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Background: Crohn's disease (CD) is a major form of inflammatory bowel disease (IBD) which has relapsing and remitting symptoms. Better
ways to detect and monitor active disease are required for early diagnosis and optimal outcomes. We assessed fecal myeloperoxidase (fMPO),
a neutrophil-derived enzyme that produces hypochlorous acid, as a marker of disease activity in children with CD.

Methods: This observational study assessed myeloperoxidase (MPO) levels in fecal samples from children aged <17 years with CD (51 with
active or 42 inactive disease) measured by enzyme-linked immunosorbent assay (ELISA) and compared to controls (35 healthy siblings and 15
unrelated well children). Results were correlated with fecal calprotectin, serum C-reactive protein, urinary glutathione sulfonamide (a biomarker
of hypochlorous acid), and disease activity scores. Differences between groups were assessed by analysis of variance. Receiveroperating-
characteristic curves were used to assess how biomarkers predicted disease and disease activity.

Results: Fecal myeloperoxidase activity and fMPO protein correlated with fecal calprotectin (r=0.78, P< .0001, and r=0.81, P<.0001, re-
spectively). Fecal myeloperoxidase activity and protein levels were significantly higher (P < .0001) in individuals with active disease compared
to healthy sibling controls, unrelated well children, and those with inactive disease. A 9.7 ug/g fMPO protein cutoff distinguished inactive from
active disease (sensitivity = 75%, specificity = 76%). Urinary GSA was elevated in children with active disease (P < .0001) and correlated with
fMPO protein (r=0.43, P=.0002) in a subset of 72 children with IBD and controls.

Conclusions: Fecal myeloperoxidase may be superior to fCal at reflecting disease severity in children with CD and produces the damaging oxi-
dant hypochlorous acid during active inflammation.

Lay Summary

The performance of fecal myeloperoxidase, released by the immune system, was assessed as an inflammatory marker in children with Crohn’s
disease. It is a fast and inexpensive test that could predict the presence of disease and disease severity in children.
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Abbreviations: ANOVA, analysis of variance; AUROC, area under the receiver-operating characteristic; CTAB, cetrimonium bromide; CRP, C-reactive protein;
CD, Crohn's disease; CF, cystic fibrosis; ELISA, enzyme-linked immunosorbent assay; fCal, fecal calprotectin; fMIPO, fecal myeloperoxidase; GSA, glutathione
sulfonamide; IBD, inflammatory bowel disease; IBD-U, inflammatory bowel disease unclassified; IL-6, interleukin-6; MPO, myeloperoxidase; GSSG, oxidized
glutathione; PCDAI, Pediatric Crohn’s Disease Activity Index; ROC, receiver-operator characteristic; REDCap, research electronic data capture; UC, ulcerative
colitis; uGSA, urinary glutathione sulfonamide.

Introduction abdominal pain, and fatigue. Up to a quarter of patients are
diagnosed in childhood, with delayed diagnosis leading to
worse outcomes such as impaired growth, nutrition, and psy-
chological well-being. Various treatments are available to re-
duce inflammation and maintain remission; none are curative.
Better ways to detect and monitor active disease are required

Inflammatory bowel disease (IBD), encompassing Crohn’s
disease (CD) and ulcerative colitis (UC), is becoming increas-
ingly common in children worldwide.! Inflammatory bowel
disease is an incurable condition characterized by relapsing
and remitting gut symptoms that can include diarrhea,
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Key Messages

What is already known?

Noninvasive methods to diagnose or monitor inflammatory
bowel disease are required to enable early diagnosis and opti-
mize outcomes.

What is new here?

This study identified that fecal myeloperoxidase (fMPO) can
predict the presence of Crohn's disease (CD) and disease ac-
tivity in children, performing similarly to routinely used fecal
calprotectin.

How can this study help patient care?

Measurement of fMPO, particularly activity, is a fast and inex-
pensive test that could aid in the diagnosis of CD and disease
monitoring in children, this test could be developed into a point-
of-care test for use at home or in the clinic.

to enable early diagnosis and to optimize care and outcomes
for children with CD.

Current methods for diagnosis and monitoring this
condition, including colonoscopy with biopsy sampling,
are invasive and costly. However, researchers have yet to
identify a noninvasive test that can replace these methods.
Several stool-based markers have been evaluated as
indicators of gut inflammation. Fecal calprotectin (fCal)
measurement is widely accepted as a generally reliable
test for prediagnostic screening and disease monitoring.?
However, it is expensive and can take days to obtain
results. Furthermore, detection of fCal may be less reliable
in some situations, including in younger children,® and
when calprotectin is oxidized,* with oxidation occurring
at sites of infection and inflammation resulting in degra-
dation and release of specific peptides.*’

Myeloperoxidase (MPO), an abundant neutrophil granule
enzyme, shows promise as a biomarker. It plays a critical role
in the innate immune response by killing invading pathogens
through its production of the potent oxidant hypochlorous
acid.® Myeloperoxidase-derived hypochlorous acid also reacts
with a wide range of biological molecules such as proteins,
carbohydrates, lipids, and nucleic acids.” In addition, exces-
sive or misplaced activation of neutrophils damages host
tissues. Myeloperoxidase-derived oxidants have been shown
to contribute to the pathogenesis of various inflammatory
diseases including IBD,? cystic fibrosis (CF),” rheumatoid ar-
thritis,'® cardiovascular disease,'' and chronic obstructive
pulmonary disease.!?

Despite a broad understanding of the roles that MPO
plays in inflammation, limited studies have assessed MPO
as a biomarker in IBD. Previous studies have measured fecal
myeloperoxidase (fMPO) levels in small numbers of adults
with active IBD (mainly with UC)."*'® However, fMPO ex-
traction and measurement and the indices used to assess IBD
activity were variable. Recent work demonstrated that fMPO
is an accurate biomarker of endoscopic inflammation in
adults with IBD, with elevated levels predicting a more com-
plicated disease course.!”'® Serum MPO levels have also been
shown to be elevated in children with IBD (7 = 35) compared
to controls (7 = 32)." However, to the best of our knowledge,

there have been no studies assessing fMPO as a marker of in-
flammation in children with CD.

Myeloperoxidase-derived hypochlorous acid oxidizes glu-
tathione to produce mainly glutathione disulfide (GSSG)
but it also produces the specific product glutathione sulfon-
amide (GSA).?° Unlike oxidized glutathione (GSSG), GSA
is not a substrate of glutathione reductase and is a stable
marker of neutrophil oxidant activity. Previous studies have
demonstrated that urinary GSA may be an effective nonin-
vasive marker of neutrophilic inflammation in early CF lung
disease.” The identification of urinary GSA in children with
CD would indicate that MPO is active and generating hypo-
chlorous acid during inflammation.

This was an exploratory study to ascertain whether fMPO
is superior to routinely measured fCal and can reflect dis-
ease severity in children with CD. Secondary goals assessed
whether GSA could be detected in the urine to determine
whether MPO is more active in producing hypochlorous
acid during inflammation in children with CD compared to

healthy children.

