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Abstract

Background and Aims: Inflammatory bowel disease [IBD], consisting of Crohn's disease [CD] and ulcerative colitis [UC], is a relapsing-remitting
illness. Treat-to-target IBD management strategies require monitoring of gastrointestinal inflammation. This study aimed to investigate faecal
myeloperoxidase [fMPO], a neutrophil granule enzyme, as a biomarker of IBD activity.

Methods: Prospectively recruited participants with IBD, undergoing ileocolonoscopy for disease assessment, provided biological samples and
completed symptom questionnaires prior to endoscopy. fMPO, C-reactive protein [CRP], and faecal calprotectin [fCal] were compared with
validated endoscopic indices [simple endoscopic score for CD and UC endoscopic index of severity]. Receiver operating characteristic [ROC]
curves assessed the performance of fMPO, CRP, and fCal in predicting endoscopic disease activity. Baseline biomarkers were used to predict
a composite endpoint of complicated disease at 12 months [need for escalation of biologic/immunomodulator due to relapse, steroid use, IBD-
related hospitalisation, and surgeryl.

Results: A total of 172 participants were recruited [91 female, 100 with CD]. fMPO was significantly correlated with endoscopic activity in both
CD [r=0.53, p<0.01] and UC [r = 0.63, p < 0.01], and with fCal in all patients with IBD [r = 0.82, p < 0.01]. fMPO was effective in predicting
moderate-to-severely active CD [AUROC 0.86, p < 0.01] and UC [AUROC 0.92, p < 0.01]. Individuals with a baseline fMPO > 26 ug/g were sig-
nificantly more likely to reach the composite outcome at 12 months (hazard ratio [HR] 3.71, 95% confidence interval [Cl] 2.07-6.64, p < 0.01).

Conclusions: Faecal myeloperoxidase is an accurate biomarker of endoscopic activity in IBD and predicted a more complicated IBD course
during follow-up.

Key Words. Biomarkers; myeloperoxidase; prognosis

Graphical Abstract

Facecal myeloperoxidase as a biomarker of endoscopic activity in
inflammatory bowel disease

N?DA- I B D a‘\ - Faecal myeloperoxediase (MPO) predicted
e w VI U moderate-severe endoscopic disease activity
in inflmmatory bowel diseas cohort al T . oo
@} et - Ulcerative colitis - AUC 0.92, p < 0.01
2 Patient reported outcome measures and

b4 biological samples collected prior to
g p p
ileocol 2
tieocolonoseopy . 2 100 Elevated baseline fMPO predicted a
12 month prospective follow-up = complicated IBD course (HR 3.71, p < 0.01)
fl - for IBD complications S
e g o
< . o 2 1
' e 58 50 — MPO > 26 pg/g
°n
3 2 fd )
b / T £8 — fMPO < 26 pg/g
Ay 4 L { =
172 adult patients with known inflammatory EﬂdOSCO_PiC indice_s measured < w T "-é 04 f—""—'_':—"_ﬂr'_'f
bowel disease (IBD) undertaking disease activity & 0 20 40
ileocolonoscopy for disease assessment Week
eeks

© The Author(s) 2022. Published by Oxford University Press on behalf of European Crohn’s and Colitis Organisation.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:swaak389@student.otago.ac.nz?subject=

Faecal Myeloperoxidase as a Biomarker in IBD

1. Introduction

Inflammatory bowel disease [IBD], which encompasses
Crohn’s disease [CD] and ulcerative colitis [UC], is charac-
terised by chronic inflammation of the gastrointestinal tract
and is estimated to affect over 6.8 million individuals world-
wide.! IBD is associated with periods of relapse and remission
through a patient’s lifetime and requires regular surveillance
for disease activity.?

Mucosal healing of the gut is the current goal of therapy in
IBD and a ‘treat to target” approach has been shown to maxi-
mise benefit.> This approach is best supported by the use of
endoscopic assessment of the gastrointestinal tract to decide
on the need for escalation of therapeutic agents.* However,
ileocolonoscopy is invasive for patients who may need serial
assessments, expensive in resource-constrained health care
jurisdictions, and not without risks to the patient.»® Due to
these limitations, international guidelines support the use of
biomarkers to assess disease activity and treatment response
in patients with IBD.?

IBD is characterised by an influx of neutrophils into the gut.”
The major proteins released by neutrophils have considerable
potential as accurate biomarkers of inflammation in IBD.
Faecal calprotectin [fCal], a neutrophil cytosolic protein, has
been extensively studied as a biomarker in IBD.%? Extracellular
levels of calprotectin increase during periods of inflammation,
but oxidative modification and subsequent proteolysis may
have an impact on calprotectin structure and function as well
as its utility as a biomarker.!™!'! The enzyme myeloperoxidase
[MPO] is an abundant neutrophil granule enzyme. Through
its production of the potent oxidant hypochlorous acid, MPO
plays a vital role in killing bacteria and promoting inflamma-
tory tissue damage.'? Faecal myeloperoxidase [fMPO] has
previously been measured in small numbers of patients with
active IBD, who mainly suffered from UC. However, these
studies demonstrated considerable variability in fMPO extrac-
tion and measurement and the indices used to measure IBD
activity.'3"!® Thus, the accuracy and potential for fMPO as a
biomarker in IBD remains unclear.

