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Summary

Patients with sickle cell disease (SCD) suffer
from vaso-occlusive, painful crises (VOC).
Aim of this study was to evaluate the effect of
the oral antioxidant N-acetylcysteine (NAC)
on the frequency of SCD-related pain in

patients with SCD.

Patients of 212 years were randomly assigned
to either oral NAC 1200mg daily or placebo
for 6 months. Primary endpoint was the rate
of SCD-related pain days. Secondary end-
points included the rate of days with VOC

and hospitalizations.

A total of 96 patients were randomised, of
which 27 patients in the NAC arm and 40 in
the placebo arm met the minimum required
observation time of 110 days. In this mod-
ified intention-to-treat population, there
were no differences between treatment arms
for the primary and secondary endpoints.
Notably, per protocol analysis in adherent
patients (280% of tables used) demonstrated
a significantly lower rate of VOC days in the
NAC group compared to placebo, respec-
tively 20.5 versus 40.1 events per patient year

(rate ratio 0.50, 95%CI 0.27-0.94, P=0.03).

Treatment with oral NAC did not provide
clinical benefit in the intention-to-treat
analysis of this study, possibly due to poor
adherence. Per protocol analysis in adherent

patients did suggest a reduction in VOC days.



Introduction

Sickle cell disease (SCD) is characterized
by chronic anaemia, irreversible damage to
vital organs and early death."® Hallmark

of the disease are the acute vaso-occlusive,
painful crises (VOC) that are associated
with frequent hospitalization and impaired
health-related quality of life (HRQoL).*®
Data from diary studies revealed that
SCD-related pain is reported on 17 to 54%
of the observed days, thereby significantly
hampering patients in their daily lives.>®
The complex pathophysiology of vaso-oc-
clusion in SCD is triggered by the po-
lymerization of sickle haemoglobin upon
deoxygenation. Subsequently, a cascade of
inflammation, endothelial activation and
hypercoagulability results in progressive
vascular deregulation and ischaemic tissue
damage.” Presently, only hydroxyurea (HU)
has proven effectiveness in reducing the
frequency of VOC in SCD. Yet, this drug is
only partially effective, is not always tol-
erated and can only be applied in a con-
trolled healthcare setting.® Therefore, there
remains a significant unmet need to identify
alternative therapies for SCD.®

Oxidative stress has been demonstrated to
play a pivotal role in the pathophysiology of
SCD. "% The production of reactive oxygen
species (ROS) is high in SCD due to factors
such as haemolysis, ischaemia-reperfusion
injury and chronic inflammation. Physiolog-
ical antioxidant defence systems are over-
whelmed and the increased availability of

ROS induces further activation of endothe-

lium and inflammatory mediators. In line
with these findings, markers of oxidative
stress have been associated with the extent of
chronic organ damage and pain in SCD.""-"
Moreover, levels of the main endogenous
antioxidant glutathione are significantly
decreased compared to controls, implying
increased consumption and a relative need
for antioxidants."5'® So far, the therapeutic
potential of antioxidants in SCD is underap-
preciated. However, antioxidants have the
ability to affect multiple pathophysiological
processes of SCD at once, including endothe-

lial activation and inflammation.
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The antioxidant N-acetylcysteine (NAC) is
an important precursor of glutathione and

has been demonstrated to exert a broad

range of beneficial effects in SCD. Both in-vi-
tro and in-vivo studies have shown that NAC
treatment of sickle red blood cells increased
glutathione levels and decreased markers

of oxidative stress."®"” In addition, treat-
ment of SCD patients with NAC effectively
reduced dense cell formation, red blood cell
membrane damage and markers of haemo-
lysis and oxidative stress.'>'®'9 Preliminary
evidence of the clinical effectiveness of NAC
was demonstrated in a phase II study where a
reduction in the rate of VOC was observed.'
NAC is a safe, inexpensive and well-toler-
ated drug that has been used for years for
various indications.?® These features make it
an excellent treatment modality for patients

with SCD, including the large number in the
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developing world. So far, lack of commercial
interest in this drug has hindered the clini-
cal advancement of its use in SCD.
Therefore, we have started this investigator
initiated, randomised controlled trial (the
NAC trial). The primary aim of this study
was to evaluate the effect of NAC on the
frequency of SCD-related pain in daily life
in patients with SCD.
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Methods

Study design

The NAC trial was a phase 3 double blind,
parallel group, placebo-controlled trial to
assess the efficacy of NACin reducing the rate
of SCD-related pain days in patients with SCD.
Thisstudy started in 20121in 4 centres in the
Netherlands. Between April and July 2015, 6
additional centres in Belgium and 1 centre in
the United Kingdom were initiated. In each
country the study was approved by national
regulatory authorities and the local ethics
committees or institutional review boards.
There was no data safety monitoring board
installed as the associated risk of oral NAC use
has been shown to be negligible.?'-2¢ The study
was conducted in agreement with the Helsinki
declaration.? This trial was registered at

www.clinicaltrials.govas NCT01849016.

Study population

Patients were eligible for participation if
they were 12 years or older, had either ho-
mozygous HbSS or compound heterozygous
HbSC, HbS[3’- or HbS3*-thalassemia, and a
history of 21 VOC per year over the 3 years
prior to enrolment. Patients using HU were
eligible to participate. Further details on the
in- and exclusion criteria are provided in
supplementary Table SI. Written informed
consent was obtained from patients, and in
case in of minors, also the child’s parents
or legal representatives. We estimated that a
total of 116 patients (58 per arm) would be
needed to detect a 50% lower rate of pain

days in the NAC group than in the placebo



group, with approximately 80% power and a

two-sided significance level of 0.05.

