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Abstract

Background and Aims: Endoscopy and the use of faecal calprotectin [faecal CP] are among the least-favoured methods for assessing
disease activity by inflammatory bowel disease [IBD] patients; the handling/processing of faecal samples is also impractical. Therefore,
we sought to develop a novel neo-epitope serum calprotectin enzyme-linked immunosorbent assay [ELISA], CPa9-HNE, with the aim of
quantifying neutrophil activity and neutrophil extracellular trap [NET]-osis and proposing a non-invasive method for monitoring disease ac-
tivity in IBD patients.

Methods: /n vitro cleavage was performed by mixing calprotectin [ST00A9/S100A8] with human neutrophil elastase [HNE], and a novel HNE-
derived calprotectin neo-epitope [CPa9-HNE] was identified by mass spectrometry for ELISA development. The CPa9-HNE ELISA was quantified
in supernatants from ex vivo activated neutrophils and serum samples from patients with ulcerative colitis [UC, n = 43], Crohn’s disease [CD, n
= 93], and healthy subjects [HS, n = 23]. For comparison, faecal CP and MRP8/14 biomarkers were also measured.

Results: CPa9-HNE was specific for activated neutrophils ex vivo. Serum CPa9-HNE levels were 4-fold higher in CD [p <0.0001] and UC
[p <0.0001] patients than in HS. CPa9-HNE correlated well with the Simple Endoscopic Score [SES]-CD score [r = 0.61, p <0.0001], MES
[r=0.46, p=0.0141], and the full Mayo score [r = 0.52, p = 0.0013]. CPa9-HNE was able to differentiate between CD and UC patients in endo-
scopic remission and moderate/severe disease activity (CD: area under the curve [AUC] = 0.82 [p = 0.0003], UC: AUC = 0.87 [p = 0.0004]). The
performance of CPa9-HNE was equipotent or slightly better than that of faecal CP.

Conclusions: Serum CPa9-HNE levels were highly associated with CD and UC patients. CPa9-HNE correlated with the SES-CD score and the
full Mayo score, indicating a strong association with disease activity.
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1. Introduction for distinguishing IBD patients from patients with irritable
bowel syndrome [IBS].»**-'> However, faecal calprotectin
ranks among the least favourable markers among IBD pa-
tients, who strongly prefer blood-based biomarkers over
faecal markers."'>1* The difficulties linked to stool sample
collection and sample processing for the faecal calprotectin
assays and their diminished usefulness for CD patients are
some of their disadvantages; faecal samples and faecal con-
sistency also affect faecal calprotectin accuracy, with their
high day-to-day and sample-to-sample variations, which is
why serum samples are preferred over faecal samples for bio-
marker analysis.! Therefore, a medical need exists for blood-
based biomarkers to monitor disease activity for IBD.!

S100 protein monomers, SI00A8 and S100A9, can form
heterodimers and heterotetramers, which constitute the struc-
ture of calprotectin.'® Calprotectin is expressed intracellularly,
mainly by neutrophil granulocytes, and it comprises around

Endoscopic remission, also referred to as mucosal healing,
for inflammatory bowel disease [IBD] has become the desired
endpoint for therapeutic interventions; ulcerative colitis [UC]
and Crohn’s disease [CD] patients achieving endoscopic re-
mission have a significantly reduced probability of disease
relapse and hospitalisation, including surgery.! Although se-
quential endoscopy to monitor disease activity and relapse is
effective, it is not the preferred option because it is costly and
currently ranked as the least acceptable tool for evaluating
disease activity by patients with CD."? There is a medical
need for non-invasive biomarkers that can be applied to
monitor disease activity and be used as objective measures
to determine when an endoscopy is essential to perform,'=
potentially reducing the number of sequential endoscopies.
Calprotectin can be measured in the faeces [faecal CP] of pa-
tients with IBD®® and has proven to be a robust biomarker
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Figure 1. Neutrophil granulocytes release both calprotectin [CP] and human neutrophil elastase [HNE]. Al Inactive neutrophils express CP and HNE,
where CP is passively released. B] Upon activation, the neutrophils will initiate the process of neutrophil extracellular trap [NET] formation, which
releases CP and HNE in huge amounts into the extracellular space, where HNE will begin to degrade the surrounding tissue and proteins, including CP.
C] CP is cleaved by HNE, and small HNE-derived CP neo-epitope protein fragments [CPa9-HNE] are released into the blood and intestinal lumen and
can be quantified by ELISA using protein fingerprint technology. D] Simplified depiction of how HNE cleaves CP and how specific monoclonal antibodies
recognise only the specific HNE-derived CP neo-epitope fragment. ELISA, enzyme-linked immunosorbent assay.

60% of neutrophil granulocytes’ total cytosolic matter.®
Calprotectin is part of the innate inflammasome and has been
shown to play an important role as a chemokine in the ac-
tivation and mobilisation of the innate immune response.'”
Calprotectin’s ability to act as chemokine and an indirect me-
diator of CXCL-2 release through TLR-2 and 4 receptor acti-
vation emphasises its importance as an immune regulator.'$"”
Neutrophil granulocytes are highly present in inflamed tis-
sues and are one of the strongest mediators of inflammation
and chronic tissue remodelling in IBD.?*2> Calprotectin and
human neutrophil elastase [HNE] are secreted by the neu-
trophils in inflamed tissues as a result of neutrophil extracel-
lular trap formation [NETosis],>>"** but calprotectin may also
be secreted through a novel pathway requiring the activa-
tion of protein kinase C via an intact microtubule network.?
Consequently, the extracellular matrix [ECM] and other se-
creted proteins will be degraded by HNE and other prote-
ases, resulting in the generation of neo-epitope containing
protein fragments®?® [Figure 1]. HNE has also been linked
to tissue inflammation in IBD.?’ An association between neo-
epitope protein fragments of collagen degradation/formation
with disease activity and severity has been demonstrated in
IBD patients and pre-clinical models?”3*3* and in relation to
treatment response.’>* The aims of the present study were to:
1] generate a robust and reliable serum/plasma calprotectin

biomarker that measures neutrophil granulocytes activity
by developing a neo-epitope biomarker enzyme-linked im-
munosorbent assasy [ELISA] against the HNE-mediated deg-
radation of calprotectin [CPa9-HNE]; and 2] evaluate the
CPa9-HNE assay biological relevance in serum samples from
patients with CD and UC and compare the performance of
the calprotectin neo-epitope vs. conventional calprotectin
protein assay and neutrophil count as a non-invasive tool for
monitoring IBD disease activity.