Materials and Methods

Patient Recruitment

Children aged <17 years of age residing in the Canterbury
region of New Zealand presenting with clinical suspicion of
IBD, known IBD, or control children without IBD (healthy
siblings and unrelated well children) were recruited between
September 2012 and July 2020. Children provided informed
assent and parents/legal guardians provided written informed
consent. Exclusion criteria included other pre-existing chronic
inflammatory diseases (such as eosinophilic esophagitis or
autoimmune disease), any underlying renal diseases, prior
gastrointestinal surgery (except appendicectomy), or use of
nonsteroidal anti-inflammatory medications within the week
prior to enrollment.

Clinical suspicion of IBD was defined as the presence of
intestinal or extraintestinal symptoms suggestive of IBD.
Children with clinical suspicion of IBD underwent standard
clinical assessments including routine blood and stool tests,
imaging, and endoscopy (gastroscopy and ileocolonoscopy
with histology of mucosal biopsies). The final diagnosis was
made by the treating physician with classification as CD or
UC based upon the revised Porto criteria.”! Inflammatory
bowel disease unclassified (IBD-U) was used when the diag-
nosis of IBD was clear but unable to distinguish between CD
or UC. Patients diagnosed with IBD-U were determined by
their treating physician to either have disease favoring CD
or UC and they were grouped accordingly. For the purposes
of this study, only samples from children with IBD diagnosed
with CD or IBD-U favoring CD were analyzed.

The study participants were categorized into 4 groups: ac-
tive CD, inactive CD, non-IBD, and healthy sibling controls.
The active CD group included children with newly diagnosed
untreated CD, or those with known disease and a current re-
lapse requiring reinduction treatment. Patients with relapsed
disease were excluded if they had received any reinduction
therapy (such as corticosteroids) within the 4 weeks prior
to enrollment. The inactive CD group included children
with known CD who were clinically in remission based on
standard disease activity scores?* and had stable CD treat-
ment in the three months prior to enrollment. The non-IBD
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group included participants who underwent investigations
for gastrointestinal symptoms and from whom IBD was
excluded. The healthy sibling group consisted of siblings of
children with known IBD who were reported by their parents/
carers to be healthy.

Sample Collection and Storage

Recruited participants consented to the collection of a ve-
nous blood sample at the time of diagnostic colonoscopy
prior to the administration of anesthetic medications. Blood
samples were centrifuged at 4 °C and plasma was collected.
Collected plasma was aliquoted and frozen at -80 °C for
future analysis. Plasma samples were not used as part of
this study. Participants also provided baseline urine and
stool samples where possible. Stool and urine samples were
stored in insulated bags with freezer packs overnight at 4 °C
before being delivered to a local laboratory and aliquoted
and frozen at -80 °C for subsequent analysis. Basic dem-
ographics, medications, medical history, CRP results, endo-
scopic imaging, histologic findings, and disease activity scores
were collected and recorded. Study data were collected and
managed using Research Electronic Data Capture (REDCap)
electronic data capture tools hosted by the University of
Otago.?

Assessment of Disease Activity

Disease activity for the children with CD or IBD-U favoring
CD was scored using the Pediatric Crohn’s Disease Activity
Index (PCDAI).?> The PCDAI is a validated multi-item in-
strument that includes clinical history, physical examination,
growth parameters, and standard laboratory tests. Scores
range from 0 to 100, with clinical remission defined as <10,
mild disease 10-<30, and moderate-to-severe disease >31. A
reduction of 212.5 points from baseline following treatment
indicates a clinical response.

Myeloperoxidase Assay
Extraction of MPO

Fecal samples were thawed at room temperature and
homogenized. Myeloperoxidase was extracted by collecting
10 mg of stool using a RIDA stool collection tube (R-Biopharm
AG) and diluting it into 1 mL of extraction buffer containing
0.2% (w/v) cetrimonium bromide (CTAB; Sigma). As a cat-
ionic surfactant, CTAB improves the release of MPO from
fecal samples while maintaining the inherent enzymatic
properties of MPO.?* The recovery and stability of fMPO
using extraction buffer containing CTAB have been estab-
lished previously.'”

Measurement of MPO activity and protein

A standard curve was prepared with purified MPO (Planta
Natural Products) and used to determine the activity and pro-
tein levels in samples. Fecal MPO in extraction buffer diluted
10-fold (v/v) in assay buffer (1% bovin serum albumin
[w/v]/0.025% Tween-20 [v/v] in phosphate-buffered saline)
was captured by a mouse monoclonal antibody to human
MPO (4A4, BioRad). Enzymatic activity was detected by
adding hydrogen peroxide (20 uM; ThermoFisher) to Amplex
Red (50 uM; Invitrogen, ThermoFisher) in a 50 mM phos-
phate buffer, pH 7.4, containing 50 mM NaBr. The plate was
subsequently washed to remove peroxidase substrates and
products. Myeloperoxidase protein was then probed using
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rabbit polyclonal anti-myeloperoxidase antibody produced
in-house coupled to goat anti-rabbit immunoglobulin-biotin
conjugate (ThermoFisher) and detected with an avidin-
alkaline phosphatase conjugate and p-nitrophenyl phosphate
(Sigma). The concentration of fMPO protein was measured
by interpolation using the standard curve of purified human
MPO to give a measurement of fMPO protein in ng/mL. The
final concentration of fMPO (pg/g) was calculated by ac-
counting for the stool extraction and ELISA plate dilution
factors.

Measurement of C-reactive protein

C-reactive protein (CRP) was measured by
immunoturbidimetric method on a Beckman Coulter
AUS822 analyzer using Beckman Coulter reagents in venous
blood samples at the Canterbury Health Laboratories as part
of routine clinical assessment. An elevated or abnormal CRP
level is >5 mg/L.

Measurement of fCal

Fecal samples were thawed at room temperature and
homogenized prior to calprotectin extraction using the
Calpro Easy Extract device and commercial Calpro extrac-
tion buffer (Calpro AS). Fecal calprotectin concentration
was then measured by commercial enzyme-linked immuno-
sorbent assay (ELISA) as per the manufacturer’s instructions
(CALPRO ELISA, Calpro AS).

Measurement of glutathione sulfonamide

Glutathione sulfonamide was measured in urine using stable
isotope dilution mass spectrometry as outlined previously.”’
Glutathione sulfonamide concentration was normalized
to the specific gravity of the corresponding urine sample as
described previously.’

Statistical Analysis

Statistical analyses and graphs from this data were created
using GraphPad Prism version 10.0.2 (GraphPad Software
Inc.). Correlations between biomarkers and disease activity
scores, and between fMPO, fCal, and CRP were performed
using Spearman rank correlations. Kruskal-Wallis nonpara-
metric analysis of variance (ANOVA) assessed for differences
in fMPO activity and protein and fCal between the 4 groups:
healthy siblings, non-IBD, inactive CD, and active CD.
Receiver-operator-characteristic curves assessed the precision
of biomarkers (fMPO activty, fMPO protein, fCal, and CRP)
in predicting IBD and disease activity.

To compare ROC curves and determine whether 1 bi-
omarker was superior, paired data from only the cases
with all 4 measures analyzed (MPO activity, MPO protein,
calprotectin, CRP) was used to assess paired-sample area dif-
ference under the ROC curves. Logistic regression analysis
determined whether combining fMPO and CRP was superior
to fCal alone at predicting the presence of CD and disease
activity.