Randomization and study procedures
Upon randomization, patients were randomly
assigned to receive either oral NAC 600mg
twice daily or placebo. NAC dosage was equal
for all patients (fixed total daily dose 1200mg).
Total duration of study treatment was 6 months.
The randomization sequence was computer
generated and randomization was performed
using a central, password-protected, web-
based randomization service which provided
each patient with a unique study number
linked to one of the treatment arms. Ran-
domization was balanced according to the
stratification factors haemoglobin genotype
(HbSS/HbS[3* or HbSC/HbS[*), use of HU at
time of randomization and study centre, with
an allocation ratio of 1:1 and variable block
sizes with a maximum of 4.

This trial was performed in a double blind
mode. Both participants, parentsand members
of the medical team, including research staff
and outcome assessors, were not provided with
the randomization key. The 2 treatments, NAC

and placebo, were identical in appearance.

After randomization, patients were seen
monthly in outpatient clinic throughout the
study, with concurrent administration of
study medication in containers of 60 tablets.
Atrandomization (T0), after 3 months (T3)
and at end of study (T6) blood samples were

drawn and questionnaires were completed.

Adherence to study medication was checked by
tablet counts. All patients were instructed to re-
turn the administered containers with remain-
ing tablets. Participants were considered to

be adherentif theyused 280% of the assigned
tablets over the total registered follow-up. An
optional, bi-weekly text message service was
offered at time of informed consent, remind-
ing patients of the use of the pain diaryand the

study medication.

End points and data collection
The primary end point of this study was the

rate of SCD-related pain days per patient

Part Il

year. This outcome was measured by the use
of'a pain diary that participants completed
at the end of each day. A SCD-related pain

day was defined as a day in the diary where

the patient had marked to have experienced
any SCD-related pain, or was admitted for a
VOC. Secondary outcomes were the rate per
patientyear of days with VOC, of admission
days for VOC, of hospitalizations for VOC and
of days with home use of pain medication for
SCD-related pain. A day with VOC was patient
defined, asindicated in the diary when a pain
day was additionally marked to be a VOC, or
when a patient was hospitalized fora VOC. A
hospitalization for VOC was defined as any vis-
it to a medical= facility for SCD-related pain
lasting longer than 4 hours where treatment
with pain medication was required. A day with
home use of pain medication was defined as
aday where a patientindicated to have used

pain medication in the diary. Other outcomes
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of this study were the risk of a first VOC and
first hospitalizations for VOC, the severity of
pain at home (diary-documented numeric rat-
ing scale pain score), the HRQoL, the number
of'adverse events and SCD-related complica-

tions, and general laboratory markers.

Statistical analysis

In the prespecified statistical analysis plan

it was established that the primary analysis
would be limited to patients with a minimal
completed study observation time of 110 days
within the total follow-up of 6 months (mod-
ified intention-to-treat analysis [mITT]).
This minimum was applied as the primary
outcome was diary based, thereby avoiding
imputation of missing data in this relatively
small study population. All primary efficacy
analyses were performed on this mITT study
population, according to treatment as as-
signed at randomization. The consistency of
the main study outcomes was evaluated with
sensitivity analyses in both all randomised
patients (with 21 study observation day)

as well as patients with >80 study observa-
tion days. An additional, prespecified per
protocol analysis was performed on a subset
of patients with 280% adherence and 2110
diary days of completed study observation
time. Lastly, exploratory subgroup analyses
of the main outcomes have been performed
in the mITT population, where subgroups
were defined according to SCD genotype,
concomitant HU use and history of hospital

admissions for VOC.
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The event rates of the primary and second-
ary outcomes were calculated by dividing

the total number of events (pain day, VOC
day, admission day, admission) by the total
number of observation days and multiplying
this with 365.25, producing an event rate per
patient year. For calculation of the event rate
of days with pain medication use, the total
number of pain days with pain medication
use was compared to the total number of pain
days. The event rates per treatment arm were
compared by means of a Poisson regression
analysis, correcting for the covariate stratifi-
cation factor HU use at baseline, and for the
total study observation time by means of an
offset variable. For comparison of the severity
of pain between the 2 treatment arms, a linear
mixed model with random intercept per
person was applied. Patients with less than 3
event days, and all hospitalization days were
excluded in this analysis. The time in days to
first VOC and first hospitalization for VOC
was compared between treatment arms by
means of a Cox regression analysis, correcting
for the covariate stratification factor HU use
at baseline, and expressed in hazard ratios
(HR) with 95% confidence intervals (CI). For
the HRQoL and laboratory markers, the mean
change at T3 and T6 from baseline values was
compared between the 2 treatment arms by
use of a Mann-Whitney-U test. The number of
adverse events and SCD-related complications
was compared using a Fisher’s exact test.
Additional information on methods is avail-

able in the supplementary data.



Results

Patients

From April 2013 to November 2015, a total
of 96 patients was randomised at 11 sites in
3 countries, with 48 assigned to the placebo
group and 48 to the NAC group (Fig 1).
Inclusions were stopped before reaching the
estimated sample size of 116 patients due

to imposed time restrictions by the main
funder of this study.

The mITT analysis of this trial was limited
to patients with a follow-up of 2110 observa-
tion days (N=67, 70%), of which 40 patients
were in the placebo group and 27 patients in

the NAC group. Characteristics of patients

included in the mITT population were
comparable with patients excluded (supple-
mentary Table SI). Sensitivity analyses were
performed on the total study cohort (N=96)
and in patients with 280 observation days
(N=72). A per protocol analysis was per-
formed on the subset of patients with >110
observation days and >80% adherence to the

assigned study medication (Fig 1, N=27).

In the mITT population, the two treatment
arms were comparable in demographic and
clinical baseline characteristics (Table I and

supplementary Table SIII).