2. Methods

2.1. Invitro cleavage of calprotectin S1T00A9/
S100A8 by human neutrophil elastase

Calprotectin neo-epitopes were generated in vitro by adding
active native HNE purified from human cells by SDS-page
[>95% purity] [Abcam, cat. no, ab80475] to samples con-
taining recombinant calprotectin purified from E. coli
[Kerafast, cat. no. EVU204] to a final volume of 150 pL, a
heterodimer composed of the proteins ST00A9 and S100AS,
in a protein/protease ratio of 100:1 [10 pg of calprotectin to
0.1 pg of HNE] and incubated for 24 h at 37°C [in darkness
with shaking]. The proteolytic reaction was inhibited after
24 h by adding 5 mM ethylenediaminetetraacetic acid [EDTA]
stop buffer. Vials containing only protease buffer, calprotectin
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without HNE, or HNE without calprotectin served as experi-
mental controls.

2.2. Mass spectrometry analysis

Following the manufacturer’s instructions, 100 ul of the
cleaved samples or controls were desalted with reverse-phase
Vydac UltraMicro Spin C18 columns [Harvard Apparatus,
cat. no. 74-7206]. Non-targeted mass spectrometry analysis
was performed on a quadrupole Orbitrap benchtop mass
spectrometer [QExactive, Thermo Scientific] equipped with
an EASY nano-LC 1000 system [ThermoFisher Scientific].
For liquid chromatography, the mobile phase A consisted of
Pierce™ water containing 0.1% formic acid [ThermoFisher
Scientific, cat. no. PI85170] and mobile phase B consisting
of acetonitrile containing 0.1% formic acid [ThermoFisher
Scientific, cat. no. P185174]. Separation was performed on 75
pum x 25 cm Acclaim Pepmap™ RSLC C18 capillary columns
packed with 2-um particles [ThermoFisher Scientific]. A spray
voltage of + 2000 V was used with a heated ion transfer set-
ting of 275°C for desolvation. The online reverse-phase sep-
aration was performed using a flow rate of 300 nl/min and
a linear binary 85-min gradient [achieved by mixing mobile
phase A with mobile phase B], starting with 3% mobile phase
B for 4 min, then going to 35% mobile phase B in 64 min, and
45% mobile phase B in 5 min, followed by 90% mobile phase
B for 5 min, and finally isocratic 90% solvent B for 7 min.
Finally, the mobile phase B concentration was increased to
90% in 5 min and kept at 90% for 7 min. Mass spectrom-
etry [MS] scans [400-1200 m/z] were recorded in the mass
analyser set at a resolution of 70 000 at 200 m/z, 1 x 10°
automatic gain control target, and 100 ms maximum ion in-
jection time [44]. The MS was followed by data-dependent
collision-induced dissociation MS/MS scans at a resolution
of 17 500 on the 15 most intense multiply charged ions at
a 2 x 10* intensity threshold, 2 m/z isolation width, and dy-
namic exclusion enabled for 30 s.

2.3. Calprotectin ST00A9/S100A8 neo-epitope
identification

Recorded raw files were analysed using Proteome Discoverer
2.1 [ThermoFisher Scientific]. The processing workflow
nodes were as follows: Spectrum Selector for spectra pre-
processing [precursor mass range: 100-10 000 Da; S/N
threshold: 1.5], Sequest-HT search engine [Protein Database:
UniProt proteome ID UP000005640, n20200 downloaded
12/06/2015; enzyme: no enzyme; maximum missed cleavage
sites: 2, peptide length range 6-144 amino acids; precursor
mass tolerance: 10 ppm; fragment mass tolerance: 0.02 Da;
dynamic modification: oxidation; and Percolator for pep-
tide validation [false-discovery rate [FDR] <0.01 based the
on peptide g-value]. Peptide intensities were quantified using
Proteome Discoverer’s proprietary algorithm.

2.4. Monoclonal antibody production and clone
characterisation for HNE-generated calprotectin
S100A9/S100A8 neo-epitope

The generation of monoclonal antibodies was carried out
as follows. 6-7 week-old Balb/C mice were immunised sub-
cutaneously with 200 pL emulsified antigen and 100 pg
immunogenic  peptide = [KLGHPDTLNQ-GGC-Keyhole
Limpet Hemocyanin| using Stimune Immunogenic Adjuvant
[Invitrogen]. The mouse with the highest and best reactivity
serum titre was selected for monoclonal antibody production.
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Splenocytes were fused with SP2/0 myeloma cells to produce
hybridoma cells, and these were cultured into 96-well
microtitre plates. The supernatants were screened for reactivity
against the selection peptide [KLGHPDTLNQ)] and elongated
[VKLGHPDTLNQ)], truncated [LGHPDTLNQ], and non-
sense peptides [YRDDLKKLLET] as well as against native
material [cleavage material] in an indirect competitive ELISA.
The clone with the best reactivity was chosen for ELISA de-
velopment, and antibodies were purified [99% purity] using
protein-G-columns according to the manufacturer’s instruc-
tions [GE Healthcare Life Sciences, Little Chalfont, UK].