Results

Description of Study Participants

Samples were available from 143 children. Ninety-three
children were diagnosed with IBD (88 with CD, and 5 with
IBD-U favoring CD) of which 58 were male (62%) and 35
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were female (38%). The higher proportion of males in this
cohort is a known feature among children diagnosed with
IBD. Of those diagnosed, 51 had active disease (40 mild, 10
moderate-to-severe, 1 of unknown severity), and 42 had in-
active disease. Fifteen were classified as controls without IBD,
and 35 were healthy sibling controls (Table 1).

Correlations Between Biomarkers and With Disease
Severity Scores

Fecal MPO protein concentration was correlated with fMPO
activity to determine whether fMPO measured was in the in-
tact active form. In the samples analyzed (1 = 136) fMPO pro-
tein correlated with fMPO activity (r = 0.83, P < .0001; Figure
1A). The average specific activity of fMPO ([fMPO activity]/
[fMPO protein]) was 65% (x29% SD) indicating that the
majority of fMPO measured was active. Fecal MPO activity
and fMPO protein also correlated with fCal levels (r = 0.78,
P <.0001, and r=0.81, P <.0001, respectively; Figure 1C
and E). Fecal MPO activity and fMPO protein correlated with
PCDALI scores (r=0.54, P <.0001, and r=0.57. P <.0001,
respectively; Figure 1B and D). However, a stronger correla-
tion was observed between fCal and PCDAI scores (r = 0.73,
P <.0001; Figure 1F). CRP levels also correlated with PCDAI
scores (r = 0.58, P <.0001). In the subgroup of children with
active CD (PCDAI > 10) fMPO activity, fMPO protein, and
fCal did not correlate with PCDAI scores (r = 0.22, P =.13,
P=48;r=0.26,P=.07,n=48;and r=0.27; P = .11, n = 36,
respectively). Alternatively, CRP correlated with PCDAI scores
in this group (r = 0.49, P =.0005, 7 = 48). Routinely assessed
neutrophil concentrations in the blood were available for a
subset of children (7 = 81) at the time of recruitment. There
was no correlation between fMPO activity or fMPO protein
with peripheral neutrophil concentration, indicating that al-
though neutrophil concentration is elevated at sites of infec-
tion or inflammation it is not necessarily elevated systemically
in those with active disease.

Evaluation of fMPO as a Biomarker of Disease
Activity

Fecal MPO activity, fMPO protein, fCal, and CRP levels were
all significantly higher in individuals with active disease when
compared to healthy sibling controls, the non-IBD group, and
those with inactive disease (Figure 2). In addition, fMPO ac-
tivity, fMPO protein, and fCal levels were significantly lower
in healthy sibling controls compared to those with inactive
disease (P =.004, P =.004, and P = .02, respectively; Figure
2A-C). The fMPO activity assay was less sensitive than that
of the fMPO protein. As a result, fMPO activity levels in sev-
eral of the control and non-IBD samples were below the limit
of detection for this assay and therefore reported as 0, while
measurable levels of fMPO protein were detected.

Subgroup analysis separated individuals with CD into
those with inactive, mild, or moderate-to-severe disease based
on their PCDAI score (Figure 3). A difference in fMPO ac-
tivity and fMPO protein levels was observed between those
with inactive versus mild disease (P <.0001, respectively;
Figure 3A and B). There was also a difference in fMPO ac-
tivity and fMPO protein levels between those with inactive
versus moderate-to-severe disease (P =.003 and P =.0003,
respectively). There was no significant difference between
fMPO activity or fMPO protein levels in those with mild
versus moderate-to-severe disease.

When assessing fCal levels in the different disease activity
groups, there was a difference between those with inactive
versus mild disease (P <.0001). There was also a difference
in fCal levels between those with inactive versus moderate-
to-severe disease (P <.0001; Figure 3C). C-reactive protein
levels were higher in those with mild or moderate-to-severe
disease compared to those with inactive disease (P =.0042
and P <.0001, respectively; Figure 3D). There was also a
difference in the mean CRP levels between those with mild
(mean CRP =11.7 mg/L) versus moderate-to-severe disease
(mean CRP = 36.3 mg/L; P =.007).

Table 1. Description of demographics, disease activity and biomarker concentrations in study participants.

Controls Non-IBD Inactive CD Active CD
Total number of participants 35 15 42 51
Mean age in years (SD) 11.7 (3) 12.8 (3.1) 12.3 (3.3) 11.6 (3.8)
Female participants (%) 22 (63) 7 (47) 5 (36) 0(39)
Median time since diagnosis (years, range) 4(0.1-12.1) 2 (0-11.1)
Median PCDAI (IQR) 0 (0-3.75) 21.25 (15-30)
Median fMPO activity (pg/g, IQR) 0(0-1.2) 0 (0-1.6) 1(0-5.2) 15.4 (4.5-30)
Number analyzed for fMPO activity (%) 34 (97) 13 (87) 1(98) 8 (94)
Median fMPO protein (pg/g, IQR) 0 (0-0.7) 0 (0-1.3) 3 (0-10.3) 18.9 (9.6-52)
Number analyzed for fMPO protein (%) 34 (97) 13 (87) 1(98) 8 (94)
Median fCal (pg/g, IQR) 39.9 (14.4-80.9) 45.8 (17-75.9) 253.8 (93.2-568) 2851 (1641-4861)
Number analyzed for fCal (%) 20 (57) 12 (80) 0(71) 6 (71)
Median serum CRP (mg/L, IQR) 3(3-3) 3 (1.5-3) 3(3-3) 5 (3-23)
Number analyzed for CRP (%) 13 (37) 12 (80) 9(93) 8 (94)
Median uGSA (pM, IQR) 0.1 (0.08-0.17) 0.15 (0.11-0.3) 0.15 (0.11-0.16) 0.21 (0.15-0.29)
Number analyzed for uGSA (%) 21 (60) 15 (100) 8 (43) 9(37)

Abbreviations: CRP, C-reactive protein; CD, Crohn’s disease; fCal, fecal calprotectin; fMPO, fecal myeloperoxidase; GSA, glutathione sulfonamide; IBD,
inflammatory bowel disease; IQR, interquartile range; PCDAI, Pediatric Crohn’s Disease Activity Index; uGSA, urinary glutathione sulphonamide.
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Figure 1. Correlations between biomarkers and disease activity scores. (A) Fecal myeloperoxidase (fMPQO) activity correlated with fMPO protein. (B)
fMPO activity correlated with Pediatric Crohn's Disease Activity Index (PCDAI). (C) fMPO activity correlated with fecal calprotectin (fCal). (D) fMPO
protein correlated with PCDAI. (E) fMPO protein correlated with fCal. (F) fCal correlated with PCDAI.