Table I. Baseline characteristics of patients in the modified intention-to-treat population. E
Characteristic Placebo group NAC group
N=40 N=27
Age in years — mean *SD 28.4 +8.9 29.6 +8.4
Age categorized — no. (%)
12-17 years 6 (15) 2 (7)
218 years 34 (85) 25 (93)
Female sex — no. (%) 26 (65) 14 (52)
Haemoglobin genotype — no. (%)
HbSS / HbSR® 29 (73) 17 (63)
HbSC / HbSB* 1 (28) 10 (37)
Ethnical origin — no. (%)
Latin-America / Caribbean 17 (43) 12 (44)
Africa 23 (58) 15 (56)
Consent for text message service — no. (%) 34 (85) 20 (74)
Use of hydroxycarbamide — no. (%) 16 (40) 12 (44)
Clinical history over past 3 years — median (IQR)
No. of VOC 11 (6-20) 8 (5-15)
No. of hospital admissions for VOC 3 (1-6) 3 (1-6)

Patients with 2110 study observation days available, N=67. Additional baseline characteristics are shown

in supplementary Table SlI.

SD, standard deviation; IQR, interquartile range; VOC, vaso-occlusive crisis
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Randomized
(N=96)

|

Placebo NAC
(N=48) (N=48)
Netherlands (N=36) Netherlands (N=37)
Belgium (N=11) Belgium (N=9)
United Kingdom (N=1) United Kingdom (N=2)
! )

Discontinuation during study (N=4) Discontinuation during study (N=12)
Adverse event (N=1) Adverse event (N=4)
Physician decision (N=1) Physician decision (N=0)
Subject decision (N=2) Subject decision (N=8)

Lost to follow-up (N=4) Lost to follow-up (N=5)

Study follow-up completed Study follow-up completed
(N=40) (N=31)

v v
>1 observation day 21 observation day
(N=43) (N=42)

i H
>80 observation days >80 observation days
(N=42) (N=30)

H H
>110 observation days 2110 observation days
(N=40) (N=27)
¥ ¥
>110 observation days & 2110 observation days &
>80% adherence >80% adherence
(N=17) (N=10)

Figure 1. CONSORT flow diagram.

Randomization and follow-up of the NAC trial; the study randomized 96 patients, 48 to placebo and 48 to NAC. A
total of 9 patients was lost to follow-up during the study, including 4 in the placebo group and 5 in the NAC group.
16 patients discontinued from study, of which 4 in the placebo group and 12 in the NAC group. A total of 71 patients
completed the final study visit after 6 months.

The modified intention-to-treat analysis of this trial was limited to patients with 2110 study observation days (either
diary observation or hospital admission days, excluding missing days), of which 40 patients were in the placebo group
and 27 patients were in the NAC group (box in bold).

Sensitivity analyses on the main outcomes were performed in both all randomized patients (with 21 study observation
day) as well as patients with a minimal completed study observation time of 280 days. A per protocol analysis was
performed on patients with 2110 study observation days available and 280% adherence to the study medication
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Adherence

A significant proportion of patients did not
return all administered study medication
bottles for assessment of adherence (30% in
the placebo, and 44% in the NAC group). In
patients who did return all used study medi-
cation, the mean percentage of used tablets
of the total prescribed intake was 78% =17 in
the placebo and 82% =17 in the NAC group.
The percentage of patients adherent to the
assigned treatment regimen (>80% of tablets
used) was similar in both treatment arms
(50% of patients in the placebo and 53% of
patients in the NAC group).

Primary end point

In the mITT population, patients reported

a cumulative number of 1,870 SCD-related
pain days: 1,124 days among 40 patients in
the placebo group and 746 days among 27 pa-
tients in the NAC group (Table II). The rate
of SCD-related pain days per patient year was
comparable between both treatment arms,
respectively 61.4 pain days in the placebo arm
and 61.6 in the NAC arm with an event rate
ratio of 0.98 (95% confidence interval [CI]
0.54-1.78, P=0.96). This was consistent in the
sensitivity analyses in the total study cohort
(supplementary Table SIV) and patient with

280 observation days (data not shown).

Secondary endpoints
In the mITT population, NAC had no sig-
nificant effect on the rate of days with VOC,

the rate of admission days or admissions for

VOC, the rate of home analgesic use on pain
days or the diary reported maximum pain
intensity (Table II). Moreover, there were

no differences in time to first VOC and time
to first hospital admission for VOC (supple-
mentary Table SV).

Exploratory subgroup analyses seemed to
imply a beneficial effect of NAC on the rate of
days with VOC and the rate of admission days
in HbSS/HbSp’ patients and patients with >4
admissions for VOC prior to randomization.
Yet, these findings did not reach statistical
significance (supplementary Table SVI).
Lastly, daily treatment with NAC did not
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affect the HRQoL of adult study participants
or general laboratory outcomes at time

point T3 and T6, including haemoglobin,

LDH and bilirubin levels (supplementary
Table SVII and SVIII).

Per protocol analysis

A per protocol analysis was performed, re-
stricted to patients adherent to the assigned
study medication regimen (280% of tablets
used [Fig 1; N=27]; baseline characteristics
in supplementary Table SIX).

In this per protocol population, a signifi-
cantly lower rate of days with VOC in the
NAC arm was reported as compared to the
placebo arm, respectively 20.5 versus 40.1
events per patient year (Table III, rate ratio
0.50 [95%CI 0.27-0.94] , P=0.03). The rate
of admission days per patient year and the

risk of a first VOC appeared to be lower in

129



11 3ied

Table Il. Primary and secondary efficacy end points in the modified intention-to-treat population.

