = alkaline phosphatase; AST =résgaaminotransferase; ALT = alanine amino

transferase.




Supplementary Figures

4245 patients

2105 patients excluded due to
missing GGT values at 12 months

Y

2140 patients

11 patients excluded due to
GGT ratio< 0.2

A 4

2129 patients

Supplementary Figure 1. Case selection
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Supplementary Figure 5. The hazard ratio of liver transplantation or ddathGGT levels at
different time pointsA4, at 24 monthsB, at 36 monthsC, at 48 months), at 60 months) with
cubic spline transformation estimated by Cox regioes GGT = gamma-glutamyl transferase,

ULN = upper limit of normal.
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Supplementary Figure 6. Time-dependent ROC curve analysis for predictiolivef-related death

or liver transplantation at 10 years based on @éIGGT and ALP at 12 months of follow-up.
AUROC for GGT = 0.70, AUROC for ALP 0.724. ROC eceiver operating characteristic;
AUROC = area under the ROC curve; FP = false p&sifi P = true positive; GGT = gamma-

glutamyl transferase ALP = alkaline phosphatase.
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Supplementary Figure 7. Transplant-free survival of patients with GGT level 3.2 times the
ULN versus> 3.2 times the ULN at 12-month follow-up. GGT =ngaa-glutamyl transferase.

ULN = upper limit of normal.
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Supplementary Figure 8. Time-dependent ROC curve analysis for predictioalbtause death or
liver transplantation at 10 years based on levélSGT and ALP at 12 months of follow-up.
AUROC for GGT = 0.663, AUROC for ALP 0.697. ROC eceiver operating characteristic;
AUROC =area under the ROC curve; FP = false pasitiV = true positive; GGT = gamma-

glutamyl transferase ALP = alkaline phosphatase.
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Supplementary Figure 10. Transplant-free survival of patients with ALP levet 1.5 times the
ULN versus> 1.5 times the ULN at 12-month follow-up. ALP =kaline phosphatase. ULN =

upper limit of normal.
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Supplementary Figure 11. Transplant-free survival of patients with GGT level 3.2 times the
ULN versus> 3.2 times the ULN at 12-month follow-up in bothtignts with ALP levels <1.5
times the ULN and 1.5 times the ULN, in the sub-cohort of UDCA texhpatients (n = 1983 ).
GGT = gamma-glutamyl transferase. Pairwise compasisamong the survival rates of the four
groups (including only UDCA-treated patients) halbeen estimated by log-rank test with
Benjamini-Hochberg adjustment for multiplicity. Gius are defined as follow&roup 1 GGT at
12 months < 3.2 x ULN & ALP at 12 months < 1.5 xN}LGroup 2 GGT at 12 months 3.2 x
ULN & ALP at 12 months < 1.5 x ULNGroup 3 GGT at 12 months < 3.2 x ULN & ALP at 12
months> 1.5 x ULN; Group 4 GGT at 12 monthg 3.2 x ULN & ALP at 12 monthg 1.5 x
ULN. ULN = upper limit of normal. UDCA = ursodeoxiolic acid; GGT = gamma-glutamyl

transferase, ALP = alkaline phosphatase.
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Supplementary Figure 12. Transplant-free survival of patients with GGT level 3.2 times the
ULN versus> 3.2 times the ULN at 12-month follow-up in botatients with ALP levels <1.67
times the ULN and 1.67 times the ULN, in the sub-cohort of UDCAatied patients (n = 1983 ).
Pairwise comparisons among the survival rates efahlr groups have been estimated by log-rank
test with Benjamini-Hochberg adjustment for multply. Groups are defined as followSroup 1
GGT at 12 months < 3.2 X ULN & ALP at 12 months.87Lx ULN; Group 2 GGT at 12 months

3.2 X ULN & ALP at 12 months < 1.67 x ULNGroup 3 GGT at 12 months < 3.2 x ULN & ALP at
12 months> 1.67 x ULN;Group 4 GGT at 12 monthg 3.2 x ULN & ALP at 12 monthg 1.67 x
ULN.