The primary aim of this study was to investigate whether
fMPO correlated with endoscopic disease activity in patients
with IBD. Additional aims included assessment of the per-
formance of fMPO in comparison with C-reactive protein
[CRP] and fCal in predicting endoscopic disease activity in
IBD, and the utility of fMPO in predicting a more compli-
cated IBD course over 1 year.

2. Materials and Methods

2.1. Patient selection

Patients with IBD residing within the Canterbury or the West
Coast regions of New Zealand, who were undergoing endo-
scopic disease assessment with ileocolonoscopy, were pro-
spectively recruited into the new indicators of disease activity
in inflammatory bowel disease [NIDA-IBD] study between
April 2019 and September 2020. Eligible study participants
were aged 16 years or older, had a previously established
diagnosis of CD or UC, and were identified through endos-
copy lists.

2.2.  Sample collection and storage

Recruited participants completed stool samples and ques-
tionnaires immediately prior to commencing bowel
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preparation for their ileocolonoscopy. Samples were stored
in insulated bags with freezer packs overnight at 4°C be-
fore being delivered to a local laboratory and aliquoted
and frozen at -80°C for subsequent analysis. Participants
were interviewed by study investigators on the day of their
ileocolonoscopy to complete measures of demographics,
medication and medical history, IBD phenotype according
to Montreal Classification, and disease activity measures.'”
Venous blood sampling was also performed during this
interview.

Study participants were followed up at 6 weeks and 6
months after their ileocolonoscopy for repeat collections of
biological samples and study questionnaires. All de-identified
data were stored in a secure database [Research Electronic
Data Capture, REDCap, Vanderbilt, USA]. A composite out-
come of a complicated disease course [need for escalation of
biologic agent/immunomodulator due to clinical disease re-
lapse, recurrent corticosteroid use, IBD-related hospitalisa-
tion, and surgery| was assessed at 12 months using regional
hospital-based patient management software that records all
prescriptions, admissions, and surgeries undertaken in the re-
gion. This study was approved by the New Zealand Health
and Disability Ethics Committee [18/NTA/197] and was
conducted in accordance with the World Medical Assembly
Declaration of Helsinki. Stool samples collected from the
COMFORT cohort, which assessed biomarkers in healthy
participants, were used as controls for fCal and fMPO
analysis.?’

2.3. Disease activity assessment

IBD activity assessment was completed using validated
patient questionnaires, study investigator clinical assess-
ment, and validated endoscopic indices of activity. All par-
ticipants also completed the Inflammatory Bowel Disease
Questionnaire [IBDQ-32, McMaster, Canada]?! at each study
time point [index, 6 weeks, 6 months]. For CD, the Harvey—
Bradshaw Index [HBI], and Crohn’s Disease Activity Index
[CDAI] were used to assess patient symptoms.”>* An HBI > 4
and CDAI > 150 signified clinical activity.?* For UC, the
Simple Clinical Colitis Activity Index [SCCAI] was used, with
a score > 5 signifying clinical activity.?>2¢

Endoscopic assessment was completed by the gastroenter-
ologist performing the patients’ ileocolonoscopy. The Simple
Endoscopic Score for Crohn’s Disease [SES-CD] was used for
endoscopic assessment in CD, with scores 0-2 suggestive of
inactive, 3—6 mildly active, 7-15 moderately active, and > 16
severely active disease.?”?® The Ulcerative Colitis Endoscopic
Index of Severity [UCEIS] was used for participants with UC,
with scores 0-1 suggestive of inactive, 2-4 mildly active, 5-6
moderately active, and 2 7 severely active disease.”* Scores
of > 3 on SES-CD signified active CD, and > 2 on UCEIS sig-
nified active UC.

2.4. Measurement of full blood count, CRP, and
fCal

Venous blood samples were analysed on automated ana-
lysers for full blood count, CRP, and albumin at Canterbury
Health Laboratories. For fCal analyses, stool samples were
extracted using the Calpro Easy Extract device [Calpro AS,
Lysaker, Norway]| and stored in a commercial Calpro extrac-
tion buffer at -80°C. Faecal calprotectin was later measured
using a batched enzyme-linked immunosorbent assay [ELISA]
where faecal extracts were thawed to room temperature and
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analysed using the manufacturer’s instructions [CALPRO
ELISA, Calpro AS].

2.5. Myeloperoxidase assay

Whole stool samples were stored at -80°C for MPO analyses.
Faecal myeloperoxidase protein and activity concentration
were measured using a sandwich ELISA previously devel-
oped by the study investigators.’! Due to a supplier change,
the primary capture antibody for some analyses was changed
to anti-myeloperoxidase [4A4] MA1-20074 [Invitrogen,
Waltham, MA],3? which behaved comparably to the previous
capture antibody [Supplementary Figure 1].

Whole-stool samples were thawed at room temperature,
homogenised with a wooden stick, and extracted by col-
lecting 10 mg of stool using an RIDA stool collection tube
[R-Biopharm AG, Germany] and diluting it into 1 ml of ex-
traction buffer containing 0.2% [w/v] cetrimonium bromide
[CTAB]. As a cationic surfactant, CTAB improves the release
of MPO from faecal samples while maintaining the inherent
enzymatic properties of MPO.?** A standard curve of human
purified MPO [Planta Natural Products, Austria] was used on
each plate [Supplementary Figure 1A and B]. Samples with
high fMPO were diluted in assay buffer until they fell within
the linear segment of the standard curves for protein concen-
tration and activity.