Receiver-Operative Characteristic Analysis of fMPO
Activity, fMPO Protein, fCal, and CRP With Disease
Activity

Receiver-operative-characteristic ~ analysis ~ demonstrated
that fMPO activity, fMPO protein, and fCal were all ef-
fective at detecting CD in children (Table 2, Figure 4A).
C-reactive protein was not as effective at discriminating be-
tween those with and without CD (Table 2, Figure 4A). All
the biomarkers analyzed were strong predictors of disease

activity in children and discriminated between those with in-
active or active disease (Table 2, Figure 4B). Fecal Cal was
the most effective predictor of disease activity (area under the
receiver-operating characteristic [AUROC] = 0.93, 95% CI,
0.89-0.98, P <.0001).

When comparing ROC curves from paired data (using
only those cases with all 4 biomarkers analyzed), fCal was
shown to be superior to fMPO activity and fMPO pro-
tein at predicting the presence of CD (fCal AUROC = 0.96,
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Figure 2. Markers of inflammation in samples from children with and without Crohn’s disease (CD). Samples were grouped into those who

were healthy siblings of children with CD (controls), individuals with symptoms suggestive of inflammatory bowel disease (IBD) who underwent
investigations and in whom IBD was excluded (non-IBD), and those with inactive or active CD. The concentration of (A) fecal myeloperoxidase (fMPO)
activity (control n = 34, non-IBD n =13, inactive n = 41, active n = 48), (B) fMPO protein (control n = 34, non-IBD n = 13, inactive n = 41, active n = 48)
(C) fecal calprotectin (fCal) (control n = 20, non-IBD n = 12, inactive n = 30, active n = 36), and (D) C-reactive protein (CRP) measured in the blood
(control n =13, non-IBD n = 12, inactive n = 39, active n = 48) was determined. Each data point represents a different individual and the mean in each
group is represented by the line. Differences between groups were determined using Kruskal-Wallis nonparametric analysis of variance (ANOVA).
Significant differences between groups represented by: *P < .05, **P < .01, ***P < .001, ****P < .0001.

P <.0001; fMPO activity AUROC = 0.87, P <.0001; fMPO
protein AUROC = 0.89, P <.0001) or disease activity (fCal
AUROC = 0.93, P <.0001; fMPO activity AUROC = 0.83,
P <.0001; fMPO protein AUROC=0.84, P <.0001;
Supplementary Table 1). Although the fMPO protein sand-
wich ELISA was more sensitive than the fMPO activity assay,
there was no significant difference between the ability of
fMPO activity or fMPO protein to predict the presence of
CD or disease activity. Fecal Cal and fMPO were superior
to CRP in both instances (Supplementary Table 1). In addi-
tion, logistic regression analysis determined that combining

the results of fMPO activity, fMPO protein, and CRP was not
significantly better than fCal alone at predicting the presence
of CD or disease severity (Supplementary Table 2).

Optimal Cutoff Points of Biomarkers in Assessing
Disease Activity

The Youden index (sensitivity + specificity — 1) was used to
calculate the optimal cutoff points of fMPO activity, fMPO
protein, fCal, and CRP to predict the presence of CD and to
predict disease severity (Table 3). An fMPO activity cutoff
value of 2.1 pg/g predicted the presence of CD with sensitivity
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Figure 3. Markers of inflammation in samples from children with inactive or active Crohn's disease (CD). Samples were grouped into those inactive,
mild, or moderate-to-severe disease severity based on their Pediatric Crohn’s Disease Activity Index (PCDAI) score. The concentration of (A) fecal
myeloperoxidase (fMPO) activity (inactive n = 41, mild n = 39, moderate-to-severe n = 9), (B) fMPO protein (inactive n = 43, mild n = 39, moderate-
to-severe n = 9), (C) fecal calprotectin (fCal) (inactive n = 32, mild n = 29, moderate-to-severe n = 7), and (D) C-reactive protein (CRP) measured in the
blood (inactive n = 40, mild n = 38, moderate-to-severe n = 10) was determined. Each data point represents a different individual and the mean in each
group is represented by the line. Differences between groups were determined using Kruskal-Wallis nonparametric analysis of variance (ANOVA).
Significant differences between groups represented by: *P < .05, **P < .01, ***P < .001, ***P < .0001.

of 68% and specificity of 96%, while a cutoff of 6.3 npg/g
predicted disease activity with sensitivity of 71% and speci-
ficity of 80%. Similarly, an fMPO protein cutoff value of 1.9
pg/g predicted the presence of CD with sensitivity of 74 % and
specificity of 96%, while a cutoff of 9.7 pg/g predicted dis-
ease activity with sensitivity of 75% and specificity of 76%.
In comparison, the fCal cutoff values required to accurately
predict the presence of CD and disease severity were much
higher than the clinically accepted cutoff value of 50 pg/g,
at 145.2 pglg (86/88% sensitivity and specificity), and 489.7
nglg (97/77% sensitivity and specificity), respectively. Using
the clinically accepted fCal cutoff of 50 pg/g to predict the
presence of CD altered the sensitivity/specificity to 95/58%
suggesting that a 50 pg/g fCal cutoff would accurately des-
ignate an individual who does not have CD only 58% of the

time. Similarly, an fCal cutoff of 50 pg/g to predict disease
activity had a sensitivity of 100% but the specificity decreased
to just 10%, indicating that this cutoff is not able to accu-
rately identify those without active disease. C-reactive protein
was the least effective marker at predicting the presence of
CD and distinguishing between inactive and active disease,
with the optimal cutoff identified as 3.5 mg/L for both with
a sensitivity and specificity of 41/96 and 65/87, respectively.

Detection of GSA in Urine as an Indicator of
Hypochlorous Acid Production

The oxidative metabolite of glutathione, GSA, was meas-
ured in the urine of study participants to confirm that MPO
was active and generating hypochlorous acid. Urine samples
were available from 37 children with CD (18 inactive)
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Table 2. Area under the AUROC for biomarkers (fMPO activtiy, fMPO protein, fCal, and CRP) to predict the presence of CD and disease activity.

Predicting IBD

AUROC 95% CI P-value Controls (1) CD (n)
fMPO activity 0.83 0.76-0.89 <.0001 47 90
fMPO protein 0.86 0.81-0.92 <.0001 47 89
fCal 0.93 0.89-0.98 <.0001 33 66
CRP 0.70 0.60-0.80 .002 25 87
Predicting disease activity

AUROC 95% CI P-value Inactive () Active (n)
fMPO activity 0.79 0.70-0.89 <.0001 41 48
fMPO protein 0.82 0.73-0.91 <.0001 41 48
fCal 0.93 0.86-1.00 <.0001 30 36
CRP 0.77 0.67-0.87 <.0001 39 48

Abbreviations: AUROC, area under the receiver-operating characteristic; CRP, C-reactive protein; CD, Crohn’s disease; fCal, fecal calprotectin; fMPO, fecal

myeloperoxidase; IBD, inflammatory bowel disease.
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Figure 4. Predicting Crohn'’s disease (CD) and CD activity in children using fecal myeloperoxidase (fMPO) activity, fMPO protein, fecal calprotectin (fCal),
or C-reactive protein (CRP) biomarkers. Area under the receiver-operating characteristic (AUROC) curve and 95% ClI are shown for the receiver-operative
characteristic (ROC) analysis for the ability of fMPO activity, fMPO protein, fCal, and CRP to (A) predict the presence or absence of CD and (B) predict

disease activity.