2.5. Principle of calprotectin ST00A9 neo-epitope
[CPa9-HNE] chemiluminescence ELISA in serum

CPa9-HNE levels in the samples were assessed with a
solid-phase competitive chemiluminescence-based enzyme-
linked immunosorbent assay [ELISA]. Plates with 96
wells, pre-coated with streptavidin [Roche Diagnostics cat.
No. 11940279, Hvidovre, Denmark]| were coated with a
biotinylated antigen [KLGHPDTLNQ-K-Biotin] by incu-
bation with this antigen for 30 min at room temperature.
Unbound biotinylated coater antigen was discarded, and
the wells were washed with washing buffer using a stand-
ardised ELISA plate washing machine [BioTek® Instruments,
Microplate washer, ELx405 Select CW, Winooski, USA]. Pre-
diluted samples in assay buffer [10mM PBS-BTB, pH 7.4],
standards, and controls were added to the wells and incu-
bated with the primary monoclonal antibody against the
CPa9-HNE neo-epitope at 20°C for 1 h and agitated at
300 rpm. The unbound primary antibody and sample were
discarded, and the wells were washed with buffer [20mM
Tris, pH 7.2]. Subsequently, HRP-conjugated AffiniPure
Rabbit anti-mouse IgG secondary antibodies [Jackson cat.
No 315-035-045] were added to the wells and incubated for
1 h at 20°C. Unbound secondary antibody was discarded by
washing the wells in washing buffer. Chemiluminescence sub-
strate [Roche Diagnostic’s cat. No. 11582950001] was added
to the wells [100 pl/well], and the plates were incubated for
3 min at room temperature before reading. Finally, an ELISA
reader [SpectraMax MS5; Molecular Devices, Wokingham
Berkshire, UK] was used to quantify the relative light units
emitted from the plates. A standard curve was plotted using a
four-parametric mathematical fit model.

The procedures for the faecal CP [Inova, USA] and
MRP8/14 ELISA [Bithlmann serum-CP] are available in the
Supplementary data.

2.6. IBD patient demographics

In total, two patient cohorts were included in this together
with 23 healthy subjects in a retrospective study. Serum was
available for a total of 40 UC [Cohort 1] and 85 CD [Cohort
2] patients [patients recruited from Clinical Hospital Centre
Zagreb, Department of Gastroenterology and Hepatology,
Croatia] and 23 healthy subjects [HS; obtained from BioIVT,
USA]. Serum samples and faecal samples were collected at
the same visit after informed signed consent and approval
by the local ethics committee. All samples were stored at
minimum -70°C and were shipped in a box containing dry ice.
Upon arrival. the samples were stored at -70°C until assayed.
Demographical data for the UC and CD patients, disease
history, and therapy were obtained from electronic medical
records and questionnaires. Patients with comorbidities and
extra-intestinal manifestations were excluded from the study.
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Anthropometric parameters were measured upon inclusion.
For available patients, endoscopic disease activity was based
on the simple endoscopic score for CD [SES-CD], and for
UC, the Mayo Endoscopic Score [MES] and the full Mayo
score were used. Endoscopy was performed within 3 months
of blood sampling and endoscopic scores were prospectively
validated based on routine endoscopy and scoring by an ex-
perienced IBD endoscopist. To minimise the effect of time
lag, we have included patients without significant therapeutic
intervention in this period of serum sampling and endoscopy
[steroid induction, introduction of new biological drug, drug
dosage or interval changes]. If endoscopic scoring was not
available for UC patients, the partial Mayo [pMayo] score
was applied. Patient stratification based on endoscopic scores
was done as follows: SES-CD [remission = 0-2, mild = 3-6,
moderate = 7-15, severe >15], MES [remission = 0, mild = 1,
moderate = 2, severe = 3], full Mayo [remission = 0-1, mild
= 2-5, moderate = 6-10, severe > 10]. Only information on
gender and age was available for the HS.

2.7.  Exvivo model of neutrophil activity

An ex vivo model of neutrophil activation using purified neu-
trophils, cultured bacteria, and human cartilage was used as
a tissue control. In brief, the cartilage was extracted from pa-
tients suffering hip or head of femur fracture, which underwent
a hip replacement procedure. Only healthy cartilage with no
macroscopic sign of damage was used. The same donor was
used for this experiment by using five random discs per experi-
mental condition to account for variation in size. Neutrophil
granulocytes from three healthy volunteers were isolated
from fresh peripheral blood in EDTA tubes using a negative
selection isolation kit [EasySep Human Neutrophil Isolation

A

Sequence S100A9 CPa9-HNE
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Kit, StemCell Technologies cat. No. 17957]. Following isola-
tion, 3 x 10¢ neutrophils were added to human tissue culture
plates and then Staphylococcus aureus [1 x 10° cfu] in 1 mL
RPMI. Cultures were incubated for 4-24 h in the presence or
absence of neutrophil agonists, such as 1 uM/mL of phorbol
myristate acetate [PMA] and 1 puM/mL of calcium ionophore
[Cal ion]. Supernatants were collected 4 h and 24 h after neu-
trophil stimulation, for biomarker measurement.

2.8. Statistical analysis

To achieve normal distribution, log transformation of the
data was applied prior to statistical analysis. Student’s t test
and one-way analysis of variance [ANOVA] for normally dis-
tributed data were applied to analyse statistical differences. If
a normal distribution was not achieved with log transform-
ation, the Mann—Whitney U test and the Kruskal-Wallis test
were applied. The FDR method [FDR = 5%] was used for
multiple comparisons’ correction. The chi square test was ap-
plied for categorial variables. Spearman’s rho for correlations
was carried out on non-parametric data and the Pearson cor-
relation was applied for parametric data. Biomarker levels
are presented as non-log transformed data. To assess the
diagnostic power of the biomarker, receiver operating char-
acteristic curves were calculated. A p-value of <0.05 was
considered statistically significant. Statistical analysis was
performed using GraphPad Prism 8.0 and MedCalc 19.3.
Figures were made using GraphPad Prism version 8.0.