Abbreviations. ULN = upper limit of normal, NS = not significant, GGT = gamma-glutamyl

transferase, ALP = alkaline phosphatase.
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Supplementary Figure 13. Transplant-free survival of patients with GGT level 3.2 times the
ULN versus> 3.2 times the ULN at 12-month follow-up in bothtignts with ALP levels <2.0
times the ULN and 2.0 times the ULN, in the sub-cohort of UDCA texhpatients (n = 1983 ).
Pairwise comparisons among the survival rates effar groups have been estimated by log-rank
test with Benjamini-Hochberg adjustment for multifily. Groups are defined as followSroup 1
GGT at 12 months < 3.2 x ULN & ALP at 12 months.@  ULN; Group 2 GGT at 12 months

3.2 x ULN & ALP at 12 months < 2.0 x ULNGroup 3 GGT at 12 months < 3.2 x ULN & ALP at
12 months> 2.0 x ULN;Group 4 GGT at 12 months 3.2 x ULN & ALP at 12 months 2.0 x
ULN.

Abbreviations: ULN = upper limit of normal, NS = not significant, GGT = gamma-glutamyl

transferase, ALP = alkaline phosphatase.
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Supplementary Figure 14. Transplant-free survival of patients with GGT level 3.2 times the
ULN versus> 3.2 times the ULN at 12-month follow-up in botatients with total bilirubin levels
<1.0 times the ULN and& 1.0 times the ULN, in the sub-cohort of UDCA texh patients with
ALP levels < 1.5 x ULN (n = 1161). Pairwise comgans among the survival rates of the four
groups have been estimated by log-rank test withj@eini-Hochberg adjustment for multiplicity.
Groups are defined as followSroup 1 GGT at 12 months < 3.2 x ULN & BILI at 12 months
1.0 x ULN; Group 2 GGT at 12 months < 3.2 x ULN & BILI at 12 monthd QO x ULN;Group 3
GGT at 12 monthg 3.2 x ULN & BILI at 12 months < 1.0 x ULNGroup 4 GGT at 12 months
3.2 X ULN & BILI at 12 months 1.0 x ULN.

Abbreviations: ULN = upper limit of normal, GGT = gamma-glutamyl transferase, BILI = total

bilirubin.
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Supplementary Figure 15. Time-dependent ROC curve analysis for predictoérliver-related

death or liver transplantation at 10 years basekbwels of delta GGT and delta ALP. AUROC for
delta GGT = 0.68, AUROC for delta ALP 0.58. ROCeseiver operating characteristic, AUROC
= Area under the ROC curve; FP = false positive;=TRue positive; GGT = gamma-glutamyl

transferase; ALP = alkaline phosphatase.
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Supplementary Figure 16. Transplant-free survival of patients with delt& < 0.66 times versus
delta GGT> 0.66 @). Transplant-free survival of patients with defiaP < 0.45 times versus delta
ALP > 0.45 B). GGT = gamma-glutamyl transferase; ALP = alkalpi®sphatase. ULN = upper

limit of normal.

21



5 —]
a0 — ---- Subjects' fit -~~~ Subjects’ fit
— Population fit — Population fit
4 -
60
= e 5 >
= . N <
o 40 A Q
0] o a —
=T 2 -
20
1 —
0 - = 0 - -
TT T T T T T T T T T T T T T T T T T 11711 TT T T T T T T T T T T T T T T T T T 1T 11
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Time before LTx or Death (years) Time before LTx or Death (years)

Supplementary Figure 17. Behavioral pattern of GGT/bilirubin (A) and ALP/GGT (B) ratios
over the disease course. Follow-up time on x-axis is reversed, and x-axise@responds to time of
occurrence of the composite endpoint. Patientg aivast follow-up or censored are excluded from
the analysis. GGT = gamma-glutamyl transferase, ALRlkaline phosphatase; LTx = liver

transplantation.

22



Need to Know

Background: Gamma-glutamyltransferase (GGT) is a serum marker of cholestasis, but it was
not clear whether serum level of GGT is a prognostic marker for patients with primary biliary
cholangitis (PBC).

Findings: Serum level of GGT can be used to identify patients with PBC at risk for liver
transplantation or death, and increase the prognostic value of ALP measurement.

Implications for patient care: The findings support the use of GGT as primary clinical
endpoint in clinical trias. In patients with low serum level of ALP, a high level of GGT
identifies those who might require treatment of metabolic disorders or treatment escalation.