Following incubation with the detection antibodies, the
concentration of fMPO protein was measured by interpol-
ation using the standard curve of purified human MPO to give
a measurement of fMPO protein in ng/ml. The final concen-
tration of fMPO [pg/g] was calculated by accounting for the
stool extraction and ELISA plate dilution factors. After anti-
body capture, fMPO activity was also measured in selected
samples before proceeding with the myeloperoxidase protein
measurement.’! fMPO activity was measured in 30 randomly
selected samples for three separate stratified groups of fMPO
protein concentrations that encompassed the range of 0-49
pg/g, 50-199 ng/g, and > 200 pg/g. Specific activity of these
samples was calculated as fMPO activity concentration div-
ided by fMPO protein concentration. Myeloperoxidase ELISA
techniques are described in more detail in Supplementary
Appendix 1. The recovery of fMPO protein in stool samples
with this study’s extraction buffer was assessed using spiked
stool samples. Ten whole-stool samples from patients with in-
active disease were mixed with either buffer alone or human
purified myeloperoxidase that was equivalent to an additional
10 ng/ml per well in the ELISA plate. The spiked stool sample
was added to extraction buffer, and fMPO protein concen-
tration was measured using the MPO ELISA. fMPO protein
was also assessed for its stability in whole stool at either 4°C,
25°C, or 37.5°C for up to 7 days, as well as its freeze-thaw
stability, to confirm previously published results.'*

2.6. Statistical analysis

2.6.1. Assessment of associations between
biomarkers and disease activity measures

Statistical analyses were performed on this dataset using the
SPSS 27 statistical package [IBM Corp., Armonk, NY]. Graphs
from this data were created using the GraphPad Prism 9
package [GraphPad Software Inc., San Diego, CA]. Biomarker
data were analysed for normality using the D’Agostino’s
K?test, and fCal and fMPO protein concentrations were sub-
sequently log transformed for parametric analyses. Data were
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analysed in subgroups of participants with CD and UC. CRP
results were dichotomised to values > or <3 mg/L and chi
square testing assessed for differences between individuals
with active and inactive IBD. Correlation between biomarkers
and endoscopic scores, and between fCal and fMPO protein,
were performed using Spearman rank correlations. Student’s
t test assessed for differences in fCal and fMPO protein be-
tween individuals with endoscopically inactive and active
IBD. Analysis of variance [ANOVA] assessed for differences
in fCal and fMPO protein between individuals with inactive,
mild, moderate, and severely active CD and UC. Receiver
operator characteristic curves [ROC] assessed for the preci-
sion of biomarkers and symptoms scores in predicting endo-
scopically active and moderate-to-severely active IBD.

2.6.2. Assessment of biomarkers in response to
IBD-related treatments and in predicting a more
complicated IBD course
Student’s t tests were used to compare fCal and fMPO protein
concentrations at baseline and at 6 months in participants
commencing anti-TNFo therapies after recruitment. Six
months was the final sample collection point used for this
study. ROC analysis assessed for optimal cut-off points of
baseline biomarkers in predicting for the composite endpoint
at 12 months of follow-up. Log-rank testing was used to com-
pare differences in distributions between individuals reaching
and not reaching the composite endpoint at these biomarker
set points and Cox regression was used to predict the risk of
reaching this outcome at these thresholds.

All de-identified study data are available upon request by
contacting the corresponding author of this study.

3. Results

3.1. Description of study participants

A total of 254 patients were approached for this study,
with 192 participants recruited [29 individuals declined to
participant and a further 33 were unable to be contacted].
Collection of study questionnaires and biological samples
was completed in 172 participants in total [CD, z = 100; UC,
n = 72]. Further details regarding the characteristics of study
participants are included in Table 1 and Supplementary Table
1. The indication for ileocolonoscopy was recorded as either
surveillance [CD, n =57; UC, n=41] or to assess current
disease activity [CD, n = 43; UC, # = 31]; 62 of the individuals
with CD and 35 of the individuals with UC had endoscopic-
ally active disease.

3.2. Extraction and validation of MPO

The extraction buffer used in this study resulted in mean
fMPO protein extraction of 117.5% (standard deviation
[SD] 33.12%, n = 10) in spiked stool samples compared with
unspiked samples. [Supplementary Figure 2A and B]. This
value was similar to the median 107% recovery seen by other
groups using a similar extraction buffer.'*3! The variability of
fMPO protein recovery in the current system may have been
due to sampling variability of fMPO protein throughout solid
stool [Supplementary Figure 2C]. fMPO protein was found to
be stable for up to 7 days at 4°C, with < 5% reduction at Day
3 and <20% reduction in fMPO protein concentration at
Day 7 compared with Day zero [Supplementary Figure 2D].
There was a significant decrease in fMPO protein concentra-
tions at 3 or more days when samples were stored at 25°C, or
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Table 1. Description of demographics, clinical phenotype, symptoms, and endoscopic activity in patients in the NIDA-IBD cohort.