2.9. Ethical statement

All patients included in this study provided written informed
consent, and the study protocol for including serum from
Crohn’s disease and ulcerative colitis was approved by the
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Figure 2. Overview of the calprotectin sequence of both A] S100A9 and B] ST00A8 dimers. The calprotectin fragments generated by human neutrophil
elastase [HNE]-mediated cleavage and selected for ELISA development are depicted by an arrow down []], where the neo-epitope selected for ELISA
development is depicted by the color grey. Relative peptide abundance of selected HNE-derived calprotectin neo-epitope cleavage fragments; antibody
specificity test and biological evaluation of the CPa9-HNE ELISA. C] The relative peptide abundance for the CPa9-HNE sequence was tested using mass
spectrometry in samples containing HNE-cleaved calprotectin, full-length calprotectin, or HNE. Furthermore, D] antibody specificity was tested against
the selection peptide, elongated peptide, truncated peptide, non-sense peptide, and finally E] biological evaluation of the CPa9-HNE assay was tested in
samples containing HNE + calprotectin, calprotectin [Control 1], and HNE [Control 2]. Error bars represent the standard error of the mean [SEM]. ELISA,

enzyme-linked immunosorbent assay.
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Ethical Committee of University Hospital Centre Zagreb
[ID number: 02/21 AG]J, and for including the human tissues
and human neutrophil granulocytes for biomarker analysis
was approved by West of Scotland Research Ethics Service.
Ethical approval for the study was granted by the West of
Scotland Research Ethics Service [project reference: REC14/
WS/1035; ID number: 265704].

3. Results

3.1. Development of human neutrophil elastase-
mediated degradation of calprotectin S100A9
[CPa9-HNE] ELISA

3.1.1. Calprotectin neo-epitope generation and
identification

Initially calprotectin cleavage experiments with HNE were
conducted to identify potential unique calprotectin neo-
epitopes through MS analysis. The non-targeted MS ana-
lysis and subsequent neo-epitope identification applying
UniProt proteome ID UP000005640 revealed that several
neo-epitope calprotectin fragments were generated by HNE
[Supplementary Table 1] from both S100A9 [Figure 2A]
and S100A8 [Figure 2B] proteins. The MS analysis dem-
onstrated that the HNE-derived calprotectin neo-epitope
[KLGHPDTLNQGEFKELV] was the most abundant pep-
tide and was present in samples containing full-length human
calprotectin and HNE. Only minuscule amounts of the neo-
epitope were present in the control samples exclusively con-
taining full-length human calprotectin, and the CPa9-HNE
fragment was not detectable in the sample containing HNE
only [Figure 2C]. The identified unique calprotectin neo-
epitope was named CPa9-HNE and selected for ELISA devel-
opment for the quantification of HNE-mediated degradation
of calprotectin [ST00A9].

3.1.2. Specificity, accuracy, and precision of the
CPa9-HNE assay

To evaluate the CPa9-HNE assay, the specificity of the mono-
clonal antibody was tested against elongated peptide, trun-
cated peptide, and non-sense peptide [peptide sequence for
NBH-225 [CPa8-HNE]]. The CPa9-HNE antibody demon-
strated reactivity only toward the CPa9-HNE neo-epitope se-
quence in a dosage-dependent manner; however, no reactivity
towards elongated, truncated, and non-sense peptides was
observed [Figure 2D]. In samples containing HNE cleaved
calprotectin only, intact full-length human calprotectin only,
or HNE only, the CPa9-HNE antibody was able to identify
the specific neo-epitope sequence only when calprotectin
cleaved by HNE was present [Figure 2E]. The final specifi-
cations of the CPa9-HNE ELISA can be reviewed in Table
1, which includes the assay variability and analyte stability.
Overall, the CPa9-HNE assay demonstrated low inter-/intra-
variations below 10% and analyte recoveries for 24 h at
4°C/20°C of 91% and 95%, respectively, with interference
only observed in samples containing high levels of haemo-
globin [5 mg] [Table 1].

3.2. Patient demographics

All cohorts in this study were age- and body mass index-
matched. However, gender, smoking, and endoscopic ac-
tivity differed between the CD and UC cohorts [Table 2]. The
SES-CD did not correlate with either the Harvey-Bradshaw

1451

index [HBI] score or the Crohn’s disease activity index [CDAI]
[SES-CD vs. HBL: r = 0.25, p = 0.071, SES-CD vs. CDAL r =
0.21, p = 0.13], so there was no consensus between clinical
scores and endoscopic scores for disease activity. Thus, the
SES-CD score was applied as the main tool for evaluating
disease activity for CD for this study. In the overall IBD popu-
lation, there was a significant difference in sample availability
between serum and faecal samples (p = 0.0278, odds ratio
[OR] = 2.31 confidence interval [CI]: [1.07-5.14]) between
the obtained serum samples [#7 = 125, 92%] and the faecal
samples [#n = 113, 83%], indicating better compliance for
serum samples.

3.3. CPa9-HNE serum levels in IBD

3.3.1.  CPa9-HNE is elevated in the serum of IBD
patients compared with healthy controls

Next we evaluated the CPa9-HNE assay’s potential for moni-
toring disease activity in UC and CD together,and compared the
results with other neutrophil and calprotectin proteins. Serum
CPa9-HNE levels were equally elevated in UC (interquartile
range [IQR] [251, 174-366]) and CD (IQR [275, 195-414])
patients and were approximately 4-fold higher in CD (area
under the curve [AUC]: 0.98 [CI:0.97-1.00], p <0.0001) and
UC (AUC: 0.96 [CI: 0.92-1.00], p <0.0001) patients compared
with the HS (IQR: [42.7,29.2-69.9]) [Figure 3A-C]. MRP8/14
serum-CP was also significantly elevated [approximately 1.4-
fold higher] in patients with UC (IQR: [314, 212-492], AUC:

Table 1. CPa9-HNE ELISA parameters.