Endpoint Placebo NAC Rate Rati? p
N=40 N=27 (95%Cl)

Total length of follow-up - patient-yr 18.3 121
Pain days

Patients with events — no. (%) 39 (98) 26 (96)

Total events 1.124 746

Event rate per patient-yr 61.4 61.6 0.98 (0.54-1.78) .96
Days with VOC

Patients with events — no. (%) 34 (85) 23 (85)

Total events 521 332

Event rate per patient-yr 28.5 274 0.98 (0.52-1.84) .94
Admission days

Patients with events — no. (%) 14 (35) 9 (33)

Total events 129 103

Event rate per patient-yr 71 8.5 1.23 (0.36-4.20) .75
No. of admissions

Patients with events — no. (%) 14 (35) 9 (33)

Total events 23 15

Event rate per patient-yr 1.3 1.2 0.96 (0.42-2.19) .93
Days with home analgesic use

Length of pain day follow-up — patient-yr 2.7 1.8

Patients with events — no. (%) 37 (93) 25 (93)

Total events 660 528

Event rate per patient-yr 242.3 299.9 1.18 (0.89-1.57) .25

Mean Difference
(95% ClI)

Maximum pain intensity on pain days — mean 4.37 4.20 0.17 (-0.54-0.87) .64
Maximum pain intensity on VOC days —mean * 4.89 4.86 0.03 (-0.88-0.95) .94

Patients with 2110 study observation days available, N=67. VOC, vaso-occlusive crisis; Cl, confidence interval

* Placebo arm is the reference group. Adjusted for the covariate HU use at baseline.

1 Limited to patients with 23 pain days; placebo N=35, NAC N=24, and excluding hospitalization days.
I Limited to patients with 23 VOC days; placebo N=27, NAC N=20, and excluding hospitalization days.



Table Ill. Primary and secondary efficacy end points in the per protocol population.

Patients with 2110 study observation days available and 280% adherence, N=27.

Endpoint Placebo NAC Rate Ratif) p
N=17 N=10 (95%Cl)

Total length of follow-up — patient-yr 7.8 4.5
Pain days

Patients with events — no. (%) 17 (100) 9(90)

Total events 674 352

Event rate per patient-yr 86.1 78.5 0.85 (0.33-2.20) 73
Days with VOC

Patients with events — no. (%) 15 (88) 8 (80)

Total events 314 92

Event rate per patient-yr 4041 20.5 0.50 (0.27-0.94) .03
Admission days

Patients with events — no. (%) 5(29) 3(30) _

Total events 53 9 %

Event rate per patient-yr 6.8 2.0 0.33 (0.08-1.34) 12 ~
No. of admissions

Patients with events — no. (%) 5(29) 3 (30)

Total events 8 3

Event rate per patient-yr 1.0 0.7 0.65 (0.19-2.15) 48
Days with home analgesic use

Length of pain day follow-up — patient-yr 1.7 0.9

Patients with events — no. (%) 17 (100) 9(90)

Total events 485 296

Event rate per patient-yr 285.3 315.2 1.1 (0.89-1.35) .37

Mean Difference
(95% ClI)

Maximum pain intensity on pain days — mean * 4.80 4.57 0.23 (-0.67-1.13) .60
Maximum pain intensity on VOC days — mean * 5.44 5.30 0.14 (-1.17-1.46) .82

VOC, vaso-occlusive crisis; Cl, confidence interval

* Placebo arm is the reference group. Adjusted for the covariate HU use at baseline.

T Limited to patients with 23 pain days; placebo N=16, NAC N=9, and excluding hospitalization days.
I Limited to patients with 23 VOC days; placebo N=14, NAC N=7, and excluding hospitalization days.
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Table IV. Adverse events in total study cohort (N=96).

Pl NA

Adverse event — no. (%) ;:z:o N=408 P
Patients with events 36 (75) 39 (81) .62

Gastro-intestinal complaints 7 (15) 20 (42) .006

Pruritus / Rash 2 (4) 2 (4) >.99
:;s:fo:;ilnet:::::?l::tstudy drug or placebo becau- 1 @ 4 ®) 36
Serious adverse event 2 4) 8 17) .09
SCD complications 0 (0) 4 (8) 12

Acute Chest Syndrome 0 (0) 2 4)

Priapism 0 (0 1 )

Liver/spleen sequestration 0 (0) 1 2)

the NAC arm, but did not reach statistical
significance (respectively Table III, rate
ratio 0.33 [95%CI 0.08-1.34] , P=0.12); and
supplementary Table SV, HR 0.56 [95%

CI 0.23-1.39], P=0.21). In addition, both
haemoglobin as well as erythrocyte levels
increased significantly after 3 months of
study treatment (T3) in the NAC arm as
compared to placebo (supplementary Table
SX, respectively increase of 0.24 +0.40 g/
dL, P=0.02, and 0.11 £0.17 x106/L, P=0.03).

Adverse events
Adverse events were reported for all ran-
domised patients in the trial (N=96, Table

IV). In total, 75 patients experienced at
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least one adverse event during study fol-
low-up, with comparable proportions among
the 2 treatments groups. In accordance with
the side-effect profile of the study drug, there
were significantly more patients reporting
gastro-intestinal events, including nausea,
diarrhoea or abdominal discomfort, in the
NAC group (P=.006). An overview of all seri-
ous adverse events is demonstrated in supple-
mentary Table SXI. Importantly, one patient
in the NAC group experienced a gastro-in-
testinal perforation after initial presentation
with an abdominal VOC. The event occurred
2 weeks after start of treatment. This patient
was not known with gastric or duodenal

ulcers at randomization.



Discussion

In the mITT population of this internation-
al, multicentre, placebo-controlled trial,
treatment with oral NAC did not seem to
provide clinical benefit over placebo on the
rate of SCD-related pain days, this study’s
primary end point. Moreover, we found

no significant differences in the secondary
endpoints between study groups. Notably,
only half of the patients could be considered
adherent. In the prespecified per protocol
analysis limited to adherent patients, we

did observe a significant reduction in the
secondary outcome rate of days with VOC in
the NAC group compared to placebo, and a
trend of improvement in the rate of admis-

sion days and time to first VOC.