CD [#=100] UC [n=72]
Mean age [SD, years] 45.2 [14] 49.5 [14]
Female participants [%] 53 [53.0] 38 [52.8]
Median time since IBD diagnosis [range, years] 13.00 [0-43] 11.50 [0-54]
NZ European ethnicity [%] 100 [100] 69 [95.8]
Montreal classification of CD [%]
Al [%] 7 (71
A2 [%] 75 175]
A3 [%] 18 [18]
L1 [%] 18 [18]
L2 [%] 21 [21)]
L3 [%] 61 [61]
B1 [%] 60 [60]
B2 [%] 20 [20]
B3 [%] 20 [20]
Perianal disease [%] 17 [17]
Montreal classification of UC
E1[%] 6[8.3]
E2 [%] 33 [45.8]
E3 [%] 33 [45.8]
Endoscopic remission [%] 38 [38] 37 [51.4]
SES-CD <2, UCEIS <2
Endoscopically active IBD [%] 62 [62] 35 [48.6]
SES-CD > 2, UCEIS > 2
Mild endoscopic activity [% | 34 [34] 22 [30.6]
Moderate endoscopic activity [%] 19 [19] 719.7]
Severe endoscopic activity [%] 919] 6 [8.3]
Median C-reactive protein [mg/L, IQR] 3.0 [0-6.8] 3.0 [0-6.0]

Medianfaecal calprotectin[ug/g, IQR]
Median faecal myeloperoxidase [pg/g, IQR]
Median SES-CD [IQR]

Median UCEIS [IQR]

Median HBI [IQR]

Median CDAI [IQR]

Median SCCAI [IQR]

Mean IBDQ-32 [SD]

115.6 [45.8-350.3]
10.1 [3.0-44.4]

146.1 [45.2-853.1]
15.6 [1.7-107.5]

3.0 [0.0-8.5]
1.0 [0.0-4.0]
6.0 [3.0-10.8]
119.5 [54.3-213.3]
4.5 [2.0-8.0]

161.37 [37, 32] 166.13 [40, 29]

CD, Crohn’s disease; UC, ulcerative colitis; IBD , inflammatory bowel disease; SES-CD , Simple Endoscopic Score for CD; UCEIS , UC Endoscopic
Index of Severity; HBI, Harvey—Bradshaw Index; SCCAI, Simple Clinical Colitis Activity Index; IBDQ-32, Inflammatory Bowel Diseases Questionnaire;

IQR, interquartile range; NZ, New Zealand; SD, standard deviation.

after 1 day at 37°C [Supplementary Figure 2D]. Mean time
between faecal sampling and ileocolonoscopy was 1 day + 3
for CD and 1 day = 2 for UC. Mean time between faecal sam-
pling and processing [storage at -80°C] was 1 day = 1 for CD
and for UC. Freeze-thaw of extraction buffer showed that
fMPO protein was stable for up to three freeze-thaw cycles
[Supplementary Figure 2E].

3.3. Associations of fMPO protein with fMPO
activity

To show that the fMPO protein concentration measured in
this study largely reflected an intact form of myeloperoxidase,
fMPO activity was measured. In samples randomly selected
from ranges of fMPO protein of 0-49 pg/g, 50-199 ng/g,

and > 200 pg/g, fMPO activity and fMPO protein concen-
trations were significantly correlated [r=0.96, p <0.001;
Figure 1]. The average specific activity of fMPO [[fMPO ac-
tivity|/[fMPO protein]] in these samples was 57% [+ 30 SD],
indicating that measured fMPO is mostly active.

3.4. Correlations of fMPO protein with
endoscopic disease activity, patient-reported
symptoms, and faecal calprotectin

Clinical disease activity was significantly correlated with
endoscopic activity in UC [SCCAI r = 0.70, p < 0.01], but
notin CD [CDALr = 0.10,p < 0.05; HBL,r = 0.02,p = 0.82].
Patient-reported symptoms in participants with CD [HBI]
was not associated with faecal biomarkers [fCal, r = 0.03,
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p =0.75; fIMPO, r = 0.14, p = 0.16]. Patient-reported symp-
toms in those with UC [SCCAI] was associated with faecal
biomarkers [fCal, r=0.62, p <0.001; fMPO, r=0.54,
p <0.001]. There were correlations between endoscopic
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Figure 1. Correlation between faecal myeloperoxidase [fMPO] protein
concentration with fMPO activity using randomly selected stool samples
to encompass a range of fMPO protein concentrations; 0—9 ng/g,
50-199 ng/g, and > 200 pg/g. The correlation was performed on the
linear data.
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disease severity and fCal [CD, r=0.65, p<0.01; UC,
r=0.67,p <0.01], and fMPO [CD, r = 0.53, p < 0.01; UC,
r=0.54, p <0.01] [Figure 2 and Supplementary Table 2].
There was a significant correlation between fCal and fMPO
[r=0.82, p <0.001] among all study participants [Figure
3].

Subgroup analysis of only individuals with endoscopically
active disease [SES-CD > 2, UCEIS > 2] showed that both
faecal biomarkers remained significantly correlated with
endoscopic disease activity [CD fCal, r=0.63, p <0.001;
CD fMPO, r = 0.61, p < 0.001; UC fCal, r = 0.70, p < 0.001;
UC fMPO, r=0.70, p <0.001] and each other [r=0.82,
p < 0.001]. In individuals with endoscopically active disease,
faecal biomarkers were correlated with patient-reported
symptoms in UC [SCCAI vs fCal, r = 0.69, p < 0.001; SCCAI
vs fMPO, r = 0.60, p < 0.001] but not in CD [HBI vs fCal,
r=0.13, p = 0.30; HBI vs fMPO, r = 0.15, p = 0.25]. Patient
symptoms were associated with endoscopic indices in individ-
uals with endoscopically active UC [r = 0.65, p < 0.001] but
not in CD [r=0.04,p =0.75].