Species possibilities Human

ELISA range [ng/ml] LLMR- 9-493 ng/mL [adjusted:

ULMR 36.3-1970 ng/mL]
IC50 [mean, ng/ml] 78.34
Slope [mean)| 0.94

Intra-ELISA mean CV%, QC
Inter-ELISA mean CV%, QC

9% [5.2-15%]
4.3% [1.5-9.3%]

Analyte recovery [%], 24 h, 91%/95%
4°Cr20°C

Analyte recovery [%], 48 h, 114%/138%
4°Cr20°C

Sample recovery [%], freeze/thaw 93%191%
cycles, 3F/T cycles/4F/T cycles

Dilution recovery [%], serum 96 %
[MRD = 1:4]

Dilution recovery [%], EDTA 92%
[MRD = 1:0]

Spiking recovery [%], serum 101%
Spiking recovery [%], EDTA 99%
Interference, biotin recovery [%] 98%195 %
[low/high]

Interference, lipaemia recovery 100%/97%
[%] [low/high]

Interference, haemoglobin [%] 91%/72%

recovery [low/high]

Percentages are reported as mean.

ELISA, enzyme-linked immunosorbent assay; EDTA, ethylene diamine
tetraacetic acid; FT, freeze/thaw; LLMR, lower limit of measurement
range; ULMR, upper limit of measurement range; [C50, 50% inhibitory
concentration; CV %, coefficient of variance %; QC, quality control
samples; MRD, maximum [or minimum] recovery diluent.
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0.72 [CL:0.59-0.86], p = 0.0025) and CD (IQR: [283, 174-
352], AUC: 0.70 [CL: 0.56-0.84], p = 0.0046) compared with
the HS (IQR: [153, 80.9-285]) [Figure 3D-F].

3.4. CPa9-HNE is associated with disease activity
in UC and CD

Next we evaluated the CPa9-HNE assay as a potential bio-
marker for monitoring disease activity for UC and CD to-
gether with other calprotectin biomarkers, neutrophil count,
and CRP. CPa9-HNE correlated with endoscopic disease ac-
tivity for CD [SES-CD] and UC [full Mayo score and MES] and
demonstrated high correlation to the endoscopic scores for UC
and CD compared to the other markers [faecal CP, MRP8/14,
neutrophil count, and CRP]. A direct comparison of the CPa9-
HNE biomarker with the other biomarkers was performed in
paired serum and faecal samples, demonstrating improved cor-
relation with endoscopic score for UC and CD [Table 3].

3.5. Discriminative power of CPa9-HNE to identify
UC and CD patients in endoscopic remission

To assess the discriminative power of CPa9-HNE to discrim-
inate IBD patients with different disease activity, UC and CD

Table 2. Patient demographics and clinical information.

J. H. Mortensen et al.

patients were stratified according to severity of endoscopic
disease activity. UC and CD patients demonstrated a gradual
increase in CPa9-HNE serum levels with increasing severity
compared with patients in remission {SES-CD: in remission
(IQR: [244, 188-306]), mild (IQR: [245, 167-375], not sig-
nificant: [ns), moderate (IQR: [457, 342-504], p <0.01), se-
vere (IQR: [429, 267-1124], p <0.001]); full Mayo: remission
(IQR: [194, 123-268]), mild (IQR: [212, 172-366], p <0.05),
moderate (IQR: [347, 277-532], p <0.01), severe (IQR: [315,
234-544], p <0.001)} and patients with SES-CD compared
with moderate [p <0.05] and severe [p <0.01]; and mild full
Mayo compared with severe [p <0.001] [Figure 4A and D].
The CPa9-HNE serum levels was also gradually increased in
relation to MES severity compared with remission (IQR: [231,
160-282], ns), mild (IQR: [197, 164-298], ns), moderate (IQR:
[278, 209-289], ns), severe (IQR: [434, 289-505], p <0.01),
and severe vs. mild [p <0.01] [Figure 4G]. Faecal CP levels
were significantly elevated in CD and UC patients with active
endoscopic disease activity compared with patients in endo-
scopic remission {SES-CD: remission (IQR: [82,20-231]), mild
(IQR: [157, 61-621], ns), moderate (IQR: [410, 334-1172], p
<0.01), severe (IQR: [254, 212-296], ns); full Mayo: remission

Variables CD [ =93] UC [ =43] HD [ = 23]
Age, years, IQR [median, 25% to 75%)] 527 to 44.3] 36 [21 to 49] 3726 to 50]
Male gender, 7 [%] 3 [61] 23 (53] 22 [55]
BMI, kg/m?, IQR [median, 25% to 75%] 23.43 [19 to 33] 22.9[19.9 t0 27.5]

Smoking, 7 [%] 4 [44] 7 [16]

Disease duration, IQR [median, 25% to 75%] 9.01 [3.76 to 15.89] 7.34 [0.04 to 28.6]

Localisation CD, 7 [%] L1/L2/L3/L4 6 [11]/10 [19]/34 [63]/4 [7]

Behaviour CD, 7 [%] B1/B2/B3 9 [37)/17 [33]/15 [30]

Extension UC, 7 [%] E1/E2/E3 4 [10]/11 [28]/25 [63]

Perianal disease, 7 [ %] 14 [26]

Truelove and Witts score 40 [93]

Partial Mayo Score 42 (98]

Mayo Endoscopic Score 30 [70]

Endoscopic severity, 7 [ %] SES-CD, 54 [55] Full Mayo Score, 30 [70]

Remission 28 [52] 7 123]

Mild 10 [19] 12 [40]

Moderate 11 [20] 9 [30]

Severe 519] 2 (7]

Prior surgery, 7 [%] 21 [39] S[12]

Immunosuppressive therapy, 7 [%] 33 [61] 16 [37]

Biologic therapy, 7 [%] 31 [57] 28 [65]

Serum sample availability, 7 [ %] 85 [91] 40 [93] 40 [100]
Faecal sample availability, 7 [%] 82] 37 [86]

443 [3.20 to 5.47]

Neutrophil, count, IQR [median, 25% to 75%] 4.48 [3.41 to 5.48]
Leukocytes IQR [median, 25% to 75%] .6 to 8.4]
Lymphocytes IQR [median, 25% to 75%)] 1.53[1.18 t0 2.18]

Faecal CP, IQR [median, 25% to 75%]
C-reactive protein, IQR [median, 25% to 75%]
Albumin, IQR [median, 25% to 75%]