In patients with optimal adherence (N=27),
we found suggestions of a beneficial effect

of NAC over placebo in SCD. These findings
are in line with previous pilot studies where
treatment with NAC positively affected blood
markers of disease severity and resulted in
adecrease in the rate of VOC.'"®'® Moreover,
trials evaluating other antioxidant treatments
in SCD, such as the amino acid L-glutamine
or omega-3 fatty acids, have shown significant
beneficial effects in randomised, placebo-con-
trolled setting on the frequency of VOC.303!
Various factors may have contributed to the
results observed in our mITT population.
Importantly, despite monthly check-ups and
a text message service, the adherence to
study medication in this study was relatively

poor, limiting reliable evaluation of the ef-

fectiveness of NAC in this analysis. Poor ad-
herence is a notorious issue in patients with
SCD.*2% Moreover, having either a chronic
condition or a non-white ethnicity are both
risk factors for non-adherence.?*% Rates

in our study were comparable with those
observed in other chronic conditions.%
Alternatively, the dose of NAC used in this
study was relatively low to elicit strong clin-
ical effects. Previous pilot studies with NAC
appeared to demonstrate better effects at a
higher oral dose, yet potentially also more
adverse events.'®'® Most striking beneficial
effects have been observed after intravenous
administration, using over a tenfold of the

oral dose used in this study."®

Beyond the question whether NAC s effective
in SCD, the practical use of oral NAC in this
study had several limitations. Significantly
more patients in the NAC arm reported gas-
tro-intestinal adverse events. Moreover, more
patients in the NAC arm discontinued the
study prematurely compared to the placebo
arm. Although adverse events were generally
mild, itappears that these features may have
added to the higher drop-outrate in the NAC
arm. By including patients with only 1 VOC
per year or more, a subgroup with relatively
mild disease may have been less inclined to
uphold good adherence and complete the
study. This is supported by our subgroup anal-
ysis in patients with a history of 24 hospital ad-
missions, showing improvement of the event

rate ratios in advantage of the NAC arm.
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Notably, one patient experienced a gastro-in-
testinal perforation after only 2 weeks of NAC
use. Although few animal studies have asso-
ciated oral use of NAC with damage to the
gastric mucosa, in a great number of clinical
studies in various conditions oral use of NAC
has proven to be safe and has never been
linked to gastro-intestinal perforations.?'-2
Alikely, alternative explanation for this com-
plication would be that this patient suffered

from an episode of gastro-intestinal, vaso-oc-

clusive ischaemia, unrelated to NAC use.%”

There were some limitations to this study.
First, the targeted sample size was not
reached despite expansion of the study.
Fewer patients with sufficient pains quali-
fied for participation than was anticipated,
possibly due to the broadened application
of HU.5%® In addition, enrolment is a no-
torious problem in SCD trials.®*® Secondly,
in retrospect the patient-centred primary
endpoint SCD-related pain in daily life
may not have been the most sensitive out-
come to evaluate the effects of NAC. This
definition may include chronic pains that
are unlikely to be affected by interventions

targeting vaso-occlusion.®

In conclusion, treatment with oral NAC
did not appear to be of clinical benefit over
placebo in the mITT analysis of this study,
possibly due to poor adherence. Per proto-

col analysis in adherent patients did suggest
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a reduction of days with VOC in the NAC
treatment arm, and trends of improvement
in other parameters. These findings pro-
vide an important opportunity for further
research. Currently, we are performing
additional blood sample analysis of markers
of oxidative stress and other pathophysio-
logical markers to corroborate these clinical
findings. Encouragingly, the therapeutic
potential of intravenous administration of
NAC during VOC is currently being pursued
(NCTO01800526).
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Supplementary methods
Randomization and study procedures

After informed consent participants were
required to complete a run-in period of 14
days practicing the use of the study’s pain
diary. Subsequently, only patients with at
least 11 of the 14 days completed in the diary
were eligible for randomization and further

study participation.

Upon randomization (ALEA® software,
TenALEA Consortium, Amsterdam, The
Netherlands), each patient was provided
with a unique study number linked to one
of the treatment arms. The randomization
key of these study numbers was available at
all the participating pharmacies, allowing
the distribution of the correct treatment. In
addition, an electronic Case Report Form
was linked to this study number for data

collection during the study.

After randomization patients were seen
monthly throughout the study. At each visit
diaries were checked, adverse events were
registered and new study medication and
diaries were administered. With good diary
compliance, patients were allowed to do a
maximum 3 of the total of 6 follow-up visits

by phone.

All study medication was produced by
Tiofarma BV (Oud-Beijerland, The Nether-
lands). Both NAC as well as placebo were
produced as white, film-coated, oval, bicon-

vex tablets.

Data collection

All data concerning baseline information,
pain diaries and study follow-up were collect-
ed by use of the online eCRF Open Clinica
version 3.6." The pain diary in this study was
based on standardized formats from previ-
ous studies.?® Participants were required to
indicate daily if they experienced SCD-relat-
ed pain. If so, additionally they were asked
to fill out a numeric rating scale pain score
(0-10, in which 0 denotes no pain and 10 the
worst pain possible), if they experienced the
pain as a VOC and if pain medication was
used. Data on HRQoL was collected by use
of self-reported questionnaires, respectively
the validated SF-36 questionnaire version
1.0 in adults participants and the PedsQL
version 4.0 in minor participants.*® All
questionnaires could be completed both on
paper as well as online by use of the online
questionnaire service Limesurvey.® Both the
questionnaires as the pain diary were avail-

able in Dutch, English and French.