The associations between faecal biomarkers and endoscopic
disease activity were similar between males [CD . 0.62,

p<0.001,CD, ., 0.50, <0.001, UC, r = 0.69, p < 0.001,
UC,,, r=0.60, p<0.001] and females [CD, , 0.68,
B
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Figure 2. Correlations between faecal biomarkers and clinical symptoms with endoscopic activity in inflammatory bowel disease.[A] Faecal calprotectin
[fCall and Simple Endoscopic Score for Crohn's Disease [SES-CD]. [B] fCal and Ulcerative Colitis Endoscopic Index of Severity [UCEIS]; [C] Faecal
myeloperoxidase protein [fMPQO] and SES-CD. [D] fMPO and UCEIS. [E] SES-CD and Harvey-Bradshaw index [HBI]. [F] UCEIS and Simple Clinical Colitis

Activity Index [SCCAI].
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Figure 3. Faecal myeloperoxidase [fMPO] protein was significantly
correlated with faecal calprotectin [fCal] in patients with inflammatory
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Score for Crohn's Disease; UCEIS, Ulcerative Colitis Endoscopic Index

of Severity. Mild disease = SES-CD 3-6, UCEIS 2-4. ns = p> 0.05;

***p < 0.007. Correlations for panel A performed on linear biomarker data.
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fMPO was also similar between males [r=0.82, p < 0.001]
and females [r = 0.80, p < 0.001].
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3.5. Biomarker concentrations based on
endoscopic activity in the NIDA-IBD cohort

In individuals with CD, CRP was > 3 mg/L in a greater pro-
portion of patients with endoscopically active vs inactive
disease (active 53.2%; inactive 25.7%; X*[1,N = 100] = 6.90,
P <0.01). The same relationship was also seen in CRP ana-
lysis in individuals with UC (active 62.9%; inactive 21.6%;
X2[1,N = 72] = 12.58, p < 0.01).

There were no differences in fCal or fMPO protein con-
centrations (geometric mean, 95% confidence interval [CI])
between individuals with CD and UC (fCal-CD, 140.58 pg/g;
UC, 184.51 ng/g; 95% confidence interval [CI] 0.45-1.28;
p=0.31; fMPO- CD, 17.14 pg/g; UC, 1.60 pglg; 95% CI
0.46-1.46; p = 0.50).

Faecal calprotectin and myeloperoxidase were signifi-
cantly lower in individuals with endoscopically inactive
versus active CD and UC [p < 0.01] [Table 2]. There was a
significant difference in fCal concentration between individ-
uals with endoscopic remission and those with mild [p = 0.02
CD; p < 0.01 UC], moderate [p < 0.01 CD; p < 0.01 UC] and
severely active [p <0.01 CD, p <0.01 UC] IBD [Table 2].
Faecal MPO protein also differed significantly between indi-
viduals with endoscopic remission and those with moderate
[p <0.01 CD;p < 0.01 UC] and severely active [p < 0.01 CD;
p <0.01 UC] IBD [Table 3 and Figure 3].

Subgroup analyses showed that fCal was significantly ele-
vated in individuals who had isolated ileal activity [geometric
fCal mean inactive disease vs active disease, 3.85 pg/g vs 5.17
ng/g; 95% CI 1.82-7.54; p < 0.05]. This was not observed with
fMPO protein [geometric fIMPO mean inactive disease vs active
disease, 5.52 pg/g vs 10.78 pg/g; 95% CI10.90-4.22; p = 0.09].

3.6. Receiver operative characteristic analysis

of biomarkers and symptom scores in IBD activity
assessment

ROC analysis showed that fCal and fMPO protein were ef-
fective in predicting endoscopic disease activity in patients
with CD and UC [p < 0.01 for both] [Table 3]. These bio-
markers were also strong predictors for the presence of mod-
erate to severely active CD and UC on endoscopy [Table 3 and
Figure 4]. CRP was less effective than the faecal biomarkers
in predicting moderate to severely active IBD [p < 0.05]
[Table 3 and Figure 4]. Clinical symptoms performed simi-
larly to fCal and fMPO protein in predicting for the presence
of moderate-to-severe endoscopically active disease in UC
[SCCAIL, AUROC 0.92, p < 0.01] but not CD [HBI, AUROC
0.53, p = 0.66; CDAL, AUROC 0.64, p < 0.05].

3.7.  Optimal cut-off points of CRP, fCal, and fMPO
protein in assessing disease activity

Coordinate points on ROC analyses were used to determine
optimal cut-off points of CRP, fCal, and fMPO protein to
maximise sensitivity and specificity in predicting endoscopic
disease activity and moderate-severe endoscopic activity in

CD and UC [Table 3].

3.8. Responsiveness of fMPO protein to IBD
related treatment

There were significant limitations with the collection and ana-
lysis of NIDA-IBD related biological samples at the 6-week
and 6-month follow up intervals due to the impact of the
COVID-19 pandemic. Of the 172 patients initially recruited,
92 participants had complete study data at 6 weeks and 46
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Table 2. Comparison of concentrations of C-reactive protein [CRP], faecal calprotectin [fCal], and faecal myeloperoxidase [fMPO] protein between
individuals in endoscopic remission and those with active, mild, moderate, and severe disease activity.