AST, IQR [median, 25% to 75%]

ALT, IQR [median, 25% to 75%]

150 [32.8 to 399]

2.5 [0.85 to 5.85]

44.9 [42.2 to 46.8]
3[19t029.5

21 [15 to 29]

[
6]
[
715
[
[
[
[

6.70 [5.35 to 9.30]
1.73 [1.29 to 2.44]
308 [138 to 1325]
3.1[0.60 to 8.4]
43.9 [40.8 to 52.3]
20 [16 to 25]
19 [14 to 27.5]

CD, Crohn’s disease; UC, ulcerative colitis; IQR, interquartile range; BMI, body mass index; CP, calprotectin; SES-CD, Simple Endoscopic Score of Severity
for CD; AST, aspartate transaminase; ALT, alanine transaminase; HD, healthy donors.
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(IQR [139, 41.5-497]), mild (IQR: [291, 217-1800], p <0.05),
moderate (IQR: [733, 445-1709], p <0.05), severe (IQR [981,
55-2691], p <0.05)} [Figure 4B and E].

Calprotectin quantified with the MRP8/14 ELISA was nu-
merically elevated in the CD and UC patients with moderate
disease activity compared with patients in remission based on
the SES-CD score (remission IQR: [264, 156-349], mild IQR:
[304, 250-380], moderate IQR: [318, 271-483], severe IQR:
[218, 122-289]) and Full Mayo score (remission IQR: [326,
202-436], mild IQR: [315, 143-586], moderate IQR: [342,
248-586], severe IQR: [247, 234-544]), although the differ-
ence did not reach statistical significance [Figure 4C and F].
No differences were observed between disease activity based
on the Mayo Endoscopic Score [MES] score for faecal CP,
MRP8/14 [Figure 4H-I]. Similar observations with no stat-
istically significant differences between disease severity were
seen for neutrophil count in relation to the SES-CD score
(remission IQR: [3.92, 2.90-5.19], mild IQR: [4.22, 2.39-
6.90], moderate IQR: [5.03, 3.59-7.58], severe IQR: [5.85,
3.43-8.64]) and Full Mayo score (remission IQR: [3.65,2.97-
4.45], mild IQR: [4.67,2.9-6.82], moderate IQR: [4.71, 3.84-
5.62], severe IQR: [4.24, 3.6-4.77]).

CPa9-HNE showed discriminative power to differentiate be-
tween CD and UC patients in remission and those with active
disease based on the SES-CD and Full Mayo score or moderate/
severe disease activity [Table 4]. The discriminative performance

A CPa9-HNE B

1453

of CPa9-HNE was similar to that of faecal CP for the CD cohort,
whereas it was slightly better than that of faecal CP in the UC cohort
[Table 4]. The comparison of serum and faecal biomarker perform-
ance based on the analysis of available paired serum and serum data
demonstrated that the discriminative power of serum CPa9-HNE
wassuperior to that of faecal calprotectin [see AUC resultsin Table 4].
Even though an improved performance of CPa9-HNE could
be observed, the difference in the discriminative power between
CPa9-HNE and faecal-CP was not statistically significant [data not
shown].

3.6. Biomarker correlations with relevant clinical
parameters

Supplementary Table 2 summarises the correlations of CPa9-
HNE, faecal CP, and MRP8/14 biomarkers with patient demo-
graphics, several parameters, and biological markers. CPa9-HNE
correlated mildly with neutrophil count, and CRP [UC cohort].
CRP correlated with faecal CP [Supplementary Table 2]. We ob-
served a negative correlation trend with age for CPa9-HNE in
the CD cohort but not in the UC group [Supplementary Table 2].

3.7.  Proof of concept that CPa9-HNE quantifies
neutrophil activity

Finally, we wanted to investigate how the neo-epitope
[CPa9-HNE assay] is different from the protein [MRP8/14

CPa9-HNE
CD vs. HS

CPa9-HNE C
UC vs. HS

1009 - o oee@o8®0000000000000

1600
= 600 80
2 N
g N 32
2 5004 ‘|‘ —l_ g Z 60

— & =) =

E o 4004 Z G

5% Lol g 40 P < 0.0001 g 40 P < 0.0001

£ & AUC: 0.96 & AUC: 0.98
+ 2004 - 20 Sens: 88% 20 Sens: 95%
%’ 1004 L B - Spec: 100% Spec: 100%
= $ 0 T T T T 1 0 T T T T |

0 — T T 0 20 40 60 80 100 0 20 40 60 80 100
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= 1000 3
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Figure 3. Biomarker levels of CPa9-HNE in Crohn's disease [CD: n = 54] and ulcerative colitis [UC: n = 43] vs. healthy subjects [HS: n = 23]. A-C] CPa9-
HNE biomarker and D-F] MRP8/14 biomarker were quantified in serum from ulcerative colitis and Crohn's disease and compared with those of the
healthy subjects. Data are depicted as interquartile range [IQR] with 10-90 percentile. Asterisks [*] depict significant differences between HS, CD, and
UC patients, calculated using one-way ANOVA, **p <0.01. ***p <0.001, ****p <0.0001. ELISA, enzyme-linked immunosorbent assay; ANOVA, analysis of

variance.
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assay] in association with neutrophil activity, by quantifying
the CPa9-HNE fragment and calprotectin protein in super-
natant from inactive and activated neutrophil ex vivo cul-
tures. CPa9-HNE fragments were only released into the
supernatant by neutrophils in the presence of bacteria or
neutrophil agonists. The fold-increases in CPa9-HNE super-
natant levels between inactive neutrophils and neutrophils
activated by S. aureus, PMA, and calcium ionophore at
4 h were 8-25-fold, and at 24 h were 57-101-fold [Figure
5SA and B]. The fold-increases in calprotectin supernatant
levels measured by the MRP8/14 ELISA between inactive
neutrophils and neutrophils activated by S. aureus, PMA,
and calcium ionophore at 4 h were 2-7-fold, and at 24 h
were 1.5-1.7-fold [Figure 5C and D]. CPa9-HNE levels in