and 36 controls (21 healthy siblings and 15 unrelated well
children). Urinary GSA correlated moderately with fMPO
activity (r=0.39, P=.001) and fMPO protein (r=0.41,
P =.0005; Supplementary Figure 1A and B). Elevated uGSA
levels were detected in those with active disease (mean,
range of control =0.12, 0.05-0.21; non-IBD =0.19, 0.09-
0.39; inactive = 0.15, 0.08-0.24; active = 0.30, 0.11-1.43;
Supplementary Figure 1C). Furthermore, analysis of uGSA
values across disease activity groups (inactive, mild, or
moderate-to-severe PCDAI scores) demonstrated elevated
levels in those with mild disease compared to those with in-
active disease (mean, range of 0.25, 0.12-0.82, and mean,
range of 0.15, 0.08-0.24, respectively, P < .05; Supplementary
Figure 1D). Similarly, uGSA levels were elevated in those with
moderate-to-severe disease compared to those with inactive

disease (mean, range of 0.24, 0.11-0.29, and mean, range of
0.15, 0.08-0.24, respectively P <.05). However, there was no
significant difference between levels of uGSA in those with
mild or moderate-to-severe disease (mean, range of 0.25,
0.12-0.82, and mean, range of 0.24, 0.11-0.29, respectively).
A larger sample size in the moderate-to-severe group would
strengthen the analysis.

Discussion

The data from the present study show that fMPO is an ef-
fective noninvasive marker of inflammation in children with
CD. Fecal MPO activity and fMPO protein levels can predict
those patients with CD and those who have active disease.
Although fCal was significantly better than fMPO activity
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Table 3. Optimal cutoff values for predicting CD and disease activity.

Edwards et al

Predicting IBD
AUROC 95% CI Optimal cutoff points Sensitivity/specificity (%)
fMPO activity 0.83 0.76-0.89 2.1 pelg 68/96
£MPO protein 0.86 0.81-0.92 1.9 pg/e 74196
fCal 0.93 0.89-0.98 145.2 pgle 87/88
CRP 0.70 0.60-0.80 3.5 mg/L 41/96
Predicting disease activity
AUROC 95% CI Optimal cutoff points Sensitivity/specificity (%)
fMPO activity 0.80 0.70-0.89 6.3 pgle 71/80
fMPO protein 0.82 0.73-0.91 9.7 nglg 75176
fCal 0.93 0.86-1.00 489.7 pg/e 97/77
CRP 0.77 0.67-0.87 3.5 mg/L 65/87

Abbreviations: AUROC, area under the receiver-operating characteristic; CRP, C-reactive protein; CD, Crohn’s disease; fCal, fecal calprotectin; fMPO, fecal

myeloperoxidase; IBD, inflammatory bowel disease.

and fMPO protein at predicting CD and disease severity, a
much higher fCal cutoff than the clinically accepted cutoff of
>50 pg/g was required to accurately predict the presence of
disease and disease activity in this pediatric cohort. The high
calprotectin levels detected in some of the healthy children
and the previously reported variation in calprotectin levels in
younger children highlight the potential superiority of fMPO
as a noninvasive marker of inflammation in pediatric patients.
Urinary GSA, an oxidative metabolite produced by hypo-
chlorous acid, was significantly correlated with fMPO and
was higher in those with active compared to inactive disease,
confirming that MPO is predominantly active and generating
hypochlorous acid at inflammatory sites.

Strategies for the management of CD are shifting away
from simply controlling symptoms toward achieving complete
clinical and endoscopic remission, with the aim of preventing
disease progression and future complications.?® Endoscopy
is a critical tool in the evaluation and management of CD.
However, this procedure is expensive for the health system
and invasive for patients.”’” New treatment goals aim for tight
disease control using therapeutic monitoring and early in-
tervention.?® The use of effective noninvasive inflammatory
markers for disease monitoring is critical to achieve this treat-
ment goal as the invasiveness of endoscopic examination
represents a strong limitation to their frequent use, especially
in pediatric patients.

The serum immune marker CRP is commonly used in the
evaluation of many inflammatory conditions and is the most
widely used serum indicator of inflammation in IBD. It is
produced in the liver as an acute phase reactant following in-
terleukin (IL)-6 stimulation.?® Comparable to this study, CRP
levels have been shown to correlate with disease activity,?
however, CRP is not disease specific and can be elevated in
many diseases with acute inflammation. Therefore, it must
be used in conjunction with relevant clinical information, in-
cluding additional biomarkers, symptoms, and endoscopy for
an accurate diagnosis of IBD or disease activity. In some cases,
normal CRP levels have been observed in patients with active
disease,* and normal CRP levels have been reported in asymp-
tomatic patients with mild mucosal lesions. Interestingly, 1

study reported that 28% of children with CD and 42% with
UC had normal CRP levels at diagnosis.>! Results from our
study support these findings by demonstrating that CRP was
less effective than fMPO and fCal at predicting the presence
of CD and disease activity. Consequently, although CRP plays
a role in the assessment of disease activity in patients with
IBD it has various limitations and must be used in conjunc-
tion with additional clinical information for an accurate as-
sessment of the disease state.

Fecal calprotectin has been extensively studied as a non-
invasive marker of inflammation in IBD. Numerous studies
have demonstrated that it is an effective marker of disease
activity and can predict disease relapse and response to treat-
ment.>*? Elevated fCal, especially over 500 ng/g, is suggestive
of IBD.* However, when inflammation is mild, the interpre-
tation of the fCal level can be more difficult.’® An fCal result
of <50 pg/g is generally considered to be in the normal range
and the intestine would be considered noninflamed. However,
when mild inflammation is predicted within an fCal range
of 50-200 pg/g, the clinical situation occurring can be un-
clear. In this range, fCal levels can vary significantly from
day to day,* be increased with the use of nonsteroidal anti-
inflammatory drugs,* with enteric infections,* or also in pre-
school children.’” Results from the present study align with
these observations, with a cutoff of around 490 pg/g required
to discriminate between those with inactive versus active dis-
ease. Mild elevation of fCal was also observed in samples
from many of the control participants. Recent work has also
highlighted that calprotectin is susceptible to oxidation by
hypochlorous acid rendering the protein more susceptible to
proteolysis.** Degradation of calprotectin at sites of infection
and inflammation may therefore result in an underestimation
of the true level of inflammation furthering the complexity of
fCal interpretation. The reported variability of fCal levels in
younger children®3%%° and the complexities in the interpreta-
tion of fCal in those with levels suggestive of mild disease®
highlights the potential limitations of using fCal in the pedi-
atric setting.

Myeloperoxidase has considerable potential as a non-
invasive marker of inflammation in IBD due to its high
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abundance at inflammatory sites. However, there are lim-
ited studies assessing the role of MPO as a biomarker in
IBD. A recent study in adults with IBD demonstrated that
fMPO was an accurate marker of gut inflammation when
compared to ileocolonoscopy and performed comparably to
fCal.'” Fecal MPO levels were able to predict moderate-to-
severe disease activity, declined following initiation of bio-
logic therapies, and could predict a more complicated disease
course. However, both fCal and fMPO had lower diagnostic
accuracy at identifying individuals with CD when compared
to UC who had mild endoscopic activity. Although fMPO
had lower diagnostic accuracy in adults with CD,'” fMPO
performed well in this CD pediatric cohort and was able to
predict the presence of CD and disease activity. In addition,
the measurement of detectable levels of fMPO activity and
protein in individuals with inactive disease was of interest and
highlights that some may have underlying inflammation but
not yet be displaying clinical symptoms. As such, future work
exploring whether detectable levels of fMPO in this group
are predictive of subsequent colonic flares is warranted. The
use of fMPO testing for disease monitoring may inform pre-
emptive adjustment of prescribed medications ensuring the
maintenance of clinical remission.