Statistical analysis

SPSS version 23 statistical software was

used for analyses.” All continuous data were
presented in means with standard deviations
(SD) or medians with interquartile ranges
(IQR). Univariate comparisons between
treatment arms were exclusively performed
with the Mann-Whitney U test. Categorical
data were presented as proportions (%) and
compared between treatment arms with

the Chi-square or the Fisher’s exact test. A



2-sided Pvalue of .05 was used for the level
of statistical significance. All main outcome
analyses were exclusively adjusted for the co-
variate stratification factor HU use yes/no at
randomization. The other stratification fac-
tors could not be included as covariates due
to the suboptimal sample size. If patients
had continuing hospitalizations or diary ob-
servations after the official 6 months of study
observation, a cut-off total of 187 observa-
tion days was applied for all outcomes. The
mean change in HRQoL was only reported
for adult patients due to the low number

of minor participants in the study and the

different scales used for this group.
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Supplementary tables

Table SI. Inclusion and exclusion criteria of the NAC trial

Inclusion criteria

Exclusion criteria

Age 12 years or older

Sickle cell disease, either homozygous sickle cell
disease (HbSS), HbSC sickle cell
disease, HbSB® or HbSB* thalassemia.

History of at least 1.0 VOC per year in the past 3
years. 2

Written informed consent from patient/parent/guar-
dian is given.

Chronic blood transfusion or transfusion in the prece-
ding 3 months

VOC in the last 4 weeks (with respect to the moment
of inclusion).

Pregnancy, breast feeding or the desire to get preg-
nant in the following 7 months.

Known active gastric/duodenal ulcers

Hydroxyurea (HU) treatment with unstable dose in the
last 3 months or started on HU shorter than 6 months
prior to study.

Known poor compliance in earlier trials regarding the
completion of pain diaries.

Insufficient compliance in run-in period. ®

Known hypersensitivity to acetylcysteine or one of the
other components of the study medication

Use of pain medication for sickle-cell related pains on
more than 15 days per month
in the past 6 months (‘chronic pain’). ©

a2 AVOC was defined as a patient defined, painful, sickle cell related episode of at least 24 hours where a subject
experienced significant impediments in his/her daily activities, and pain medication had to be taken. A visit to a

c

medical facility is not obligatory in this definition.

Participants that did not show up for their follow-up visit without prior notice, that did not bring their diary or with
less than 80% of the days in the pain diary filled out, were excluded from participation in this trial and could not

be randomized.

This exclusion criteria was added in the protocol update of March 2014.

140



Table Sll. Comparison of baseline characteristics between patients included in the modified intenti-
on-to-treat (mITT) population with 2110 observation days, and patients excluded from this population

with <110 observation days.

Included in Excluded from
Characteristic mITT population mITT population
N=67 N=29

Age in years — mean *SD 28.7 8.7 28.4 +9.8
Age categorized - no. (%)

12-17 years 8 (12) 3 (10)

218 years 59 (88) 26 (90)
Female sex — no. (%) 40 (60) 10 (35)
Haemoglobin genotype — no. (%)

HbSS / HbSR® 46 (69) 18 (62)

HbSC / HbSB* 21 (31) 11 (38) B
Ethnical origin — no. (%) %

Latin-America / Caribbean 29 (43) 1 (38) &

Africa 38 (57) 17 (59)

Other 0 (0 1 (3)
Consent for text message service — no. (%) 54 (81) 21 (72)
Use of hydroxycarbamide — no. (%) 28 (42) 9 (31)
Clinical history over past 3 years — median (IQR)

No. of VOC 10 (6-16) 12 (8-20)

No. of hospital admissions for VOC 3 (1-6) 3 1-7)

SD, standard deviation; IQR, interquartile range; VOC, vaso-occlusive crisis
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Table Slll. Additional baseline characteristic of patients in the modified intention-to-treat population (N=67)

Characteristic Placebo group NAC group
N=40 N=27
Body-mass index in kg/m? — mean £SD 22.2¥41 23133
Country of enrollment — no. (%)
Netherlands 29 (73) 22 (81)
Belgium 10 (25) 5(19)
United Kingdom 1(3) 0 (0)
Previous SCD-related complications — no. (%)
0 10 (25) 3 (1)
1-2 24 (60) 19 (70)
3-4 3(8) 5(19)
25 3(8) 0(0)
Haematological parameters — mean *SD
Hb in g/di 9.5 +1.6 10.0 +1.8
Leucocyte count in x10°%/L 8.3+3.4 8.14£3.2
Erythrocyte count in x108/L 3.2+0.9 3.6+1.0
Reticulocyte count in x10%/L 228.8 £125.8 202.4 +1121
MCV in fL 84.2 £+13.8 84.8 £+16.4
Haemoglobin F in % 7.9 +7.0 71 5.8
LDH in U/L 403 +185 390 +142
Total bilirubin in mg/dL 2.8+2.3 21+11

SD, standard deviation; IQR, interquartile range
S| conversion factors: To convert Hb to mmol/L, multiply values by
0.6206. To convert total bilirubin to ymol/L, multiply values by 17.1.
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Table SIV. Sensitivity analysis of primary and secondary efficacy end points in total study cohort (with 21
study observation day available, N=85)

Endpoint Placebo NAC Rate Ratio p
N=43 N=42 (95%Cl) =

Total length of follow-up — patient-yr 18.9 141
Pain days

Patients with events — no. (%) 42 37

Total events 1.243 889

Event rate per patient-yr 65.9 63.0 0.95 (0.55-1.4) .84
Days with VOC

Patients with events — no. (%) 37 34

Total events 585 456

Event rate per patient-yr 31.0 32.3 1.06 (0.60-1.86) .85
Admission days

Patients with events — no. (%) 16 16 -

Total events 148 160 B

Event rate per patient-yr 7.8 11.3 1.46 (0.58-3.69) 42 -
No. of admissions

Patients with events — no. (%) 16 16

Total events 25 25

Event rate per patient-yr 1.3 1.8 1.33 (0.66-2.66) .43
Days with home analgesic use