1455

the supernatant were significantly elevated in cultures of
neutrophils after 4 h and 24 h of culture in the presence
of: S. aureus (4 h: median 73.9 ng/mL, 68.5-89.2 ng/mL
minimum-maximum [min-max]; 24 h: median 56.3 ng/mL,
55.9-63.0 ng/mL min-max); PMA: [4 h: median 21.7 ng/
mL, 18.9-31.0 ng/mL min-max; 24 h: median 63.1 ng/mL,
23.3-177 ng/mL min-max|; and calcium ionophore [4 h:
mean 10.7ng/mL, 8.71-14.5ng/mL min-max; 24 h: median
36.4 ng/mL, 27.8-104 ng/mL min-max]; compared with in-
active neutrophils [4 h: median 3.67 ng/mL, 3.17-7.81 ng/
mL min-max; 24 h: median 0.40 ng/mL, 0.40-8.21 ng/mL
min-max] [Supplementary Figure 1]. The MRP8/14 ELISA
detected calprotectin in supernatants from both inactive and
activated neutrophils [Supplementary Figure 1].
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Figure 4. Biomarker levels of CPa9-HNE, faecal CP and MRP8/14 serum calprotectin stratified according to endoscopic disease severity based on the
A-C] SES-CD for Crohn’s disease [n = 54], D-F], full Mayo score for ulcerative colitis [n = 43], and G-I] MES score for ulcerative colitis [n = 30]. Data are
depicted as interquartile range [IQR] with 10-90 percentile. Statistical differences were calculated using one-way ANOVA, *p < 0.05, **p < 0.01, ***p <
0.001. CR, calptotectin; ANOVA, analysis of variance; SES-CD, Simple Endoscopic Score for Crohn’s Disease; MES, Mayo Endoscopic Score.
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Table 4. Diagnostic accuracy of CPa9-HNE and faecal CP to differentiate between remission and active disease.

CPa9-HNE Faecal CP
AUC [C1] SENS % [CI] SPEC % [CI] t test AUC [C1] SENS % [CI] SPEC % [CI] t test
[p-value] [p-value]

Remission
vs. active
SES-CD 0.68 [0.52 t0 0.84] 62 [41to 80] 86 [69 to 94] 0.0152 0.73[0.58 to 89] 56 [34to75] 8869 to 96] 0.0137
Full Mayo  0.78 [0.63 t0 0.93] 62 [41to 80] 94 [73to 100] 0.0041 0.78 [0.62 to 0.94] 88 [69to 96] 62 [36 to 82] 0.0031
MES 0.69[0.51t0 0.88] 48 [26to 67] 92 [64to100] 0.0752 0.64 [0.43 to 0.85] 73 [52to 87] 64 [34 to 85] 0.302
SES-CD? 0.68 [0.50t0 0.86] 47 [26t0 69] 96 [78to 100  0.0149 0.72 ] 56 [33t076] 8667 to 95] 0.0264
Full Mayo®* 0.82[0.67 to 0.96 66 [45t082] 91[62to100] 0.0036 0.79 [0.64 to 0.96 48 [28 t0 90] 91 [62 to 100]  0.0035
MES: 0.74 [0.54 t0 0.94] 74 [51t0 88] 80 [38 to 99] 0.22 0.5510.21 t0 0.89] 79 [56t0 92] 60 [23 to 92] 0.738
Remission
vs.
moderate/
severe
SES-CD 0.82[0.69 t0 0.95] 79 [41to 80] 86 [73to100] 0.0003 0.85[0.71 t0 0.98] 78 [45to 96] 88 [69 to 96] 0.0043
Full Mayo  0.87[0.70 to 1.00] 80 [49 to 96] 94 [73 to 100]  0.0004 0.85[0.71t0 0.98] 42 [19to 68] 100 [77 to 100] 0.014
MES 0.76 [0.56 t0 0.97] 77 [50to 92] 75 [46 to 91] 0.0328 0.65[0.30 to 1.00] 93 [70 to 100] 60 [23 to 93] 0.249
SES-CD? 0.85[0.70 to 1.00] 67 [35to 88] 95[78 to 100] 0.0002 0.83[0.69 t0 0.98] 75 [41to96] 86[67 to95] 0.0090
Full Mayo® 0.94 [0.82 to 1.00] 91 [62 to 100] 91 [62 to 100]  0.0021 0.79 [0.60 to 0.99] 55 (28 to79] 90 [62 to 99] 0.014
MES® 0.85[0.67 to 1.00] 67 [39to 86] 100 [56 to 100] 0.0251 0.63[0.26 t0 0.99] 92 [65 to 100] 60 [23 to 93] 0.235

CP, calprotectin; SES-CD, Simple Endoscopic Score of Severity for CD; MES, Mayo Endoscopic Score; CRP, C-reactive protein; AUC, area under the curve;

SENS, sensitivity; SPEC, specificity; CI, confidence interval.
“Paired serum and faecal samples.

4. Discussion

The CPa9-HNE neo-epitope biomarker was demonstrated
to be highly abundant in the serum of CD and UC patients,
indicating its potential as a novel marker for aiding IBD diag-
nosis. This is in concordance with the use of faecal CP ELISAs,
which are highly associated with IBD and can reliably distin-
guish between IBD and IBS patients.>*7*-12 CPa9-HNE also
correlated with endoscopic measures [SES-CD and MES] for
CD and UC and with clinical disease activity [pMayo and
Truelove and Witts] for UC, indicating that the biomarker can
be used to monitor disease activity and may be a surrogate
marker for endoscopic assessment for CD and UC. This is
an important finding, as endoscopic assessment is a necessity
for evaluating mucosal healing. Importantly, CPa9-HNE was
demonstrated to be specific for neutrophil activity ex vivo,
with high discriminative power to differentiate IBD patients
in endoscopic remission from IBD patients with endoscop-
ically active disease. The performance of CPa9-HNE ELISA
was equipotent with or better than that of faecal CP, and
CPa9-HNE ELISA was superior in all aspects related to IBD
compared with MRP8/14 ELISA [Figure 4, Table 3], neutro-
phil count [Table 3], and CRP. These data further strengthen
the notion that CPa9-HNE ELISA quantifies neutrophil ac-
tivity and is therefore a biologically and clinically relevant
serum calprotectin biomarker with the potential to be applied
for monitoring disease activity in UC and CD.