Neutrophil infiltration is a histological feature of IBD, with
neutrophils recruited and accumulating in the gastrointestinal
wall releasing inflammatory cytokines and reactive oxygen
species.® Myeloperoxidase may be a key player contributing
to the pathogenesis of IBD via its production of the potent
oxidant hypochlorous acid. This abundant neutrophil granule
enzyme uses hydrogen peroxide to oxidize chloride to hypo-
chlorous acid.® The production of hypochlorous acid plays an
important role in the innate immune response, aiding in the
killing of phagocytosed pathogens. However, hypochlorous
acid can also react indiscriminately with a wide range of bi-
ological molecules including proteins, carbohydrates, lipids,
and nucleic acids.” The unregulated production of reactive
oxygen species such as hypochlorous acid in IBD is thought to
result in chronic colitis and adverse alterations in bowel struc-
ture and function.® The high abundance of neutrophil-derived
cytokines and resulting oxidation products located at inflam-
matory sites have major potential as accurate biomarkers of
inflammation in IBD.

The current study shows that fMPO activity and fMPO
protein were significantly correlated, indicating that the
majority of MPO is intact and active. This finding was fur-
ther supported by the detection of urinary GSA, as GSA
formation occurs primarily via hypochlorous acid-specific
oxidation of glutathione. In addition, urinary GSA was sig-
nificantly correlated with fMPO activity and fMPO protein
and was elevated in those with active compared to inactive
disease indicating that GSA is likely formed at inflammatory
sites and subsequently excreted in the urine. However, detec-
tion of background levels of GSA in urine samples from all
participants suggests GSA is formed by other routes besides
the generation of hypochlorous acid at sites of inflammation.
Nonetheless, the detection of elevated urinary GSA levels
in those with active inflammation is an exciting and novel
finding supporting the theory that excess MPO-derived hypo-
chlorous acid is present in patients with active IBD.

One limitation of this study was the small number
of study participants with moderate-to-severe disease.
Additional participants in that disease group are likely to

have strengthened the study by further optimizing biomarker
cutoff accuracy to correctly distinguish between individuals
with mild or moderate-to-severe disease. In addition, external
validation of the findings in this study in additional cohorts
is essential to optimize biomarker thresholds to accurately
predict the presence of disease and disease severity. Disease
location can also have an impact on the ability of biomarkers
to accurately reflect disease severity, with previous studies
indicating higher neutrophil activity in colonic than in ileal
CD.* Future work in a larger pediatric cohort assessing the
effect of disease location on fMPO levels would be vital to
further validate the use of this biomarker in clinical practice.

The collection and handling of fecal samples were carried
out to reflect real-world clinical practice. After collection,
participants were provided with clear instructions to tempo-
rarily store samples in an insulated cool pack in the refrig-
erator or freezer prior to delivery to a local laboratory and
storage at -80 °C. Incorrect storage of fecal samples prior to
delivery to a laboratory may result in inaccurate MPO pro-
tein and activity results. Previous validation experiments in-
dicated that fMPO was stable at 4 °C for 7 days; however,
a significant decrease in fMPO protein concentration was
observed when samples were stored for 3 or more days at
25 °C."7 In addition, fMPO activity was thought to be even
more sensitive to temperature changes. Consequently, the var-
iation in fMPO-specific activity observed in the current co-
hort may be attributed to variations in sample storage prior
to delivery to a laboratory. It may be possible to circumvent
some of these limitations through the use of rapid methods
to detect fecal markers at home or in the clinic. Rapid testing
for fCal is becoming more readily available, and based on
the findings of this study the exploration and development of
similar methods to rapidly measure fMPO as an alternative
is warranted.

In conclusion, the current study has demonstrated that
fMPO activity and protein are effective markers of disease
activity in children with CD. A much higher fCal cutoff than
the clinically accepted cutoff of >50 pg/g was required to
accurately predict the presence of CD and disease activity
in this pediatric cohort. Fecal MPO may be preferable to
calprotectin due to the affordability of this assay and rapid
turnaround time for results, particularly for fMPO activity.
Detection of glutathione sulfonamide in urine and its cor-
relation with fMPO and elevation in those with active CD
suggests that MPO is active in children with current disease
exacerbation and generates hypochlorous acid at inflamma-
tory sites. Although fMPO shows promise as a biomarker of
inflammation in children with CD, further research is needed
to validate its use as a diagnostic and prognostic marker of
CD in clinical practice.

Supplementary Data

Supplementary data is available at Inflammatory Bowel
Diseases online.

Acknowledgments

We thank the participants of the pediatric IBD cohort for
their time and samples. We also thank the gastroenterologists
and nurses who assisted in the recruitment and collection of
clinical samples and data as part of this study.



810

Author Contribution

T.S.E., G.M.B., A.S., R.B.G., A.]J.K., and A.S.D. conceived
the study design. T.S.E., S.S.C.H., S.C.B., and A.L. acquired
the study data and T.S.E., S.S.C.H., S.C.B., L.A., and B.R.S.
performed the laboratory analysis. T.S.E. and C.M.A.E
performed the statistical analysis, and A.J.K. and A.S.D. as-
sisted in the interpretation of the study results. T.S.E. and
A.S.D.prepared the initial article draft. All authors contributed
to the critical revision of the manuscript and approved the
final submitted version.

Funding

This research was conducted during the tenure of a Health
Sciences Career Development Award of the University of
Otago. The research activities of A.S.D. are supported by
Cure Kids, New Zealand.

Conflicts of Interest

None declared.

Ethical Considerations

This study received ethical approval for the collection of clin-
ical samples and data from children with IBD and controls
from the Health and Disability Ethics Committee in New
Zealand (ethics references: 18/STH/136, 18/STH/AMOS,
H17/168).

Data Availability

Data are available upon request to the corresponding author.