Length of pain day follow-up — patient-yr 3.0 2.0

Patients with events — no. (%) 40 31

Total events 720 597

Event rate per patient-yr 240.2 2991 1.18 (0.90-1.53) .23

Mean Difference
(95% Cl)

Maximum pain intensity on pain days — mean ® 4.32 4.33 -0.01 (-0.67-0.65) .98
Maximum pain intensity on VOC days —mean © 4.83 5.01 -0.18 (-1.04-0.67) .67

VOC, vaso-occlusive crisis; Cl, confidence interval

a Placebo arm is the reference group. Adjusted for the covariate HU use at baseline.

b Limited to patients with 23 pain days; placebo N=38, NAC N=31, and excluding hospitalization days.
c Limited to patients with 23 VOC days; placebo N=29, NAC N=26, and excluding hospitalization days.
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Table SV. Time to first VOC and time to first hospital admission for VOC.

In respectively the intention-to-treat population (N=67), the total study population (N=85, sensitivity analysis)

and the per protocol population of patients with 2110 available observation days and 280% adherence of

study medication (N=27).

Subset Hazard ratio @ 95% CI P
Intention-to-treat population
Time to first VOC 0.94 0.55-1.61 .83
Time to first hospital admission 0.87 0.38-2.02 .75
Total population - sensitivity analysis
Time to first VOC 0.85 0.60-1.53 .85
Time to first hospital admission 0.83 0.54-2.16 .83
Per protocol population with 280% adherence
Time to first VOC 0.56 0.23-1.39 .21
Time to first hospital admission 0.79 0.18-3.42 .76

VOC, vaso-occlusive crisis; Cl, confidence interval

a Placebo arm was the reference group. Adjusted for the covariate HU use at baseline.
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Table SVI. Exploratory subgroup analyses of the event rate ratios in the intention-to-treat population (N=67).
According to SCD genotype (HbSS/HbSB® vs HbSC/HbSRB*), concomitant use of hydroxyurea (no vs yes) and history
of hospital admissions in the 3 years prior to randomization (0-3 vs 24 admissions, dichotomization based on median
number of admissions).

Rate Ratios (95%Cl) 2 Placebo NAC
Genotype HbSS / HbSB°*
No. of patients 29 17
Pain days 0.68 (0.31-1.48)
Days with VOC 0.64 (0.36-1.15)
Admission days 0.49 (0.18-1.34)
No. of admissions 0.74 (0.26-2.16)
Genotype HbSC / HbSB*®
No. of patients 1 10
Pain days 2.29 (1.11-4.73)
Days with VOC 1.97 (0.68-5.72)
Admission days 8.45 (1.20-59.45)
No. of admissions 3.14 (0.67-14.73)
No use of hydroxyurea °
No. of patients 24 15 =
Pain days 1.64 (0.87-3.11) s
Days with VOC 1.16 (0.54-2.51)
Admission days 1.85 (0.45-7.55)
No. of admissions 1.36 (0.49-3.76)
Use of hydroxyurea °©
No. of patients 16 12
Pain days 0.55 (0.25-1.24)
Days with VOC 0.72 (0.33-1.59)
Admission days 0.58 (0.17-2.03)
No. of admissions 0.75 (0.20-2.82)
History of 0-3 admissions for VOC *
No. of patients 23 14
Pain days 0.65 (0.20-2.01)
Days with VOC 1.71 (0.56-5.24)
Admission days 6.35 (0.79-51.29)
No. of admissions 2.22 (0.40-12.25)
History of 24 admissions for VOC *
No. of patients 17 13
Pain days 1.24 (0.62-2.23)
Days with VOC 0.74 (0.44-1.24)
Admission days 0.50 (0.18-1.35)
No. of admissions 0.79 (0.31-2.02)

VOC, vaso-occlusive crisis; Cl, confidence interval

a Placebo arm is the reference group.

b Adjusted for the covariate use of hydroxyurea yes vs no

c Adjusted for the covariate genotype HbSS/HbSB° vs HbSC/HbSB*
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Table SVII. Mean change in health-related quality of life in adult patients only, compared to baseline (T0) in
the intention-to-treat population (N=67)

SF-36 subscores Placebo NAC P
mean +SD mean +SD
Physical component scale (0-100)
Mean change TO-T3 2 1.9 8.0 -1.0+8.2 .27
Mean change TO-T6 © 14 £7.4 -0.4 +8.6 .39
Mental component scale (0-100)
Mean change TO-T3 2 -0.4 £8.4 3.184 .30
Mean change TO-T6 © 0.7 £8.0 2.719.2 .52

SD, standard deviation
a In placebo group N=30, in NAC group N=23 due to missing data on HRQoL.
b In placebo group N=29, in NAC group N=25 due to missing data on HRQoL.
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Table SVIII. Mean change in general laboratory parameters compared to baseline (T0) in the intenti-

on-to-treat population (N=67)

Placebo NAC
Parameter mean change mean change P
+SD +SD
Hb — g/dI T3 -0.12 +0.62 -0.19 +0.87 .84
T6 0.06 +0.59 -0.12 +0.53 .34
Leucocytes — x10°/L T3 -0.56 +2.16 0.39 +2.56 .09
T6 0.04 £2.80 0.10 £1.60 .67
Platelet count — x10%/L T3 20.16 £65.94 27.00 +73.00 .86
T6 19.03 £68.06 59.44 +208.30 .83
Erythrocytes — x10°/L T3 -0.07 +0.28 -0.06 +0.32 .76
T6 -0.02 £0.29 -0.04 £0.21 .64
Reticulocytes — x10%/L T3 -6.40 £89.83 -2.03 +64.69 .98
T6 -0.37 +82.63 3.26 £73.18 .86
MCV - fL T3 0.52 £3.96 0.66 £5.15 .99 f
T6 0.03 £3.96 0.32 £3.98 .70 E
LDH - U/L T3 0.56 +54.97 -1.55 +106.06 .83
T6 0.91 +93.91 -15.7 £99.52 .94
Total bilirubin — mg/dL T3 -0.25 £1.05 0.58 +3.25 .24
T6 -0.27 £1.16 -0.00 +0.49 .27
Creatinine — mg/dL T3 0.02 £0.10 -0.01 £0.06 .13
T6 0.02 +0.09 -0.00 +£0.07 .20
CRP - mg/L T3 0.28 +6.59 1.03 £5.13 .81
T6 -0.34 £6.09 -0.13 +2.54 .59