Crohn’s disease

Biomarker concentration Remission Endoscopically Mild Activity Moderate Activity Severe Activity
[geometric mean, 95% CI] [SES-CD < 2] active [SES-CD > 2] [SES-CD 3-6] [SES-CD 7-15] [SES-CD > 15]
CRP [mg/L] 2.1 4.26* 3.0 5.10° 10.22
[1.46-3.03] [3.1-5.9] [2.0-4.7] [2.72-9.58] [4.35-24.29]
fCal [pg/g] 54.60 244.69° 109.95° 601.85° 749.95°
[35.16-84.77] [169.02-357.81] [75.94-159.17]  [317.35-1141.39] [249.64-
2252.96]
fMPO [pg/g] 6.69 22.20° 8.41 64.722 89.122
[4.22-10.49] [14.01-35.16] [5.47-13.07] [29.67-139.77] [21.33-376.15]
Ulcerative colitis
Biomarker concentration Remission Endoscopically active Mild activity Moderate activity Severe Activity
[geometric mean, 95% CI] [UCEIS £ 1] [UCEIS > 2] [UCEIS 2-4] [UCEIS 5-6] [UCEIS = 7]
CRP [mg/L] 1.80 6.96° 1.807 9.872 33.112
[1.35-2.44] [4.01-12.18] [1.35-2.43] [1.72-56.26] [13.74-79.84]
fCal [pg/g] 56.83 645.48° 333.627 1685.812 2344.902
[36.23-88.23] [376.15-1096.63] [175.91-632.70]  [492.75-5825.50] [1053.63—
5218.68]
fMPO [pg/g] 521 60.34° 26.84¢ 194.420 307.97¢
[3.03-8.93] [33.12-103.95] [13.33-54.05] [59.74-632.70] [144.03-651.97]

SES-CD, Simple Endoscopic Score for Crohn’s Disease; UCEIS, Ulcerative Colitis Endoscopic Index of Severity; CI, confidence interval.

“Biomarker significantly different from endoscopic remission [p < 0;05].

participants at 6 months. Subgroup analyses were performed
to assess for changes in fCal and fMPO protein concentra-
tions at 6 months in patients commencing a biologic therapy
after their index ileocolonoscopy [7 =35 patients]. Paired t
tests showed only significant differences in fMPO protein
[p =0.01] but not fCal [p = 0.19] between baseline and at 6
months in these individuals.

3.9. Associations of biomarkers with a more
complicated disease course

All 172 patients were followed for 12 months after re-
cruitment, and 49 participants reached the composite
endpoint of complicated disease. Of these individuals, 36
had escalation of biologic/immunomodulatory agents due
to disease flare, 10 had corticosteroid use, 16 required an
IBD-related hospitalisation, and 10 underwent IBD-related
surgery. Individuals reaching the composite endpoint had
a significantly higher fCal [geometric mean 487.85 pg/g vs
100.48 pgl/g, p < 0.01] and fMPO protein [geometric mean
45.60 pglg vs 9.87 pglg, p < 0.01] at baseline than those
not reaching this endpoint. Nine of the 49 participants
reaching the composite endpoint had inactive symptoms
at baseline [HBI <5, SCCAI < 5]. ROC analyses showed
that both baseline fCal [AUROC 0.75, p < 0.01] and fMPO
protein [AUROC 0.72, p < 0.01] predicted for this com-
posite outcome. Concentrations of fCal of 250 pg/g [sen-
sitivity 65%, specificity 74%] and fMPO protein of 26
pg/g [sensitivity 63 %, specificity 74%] were the most ac-
curate predictors of a complicated disease course. Kaplan—
Meier analyses [Figure 5] showed significant differences in
reaching the composite endpoint at 12 months of follow-up
when baseline fCal and fMPO protein concentrations were

dichotomised above/below threshold values identified on
ROC analyses [fCal log-rank p <0.01, fMPO log-rank
p < 0.01]. Cox-regression analyses showed that participants
with baseline biomarker concentrations above these thresh-
olds were at a significantly increased risk of reaching the
composite endpoint (fCal, hazard ratio [HR] 4.35, 95% CI
2.41-7.85, p = 0.01; fMPO, HR 3.71, 95% CI 2.07-6.64,
p <0.01).

4. Discussion

Neutrophil activation is a key driver in the pathophysiology
of IBD,” a chronic gastrointestinal condition associated with
long-term complications such as stricture formation, fistula,
need for surgery, and colorectal malignancy.’37 The cur-
rent study has shown that the neutrophil-derived protein
MPO can be readily extracted from faecal samples and was
an effective biomarker of endoscopic activity in IBD. Faecal
myeloperoxidase and faecal calprotectin had similar per-
formance characteristics in predicting moderate-to-severely
active IBD, which represents a cohort of patients that may
specially benefit from treatment modifications. Elevated levels
of faecal myeloperoxidase at baseline also predicted a more
complicated disease course, such as the need for escalation
of biologic/immunomodulator therapies, corticosteroid use,
IBD related hospitalisation, and surgery at 12 months of
follow-up.

Treatment of IBD aims to reduce gut inflammation to pre-
vent disease progression and complications. Assessment for
gastrointestinal mucosal inflammation has traditionally re-
lied upon ileocolonoscopy, which is expensive for the health
system and invasive for patients.’ The effect of tight disease
control in IBD through the use of non-invasive biomarkers
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Table 3 Area under the receiver operating characteristic curve [AUROC] and optimal cut-off points for biomarkers (C-reactive protein [CRP], faecal
calprotectin [fCal], and faecal myeloperoxidase [fMPO] protein) to maximise sensitivity and specificity in predicting for endoscopic disease activity and
moderate-severe endoscopic activity in IBD.