References

1. Park S, Kang Y, Koh H, Kim S. Increasing incidence of inflam-
matory bowel disease in children and adolescents: significance
of environmental factors. Clin Exp Pediatr. 2020;63(9):337-344.
doi:10.3345/cep.2019.00500

2. LiJ, Xu M, Qian W, et al. Clinical value of fecal calprotectin
for evaluating disease activity in patients with Crohn’s
disease. Fromt Physiol. 2023;14:1186665. doi:10.3389/
fphys.2023.1186665

3. Velasco Rodriguez-Belvis M, Viada Bris JF, Plata Fernandez C, et
al. Normal fecal calprotectin levels in healthy children are higher
than in adults and decrease with age. Paediatr Child Health.
2020525(5):286-292. doi:10.1093/pch/pxz070

4. Edwards TS, Dickerhof N, Magon NJ, Paton LN, Sly PD, Kettle
AJ. Formation of calprotectin-derived peptides in the airways of
children with cystic fibrosis. | Immunol. 2022;208(4):979-990.
doi:10.4049/jimmunol.2001017

5. Hoskin TS, Crowther JM, Cheung J, et al. Oxidative cross-linking
of calprotectin occurs in vivo, altering its structure and suscepti-
bility to proteolysis. Redox Biol. 2019;24:101202. do0i:10.1016/j.
redox.2019.101202

6.  Winterbourn CC, Kettle AJ, Hampton MB. Reactive oxygen spe-
cies and neutrophil function. Annu Rev Biochem. 2016;85:765-
792. doi:10.1146/annurev-biochem-060815-014442

7. Pattison DI, Davies M], Hawkins CL. Reactions and reactivity of
myeloperoxidase-derived oxidants: differential biological effects
of hypochlorous and hypothiocyanous acids. Free Radic Res.
2012;46(8):975-995. doi:10.3109/10715762.2012.667566

8. Chami B, Martin NJJ, Dennis JM, Witting PK. Myeloperoxidase in
the inflamed colon: a novel target for treating inflammatory bowel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Edwards et al

disease. Arch Biochem Biophys. 2018;645:61-71. doi:10.1016/j.
abb.2018.03.012

Dickerhof N, Turner R, Khalilova I, Fantino E, Sly PD, Kettle AJ;
AREST CF. Oxidized glutathione and uric acid as biomarkers of
early cystic fibrosis lung disease. | Cyst Fibros. 2017;16(2):214-
221. doi:10.1016/.jcf.2016.10.012

Pillinger MH, Abramson SB. The neutrophil in rheumatoid
arthritis. Rheum Dis Clin North Am. 1995;21(3):691-714.
doi:10.1016/5S0889-857X(21)00463-4

Nicholls SJ, Hazen SL. Myeloperoxidase and cardiovascular dis-
ease. Arterioscler Thromb Vasc Biol. 2005;25(6):1102-1111.
doi:10.1161/01.ATV.0000163262.83456.6d

Wright HL, Moots R]J, Bucknall RC, Edwards SW. Neutrophil
function in inflammation and inflammatory diseases. Rheuma-
tology (Oxford). 2010;49(9):1618-1631. doi:10.1093/rheuma-
tology/keq045

Peterson CG, Eklund E, Taha Y, Raab Y, Carlson M. A new method
for the quantification of neutrophil and eosinophil cationic proteins
in feces: establishment of normal levels and clinical application in
patients with inflammatory bowel disease. Am | Gastroenterol.
2002;97(7):1755-1762. d0i:10.1111/j.1572-0241.2002.05837.x
Silberer H, Kiippers B, Mickisch O, et al. Fecal leukocyte proteins
in inflammatory bowel disease and irritable bowel syndrome. Clin
Lab. 2005;51(3-4):117-126.

Masoodi I, Kochhar R, Dutta U, et al. Evaluation of fecal
myeloperoxidase as a biomarker of disease activity and se-
verity in ulcerative colitis. Dig Dis Sci. 2012;57(5):1336-1340.
doi:10.1007/s10620-012-2027-5

Peterson CG, Lampinen M, Hansson T, Lidén M, Hillgren
R, Carlson M. Evaluation of biomarkers for ulcerative colitis
comparing two sampling methods: fecal markers reflect colorectal
inflammation both macroscopically and on a cellular level. Scand
J Clin Lab Invest. 2016;76(5):393-401. doi:10.1080/00365513.2
016.1185145

Swaminathan A, Borichevsky GM, Edwards TS, et al. Fecal
myeloperoxidase as a biomarker of endoscopic activity in inflam-
matory bowel disease. | Crohns Colitis. 2022;16(12):1862-1873.
doi:10.1093/ecco-jccljjac098

Swaminathan A, Borichevsky GM, Frampton CM, et al. Com-
parison of fecal calprotectin and myeloperoxidase in predicting
outcomes in inflammatory bowel disease. Inflamm Bowel Dis.
2024. doi:10.1093/ibd/izae032

Mikitalo L, Rintamaki H, Tervahartiala T, Sorsa T, Kolho K-L.
Serum MMPs 7-9 and their inhibitors during glucocorticoid and
anti-TNF-o therapy in pediatric inflammatory bowel disease.
Scand | Gastroenterol. 2012;47(7):785-794. doi:10.3109/00365
521.2012.677954

Harwood DT, Kettle Anthony ], Winterbourn Christine C. Pro-
duction of glutathione sulfonamide and dehydroglutathione from
GSH by myeloperoxidase-derived oxidants and detection using
a novel LC-MS/MS method. Biochem ]. 2006;399(1):161-168.
doi:10.1042/bj20060978

Levine A, Koletzko S, Turner D, et al.; European Society of Pe-
diatric Gastroenterology, Hepatology, and Nutrition. ESPGHAN
revised porto criteria for the diagnosis of inflammatory bowel
disease in children and adolescents. | Pediatr Gastroenterol Nutr.
2014;58(6):795-806. doi:10.1097/MPG.0000000000000239
Hyams ], Markowitz J, Otley A, et al.; Pediatric Inflammatory
Bowel Disease Collaborative Research Group. Evaluation of the
pediatric Crohn disease activity index: a prospective multicenter
experience. | Pediatr Gastroenterol Nutr. 2005;41(4):416-421.
doi:10.1097/01.mpg.0000183350.46795.42

Harris PA, Taylor R, Minor BL, et al.; REDCap Consortium. The
REDCap consortium: building an international community of
software platform partners. | Biomed Inform. 2019;95:103208.
doi:10.1016/.jbi.2019.103208

Pulli B, Ali M, Forghani R, et al. Measuring myeloperoxidase
activity in biological samples. PLoS One. 2013;8(7):e67976.
doi:10.1371/journal.pone.0067976


https://doi.org/10.3345/cep.2019.00500
https://doi.org/10.3389/fphys.2023.1186665
https://doi.org/10.3389/fphys.2023.1186665
https://doi.org/10.1093/pch/pxz070
https://doi.org/10.4049/jimmunol.2001017
https://doi.org/10.1016/j.redox.2019.101202
https://doi.org/10.1016/j.redox.2019.101202
https://doi.org/10.1146/annurev-biochem-060815-014442
https://doi.org/10.3109/10715762.2012.667566
https://doi.org/10.1016/j.abb.2018.03.012
https://doi.org/10.1016/j.abb.2018.03.012
https://doi.org/10.1016/j.jcf.2016.10.012
https://doi.org/10.1016/S0889-857X(21)00463-4
https://doi.org/10.1161/01.ATV.0000163262.83456.6d
https://doi.org/10.1093/rheumatology/keq045
https://doi.org/10.1093/rheumatology/keq045
https://doi.org/10.1111/j.1572-0241.2002.05837.x
https://doi.org/10.1007/s10620-012-2027-5
https://doi.org/10.1080/00365513.2016.1185145
https://doi.org/10.1080/00365513.2016.1185145
https://doi.org/10.1093/ecco-jcc/jjac098
https://doi.org/10.1093/ibd/izae032
https://doi.org/10.3109/00365521.2012.677954
https://doi.org/10.3109/00365521.2012.677954
https://doi.org/10.1042/bj20060978
https://doi.org/10.1097/MPG.0000000000000239
https://doi.org/10.1097/01.mpg.0000183350.46795.42
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1371/journal.pone.0067976

Fecal Myeloperoxidase Levels Reflect Disease Activity in Children With Crohn’s Disease 811

25.