SD, standard deviation

S| conversion factors: To convert Hb to mmol/L, multiply values by 0.6206. To convert total bilirubin to pmol/L,
multiply values by 17.1. To convert creatinine to ymol/L, multiply values by 88.42.
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Table SIX. Baseline characteristics of patients in the per protocol population (patients with 2110 study
observation days available and 280% adherence, N=27)

Characteristic Plactel\lla:1g7;roup NA‘I'\:IS;EUP
Age in years — mean £SD 28.9+10.0 28.8 6.5
Age categorized — no. (%)
12-17 years 1(6) 0 (0)
218 years 16 (94) 10 (100)
Female sex — no. (%) 14 (82) 4 (40)
Haemoglobin genotype — no. (%)
HbSS / HbSR° 12 (71) 6 (60)
HbSC / HbSB* 5 (29) 4 (40)
Body-mass index in kg/m? — mean *SD 22.2+4.8 22.0+2.4
Ethnical origin — no. (%)
Latin-America / Caribbean 7 (41) 6 (60)
Africa 10 (59) 4 (40)
Other 0(0) 0(0)
Country of enrolment — no. (%)
Netherlands 13 (76) 9 (90)
Belgium 3 (18) 1(10)
United Kingdom 1(6) 0 (0)
Consent for text message service — no. (%) 15 (88) 6 (60)
Use of hydroxycarbamide — no. (%) 5(29) 5 (50)
Clinical history over past 3 years — median (IQR)
No. of VOC 14 (6-25) 8 (6-15)
No. of hospital admissions for VOC 3(0-6) 5(1-7)
Previous SCD-related complications — no. (%)
0 3 (18) 1(10)
1-2 11 (65) 7 (70)
3-4 1(6) 2 (20)
25 2 (12) 0 (0)
Haematological parameters — mean +SD
Hb in g/di 9.3+1.7 10.0 £2.0
Leucocyte count in x10%/L 8.6 +4.1 71 £3.4
Erythrocyte count in x108/L 3.4 +11 3.61.0
Reticulocyte count in x10%/L 241 +154 153 +95
MCV in fL 86 +17 82 +12
Haemoglobin F in % 10.3£7.5 9.046.0
LDH in U/L 377 +181 490 +170
Total bilirubin in mg/dL 2.3+1.9 2114

SD, standard deviation; IQR, interquartile range; VOC, vaso-occlusive crisis
S| conversion factors: To convert Hb to mmol/L, multiply values by 0.6206. To convert total bilirubin to pmol/L,
multiply values by 17.1.
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Table SX. Mean change in laboratory parameters compared to baseline (T0) in the per protocol population
(patients with 2110 study observation days available and 280% adherence, N=27)

Laboratory parameter Placebo NAC P
mean change +SD mean change +SD

Hb - g/dI T3 -0.32 +0.65 0.24 +0.40 .02

T6 0.07 +0.49 0.02 +0.46 .81
Leucocytes — x10°/L T3 -0.84 +1.84 0.71 +1.03 .41

T6 0.49 +2.53 0.00 £1.30 .98
Platelet count — x10%/L T3 9.13 +63.89 36.10 £72.69 .34

T6 3.87 £33.77 62.70 +304.13 .70
Erythrocytes — x10¢/L T3 -0.11 £0.29 0.11 £0.17 .03

T6 -0.00 +0.23 0.01 +0.24 .78
Reticulocytes — x10%/L T3 -34.61 £96.79 -0.85 +43.36 .49

T6 -34.44 £58.28 -12.02 +59.51 .26
MCV - fL T3 1.62 +4.39 0.55 +4.62 .45 _

T6 0.19 +£3.92 2.07 +4.33 .21 E
LDH - U/L T3 6.12 +66.23 -3.43 +66.36 .47 -

T6 5.20 +96.68 -56.00 +142.87 .44
Total bilirubin — mg/dL T3 -0.01 £1.07 1.43 £5.16 .58

T6 0.03 +0.84 -0.04 +0.63 .77
Creatinine — mg/dL T3 0.02 +0.08 -0.03 +0.06 .08

T6 0.01 +0.10 -0.03 +0.07 .33
CRP - mg/L M3 2.51 £8.42 0.11 £+4.79 .10

T6 0.51 £2.60 -0.55 +3.52 .60

SD, standard deviation
S| conversion factors: To convert Hb to mmol/L, multiply values by 0.6206. To convert total bilirubin to pmol/L,
multiply values by 17.1. To convert creatinine to ymol/L, multiply values by 88.42.
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Table SXI. Serious adverse events in total study cohort ®

Serious adverse event Placebo NAC P
N=48 N=48

Patients with events — no. (%) 2 (4) 8 (17) .09
Total number of events — no. 2 9

Acute Chest Syndrome 0 2

Liver/spleen sequestration 0 1

Pyelonefritis with admission 0 1

Cholelithiasis with admission 0 2

Gastrointestinal perforation 0 1

Pulmonary embolism 1 1

Episode of anemia with admission 1 0

Pneumonia with admission 0 1

2 This analysis includes all randomized patients (N=96).