Predicting endoscopic activity [SES-CD > 2, UCEIS > 1

Crohn’s disease AUROC Optimal cut-off points Sensitivity/specificity [%]
CRP 0.66° 3.5 mg/L 53174
fCal 0.77° 58.24 pg/g 87/60
fMPO 0.69° 10.25 pgle 63/69
Ulcerative colitis AUROC Optimal cut-off points Sensitivity/specificity [%]
CRP 0.732 3.5 mg/L 63/78
fCal 0.89° 137.50 pg/g 89/78
fMPO 0.85° 4.64 94/62
IBD combined Optimal cut-off points Sensitivity/specificity [%]
CRP 0.69° 3.5 mg/L 56/76
fCal 0.81° 147.61 pglg 65/82
fMPO 0.76* 7.39 pglg 75167

Predicting moderate-severe endoscopic activity [SES-CD > 6, UCEIS > 4

Crohn’s disease AUROC Optimal cut-off points Sensitivity/specificity [%]
CRP 0.70? 3.5 mg/L 68/67

fCal 0.872 252.14 pg/g 79/84

fMPO 0.86° 23.07 pg/g 82/81

Ulcerative colitis AUROC Optimal cut-off points Sensitivity/specificity [%]
CRP 0.81° 10.5 mg/L 62/93

fCal 0.94° 270.00 pg/e 100/76

fMPO 0.920 75.60 pglg 92/88

IBD combined AUROC Optimal cut-off points Sensitivity/specificity [%]
CRP 0.74¢ 3.5 mg/L 73167

fCal 0.88 252.14 pg/g 83/79

fMPO 0.87° 58.83 pg/g 76/90

SES-CD, Simple Endoscopic Score for Crohn’s Disease; UCEIS , Ulcerative Colitis Endoscopic Index of Severity; IBD , inflammatory bowel disease.
*Area under the receiver operating characteristic curve [AUROC] statistically significant [p < 0.05].

has been associated with superior outcomes and cost-effect-
iveness compared with symptom-based therapeutic escal-
ation alone.>*%%* Thus, the use of a specific biomarker such
as faecal calprotectin is now considered part of routine best
practice.? The current study is aligned with previous observa-
tions showing that symptom severity does not always reflect
intestinal inflammation, specially in CD, and can be unreli-
able to guide treatment modifications if used alone.***? Thus,
non-invasive biomarkers in IBD activity assessment are likely
to play a pivotal role in guiding treatment decisions.

Faecal calprotectin is an effective biomarker of IBD ac-
tivity and has also previously been shown to be a predictor of
disease relapse and response to treatment.**=* Despite these
benefits, fCal is associated with significant cost in resource-
constrained environments due to the requirement of specific
capture antibodies for measurements via ELISA, and pro-
longed turnaround times when batched analyses are per-
formed. Point-of-care fCal tests have been developed in recent

years, but inter-test concordance is often poor, and the cost
of individual tests or specialised readers for interpreting the
results is often higher than ELISA methods.*”** Furthermore,
calprotectin subunits are susceptible to hypochlorous acid-
mediated oxidation and modification due to the activity
of neutrophil-derived myeloperoxidase at sites of infec-
tion and inflammation.'® This oxidation makes calprotectin
more susceptible to proteolysis. Thus measures of unmodi-
fied calprotectin may underestimate the true inflammatory
burden.*°

MPO has previously been measured in the stool of pa-
tients with IBD but with mixed results. This may be due
in part to difficulties in extracting myeloperoxidase,
which is tightly bound to the solid fraction of stool, and
may account for the significant variability in extraction
of MPO from faeces ranging from 20% to 100%.!3143151
Furthermore, the methods used to measure fMPO varied
and ranged from radio-immunoassays to ELISAs.'**? The
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Figure 4 Faecal calprotectin [fCal] and faecal myeloperoxidase [fMPO] protein both predicted moderat- to-severe endoscopic activity in CD [A] and UC
[B], in comparison with C-reactive protein [CRP]. CD, Crohn's disease; UC, ulcerative colitis; AUROC, area under the receiver operating characteristic

curve.

100 fCal < 250 pg/g

— fMPO <26 pg/g
— fCal > 250 pg/g
— fMPO > 26 pg/g

Log-rank¢c, P < 0.01
Log-rankgypo P < 0.01

Probability of a complicated
IBD course

Weeks

Figure 5 Kaplan-Meier Curves showing differences in probability in
reaching a composite outcome of escalation of immunomodulator/
biologic therapy, corticosteroid use, IBD related hospitalisation, and
surgery during 12 months of follow-up based on threshold values

of baseline biomarkers [faecal calprotectin, fCal, >250 pug/g<; faecal
myeloperoxidase, fMPO, fMPO > 26 pg/g<l. IBD, inflammatory bowel
disease.