26.

27.

28.

29.

30.

31.

32.

Harwood DT, Kettle AJ, Brennan S, Winterbourn CC. Simul-
taneous determination of reduced glutathione, glutathione
disulphide and glutathione sulphonamide in cells and phys-
iological fluids by isotope dilution liquid chromatography-
tandem mass spectrometry. | Chromatogr B Analyt Technol
Biomed Life Sci. 2009;877(28):3393-3399. doi:10.1016/j.
jchromb.2009.04.018

Colombel JE Narula N, Peyrin-Biroulet L. Management
strategies to improve outcomes of patients with inflammatory
bowel diseases. Gastroenterology. 2017;152(2):351-361.eS5.
doi:10.1053/j.gastro.2016.09.046

Oliva S, Thomson M, de Ridder L, et al. Endoscopy in pediatric
inflammatory bowel disease: a position paper on behalf of the
porto IBD group of the European Society for Pediatric Gastroen-
terology, Hepatology and Nutrition. | Pediatr Gastroenterol Nutr.
2018;67(3):414-430. doi:10.1097/MPG.0000000000002092
Ballou SP, Kushner I. C-reactive protein and the acute phase re-
sponse. Adv Intern Med. 1992;37(2):313-336.

Solem CA, Loftus EV, Jr, Tremaine W], Harmsen WS, Zinsmeister
AR, Sandborn WJ. Correlation of C-reactive protein with clin-
ical, endoscopic, histologic, and radiographic activity in inflam-
matory bowel disease. Inflamm Bowel Dis. 2005;11(8):707-712.
doi:10.1097/01.mib.0000173271.18319.53

Fagan EA, Dyck RE, Maton PN, et al. Serum levels of C-reactive
protein in Crohn’s disease and ulcerative colitis. Eur | Clin Invest.
1982;12(4):351-359. doi:10.1111/.1365-2362.1982.tb02244.x
Alper A, Zhang L, Pashankar DS. Correlation of erythrocyte
sedimentation rate and C-reactive protein with pediatric in-
flammatory bowel disease activity. | Pediatr Gastroenterol Nutr.
2017;65(2):e25-e27. d0i:10.1097/MPG.0000000000001444
CisarO E Pizzol A, Rigazio C, Calvo PL. Fecal calprotectin
in the pediatric population: a 2020 update. Minerva Pediatr.
2020;72(6):514-522. doi:10.23736/50026-4946.20.06002-8

33.

34.

35.

36.

37.

38.

39.

40.

Day AS, Leach ST, Lemberg DA. An update on diagnostic and
prognostic biomarkers in inflammatory bowel disease. Expert Rev
Mol Diagn. 2017;17(9):835-843. doi:10.1080/14737159.2017.1
364160

Du L, Foshaug R, Huang VW, et al. Within-stool and within-
day sample variability of fecal calprotectin in patients with in-
flammatory bowel disease: a prospective observational study.
J Clin  Gastroenterol. 2018;52(3):235-240.  doi:10.1097/
MCG.0000000000000776

Meling TR, Aabakken L, Roseth A, Osnes M. Fecal calprotectin
shedding after short-term treatment with non-steroidal anti-
inflammatory drugs. Scand | Gastroenterol. 1996;31(4):339-344.
doi:10.3109/00365529609006407

Berni Canani R, Rapacciuolo L, Romano MT, et al. Diagnostic
value of fecal calprotectin in paediatric gastroenterology clin-
ical practice. Dig Liver Dis. 2004;36(7):467-470. doi:10.1016/j.
dld.2004.02.009

Rugtveit J, Fagerhol MK. Age-dependent variations in fecal
calprotectin concentrations in children. | Pediatr Gastroenterol
Nutr.2002;34(3):323-4;author reply 324.d0i:10.1097/00005176-
200203000-00022

Joshi S, Lewis SJ, Creanor S, Ayling RM. Age-related fecal
calprotectin, lactoferrin and tumour M2-PK concentrations in
healthy volunteers. Ann Clin Biochem. 2010;47(Pt 3):259-263.
doi:10.1258/acb.2009.009061

Hestvik E, Tumwine JK, Tylleskar T, et al. Fecal calprotectin
concentrations in apparently healthy children aged 0-12 years
in urban Kampala, Uganda: a community-based survey. BMC
Pediatr. 2011;11(9). doi:10.1186/1471-2431-11-9

Pierre N, Salée C, Vieujean S, et al. Review article: distinctions
between ileal and colonic Crohn’s disease: from physiology
to pathology. Aliment Pharmacol Ther. 2021;54(6):779-791.
doi:10.1111/apt. 16536


https://doi.org/10.1016/j.jchromb.2009.04.018
https://doi.org/10.1016/j.jchromb.2009.04.018
https://doi.org/10.1053/j.gastro.2016.09.046
https://doi.org/10.1097/MPG.0000000000002092
https://doi.org/10.1097/01.mib.0000173271.18319.53
https://doi.org/10.1111/j.1365-2362.1982.tb02244.x
https://doi.org/10.1097/MPG.0000000000001444
https://doi.org/10.23736/S0026-4946.20.06002-8
https://doi.org/10.1080/14737159.2017.1364160
https://doi.org/10.1080/14737159.2017.1364160
https://doi.org/10.1097/MCG.0000000000000776
https://doi.org/10.1097/MCG.0000000000000776
https://doi.org/10.3109/00365529609006407
https://doi.org/10.1016/j.dld.2004.02.009
https://doi.org/10.1016/j.dld.2004.02.009
https://doi.org/10.1097/00005176-200203000-00022
https://doi.org/10.1097/00005176-200203000-00022
https://doi.org/10.1258/acb.2009.009061
https://doi.org/10.1186/1471-2431-11-9
https://doi.org/10.1111/apt.16536

	Fecal Myeloperoxidase Levels Reflect Disease Activity in Children With Crohn’s Disease
	Introduction
	Materials and Methods
	Patient Recruitment
	Sample Collection and Storage
	Assessment of Disease Activity
	Myeloperoxidase Assay
	Extraction of MPO
	Measurement of MPO activity and protein
	Measurement of C-reactive protein
	Measurement of fCal
	Measurement of glutathione sulfonamide

	Statistical Analysis

	Results
	Description of Study Participants
	Correlations Between Biomarkers and With Disease Severity Scores
	Evaluation of fMPO as a Biomarker of Disease Activity
	Receiver-Operative Characteristic Analysis of fMPO Activity, fMPO Protein, fCal, and CRP With Disease Activity
	Optimal Cutoff Points of Biomarkers in Assessing Disease Activity
	Detection of GSA in Urine as an Indicator of Hypochlorous Acid Production

	Discussion
	Supplementary Data
	Acknowledgments
	References