MPO extraction buffer used in the current study contained
0.2% cetrimonium bromide and resulted in the extrac-
tion of 117.5% +/- 33.1% of MPO in spiked stool samples
[Supplementary Figure 2]. The stability of fMPO protein
in different storage conditions was also investigated in this
study and showed that fMPO protein concentrations re-
mained stable for up to 7 days when samples were stored at
4°C, which is comparable to fCal and an important consid-
eration when assessing the utility and practical application
of biomarker assessment for real-world use.’*** Previous
studies investigating fMPO as a biomarker in IBD have
also generally been limited to 10-75 study participants,

and predominantly included those with UC.!3!15165155
These studies investigated the utility of fMPO to predict
disease activity but used a variety of measures to assess
this, including symptoms/clinical assessment, alternative
biomarkers, endoscopic activity, and histological assess-
ment.'>!65555 Until now, there has been no definitive study
that links fMPO to endoscopic findings in both CD and UC
using validated endoscopy scoring systems and laboratory
methodology in a large IBD cohort and control group.

The current study highlights that fMPO protein is an ac-
curate biomarker of gut inflammation in IBD. The sensitivity
and specificity of this biomarker improved when predicting
for moderate-to-severely active IBD. Thus, fMPO protein
may be able to identify individuals with significant IBD ac-
tivity who may benefit most from treatment modification.
Both fCal and fMPO protein had lower diagnostic accuracy
at identifying individuals with CD who had mild endoscopic
activity.

Previous studies have identified higher neutrophil activity in
colonic than in ileal CD.*® Consequently, the level of mucosal
inflammation seen in individuals with isolated ileal activity
may be below the sensitivity threshold of biomarker detec-
tion. This remains an ongoing issue for the use of biomarkers
in guiding the management of small bowel CD.*¢ Being able
to identify individuals with a high inflammatory burden is a
key priority, given the potential to initiate disease-modifying
therapies which target these inflammatory pathways in a
timely fashion.’”

International guidelines promote the use of biomarkers to
monitor for treatment response and IBD relapse.>’” Although
not specifically powered to investigate the response of bio-
markers to IBD treatment, the current study has shown that
fMPO protein levels reduced at 6 months following the intro-
duction of biologic therapies for IBD. This expands on pre-
vious observations of fMPO protein normalising in patients
with UC in response to treatment with S-aminosalicylates.’®
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The current study also showed that a baseline fMPO protein
reading above 26 pg/g was predictive of a more complicated
IBD course at 12 months of follow-up. This novel observa-
tion is in line with previous reports of baseline fCal predicting
disease relapse during follow-up.**° These findings add fur-
ther utility for the use of non-invasive biomarkers in order to
stratify patients who may have a more complicated disease
course, who may have a more complicated disease course and
may benefit from closer disease monitoring and tailoring of
IBD-specific therapies.

The current study shows that fMPO protein concentration
and fMPO activity are significantly correlated in the faeces of
patients with IBD. This shows that fMPO is predominantly
active and largely intact, indicating that most of the available
MPO is being captured. This highlights the possibility that
MPO may be contributing to bowel damage in IBD through
the generation of hypochlorous acid or free radical species.
Future studies are planned to investigate whether MPO-
mediated oxidative damage is associated with the mucosal
inflammation and bowel injury seen over the longitudinal
course of this disease.

A limitation of this study was the variability in endo-
scopic scoring due to the lack of central reading of
ileocolonoscopic findings, which may have also influenced
the thresholds of disease activity to which individuals were
stratified. A significant proportion of included patients were
having ileocolonoscopy for surveillance of IBD-associated
dysplasia, resulting in many study participants having in-
active IBD. Having a larger proportion of participants
with moderate-to-severe disease activity is likely to have
strengthened the current study by further defining optimal
biomarker thresholds to identify such individuals and im-
prove the overall generalisability of the study findings.
Although endoscopic disease assessment is considered the
gold standard measure of disease activity in IBD, the role
of histological healing as a treatment target has become
more prominent in recent years.®’ Due to resource con-
straints and the variability of indices of histological activity
in IBD, histological assessments were not undertaken in
this study as it is outside usual clinical management. These
data may provide additional insights into the mechanistic
implications of MPO activity promoting intestinal damage
in IBD and would also validate the findings on endoscopic
indices. Furthermore, participants with CD did not under-
take cross-sectional imaging of their small bowel and thus
disease activity may be underestimated in these individuals.
Additional assessment of the performance of fMPO protein
in individuals with isolated small bowel disease activity
would help further evaluate the utility of this biomarker in
this cohort in comparison with fCal.

In this study, faecal sample collection and handling were
carried out to reflect real-world clinical practice and re-
quired temporary storage at a participant’s home in an in-
sulated cool-pack prior to delivery to a local laboratory and
storage at -80°C. Although the insulated pack aimed to re-
flect 4°C and participants were advised to store samples in a
refrigerator or freezer prior to delivery to a laboratory, this
was a potential source of reduced detection of fMPO protein
and activity at the time of processing due to the imperfect
nature of these storage conditions. However, the reduction
in fMPO protein concentrations were only seen after 3 days
of storage at room temperature, and most samples in this co-
hort were frozen to -80°C by this time. The stool extraction
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techniques in this study used commercially available devices
that are commonly used and extract an approximate weight
and volume of stool; however, exact quantification of stool
wet weight may have improved the accuracy of faecal bio-
marker assessment.

In the largest cohort of patients with IBD investigating
fMPO to date, the current study has shown that fMPO protein
is an effective biomarker of disease activity when compared
with ileocolonoscopy. Faecal myeloperoxidase has similar
precision in predicting moderate-to-severely active IBD as
faecal calprotectin, declines following the initiation of bio-
logic therapies, and predicts a more complicated IBD course.
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