Calprotectin’s ability to bind metal ions, such as cal-
cium and zinc ions, makes it highly resistant to matrix
metalloproteinase [MMP] degradation, as MMPs require
zinc ions for activation.?> HNE is a serine protease and does
not require activation by metal ions,’*° so calprotectin will
not be able to inhibit the HNE-mediated degradation of

calprotectin and the generation of HNE-derived calprotectin
neo-epitope protein fragments. This was initially proven in in
vitro cleavage experiments from the study at hand, where the
CPa9-HNE fragments [and other STO0A8 and S100A9 frag-
ments] were only present in samples containing calprotectin
and HNE. These in vitro data, combined with the ex vivo
data showing a more than 100-fold increase in CPa9-HNE
release from activated neutrophils compared with inactive
neutrophils, demonstrate that the CPa9-HNE fragment is re-
leased only from activated neutrophils. This was further con-
firmed by showing that the MRP8/14 ELISA, which detected
full-length calprotectin, demonstrated a 1.7-fold increase
compared with inactive neutrophils [Figure 5]. These find-
ings show that the CPa9-HNE fragment will only be gener-
ated by activated neutrophil granulocytes and in the presence
of HNE, suggesting that the CPa9-HNE ELISA may repre-
sent the quantification of neutrophil activity and reflect local
tissue inflammation. The ex vivo results from Figure 5 and
Supplementary Figure 1 demonstrated that the calprotectin
protein is passively released from inactive neutrophils, which
could suggest a similar process iz vivo, including circulating
neutrophils and other leukocytes. This could to some ex-
tent explain the poor sensitivity and specificity of conven-
tional serum calprotectin assays for IBD patients measuring
the protein, and the poor correlation of CPa9-HNE with
MRP8/14 and neutrophil count. These data, combined with
the clinical data obtained from the CPa9-HNE assay, indi-
cate that the neo-epitope may increase the levels of detail
in relation to disease activity, allowing quantification of dif-
ferent biological processes, rather than the whole protein
calprotectin ELISAs, for serological monitoring of neutrophil
activity and tissue infiltration.
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Figure 5. Ex vivo cultures of neutrophil granulocytes demonstrating CPa9-HNE biomarker level fold-change compared with inactive neutrophils,
reflecting true neutrophil activity. CPa9-HNE biomarker levels after Al 4 h of cultivation with neutrophil agonists B] and 24 h of cultivation; MRP8/14
biomarker measurements after C] 4 h of cultivation with neutrophil agonists D] and 24 h of cultivation. Definition: negative control [only tissue], S.
aureus [tissue + Staphylococcus aureus], inactive neutrophils [tissue + neutrophils], neutrophils + S. aureus [tissue + neutrophils + Staphylococcus
aureus], neutrophils], neutrophils + PMA [tissue + neutrophils + phorbol myristate acetate], neutrophils + Cal iono [tissue + neutrophils + calcium

ionophore]. Error bars represent the standard error of the mean [SEM].

The ex vivo findings of this study may also suggest that
CPa9-HNE is a marker of NETosis, as bacterial activation
of neutrophils and PMA/calcium ionophore induces NETosis
in neutrophil granulocytes, and calprotectin and HNE are
components of NETs.*-* The rapid increase in CPa9-HNE
neo-epitope release after only 4 h may be linked to what is
known as vital NETosis, in which the neutrophil granulo-
cytes retain some of their functions, and the release of NET
components becomes a controlled and rapid process and can
be induced by S. aureus.*** This contrasts with terminal/
suicidal NETosis, which is characterised by the total destruc-
tion of the neutrophil granulocytes and the release of all
nuclear and cytosolic matter.*> PMA is a strong inducer of
this process, which can take up to several hours. This is in

line with the findings in this study, in which the CPa9-HNE
neo-epitope was released after 24 h of PMA stimulation of
neutrophil granulocytes.**5 Therefore, these results suggest
that the CPa9-HNE neo-epitope is associated with both vital
and terminal/suicidal NETosis [Figure 5]. However, future ex-
periments should investigate this more in depth by looking
at co-localisation of CPa9-HNE and NETs in vitro and in
tissues. It would also be relevant to investigate the biological
activity of this calprotectin neo-epitope, as calprotectin is a
known TLR2/4 ligand.

The data currently available on the utility of conventional
serum calprotectin ELISAs as applicable biomarkers for IBD
are controversial.** The majority of available data show
that serum/plasma calprotectin performs similarly to CRP
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and measures primarily systemic inflammation rather than
local inflammation.** Calprotectin also has a very short
half-life in plasma [5 h], which further underlines its similar-
ities with CRP.*° The CPa9-HNE ELISA is technically robust
and has biological and clinical relevance in IBD, which posi-
tions it as a potential novel serum calprotectin biomarker for
monitoring disease activity and flares.

This study also confirmed significantly lower patient com-
pliance in delivering faecal samples compared with serum
sampling, emphasising that serum sampling is preferred as
the matrix for biomarker analysis.! As specified in Table 1,
the CPa9-HNE neo-epitope is stable at 4°C for a minimum of
48 h in serum/plasma, which also means that the neo-epitope
fragment has a much longer half-life than intact calprotectin in
plasma, which is only 5 h,*® despite being proven to be stable
in faeces for 7 days®; this makes CPa9-HNE a suitable marker
for monitoring disease activity.® This might also explain the
poor sensitivity and specificity of conventional calprotectin
ELISAs when applied to serum, as well as the similarities with
acute phase reactants, such as CRP**%; only a few studies
have demonstrated the superiority of serum calprotectin
ELISAs over CRP.’'»2 The high stability of the CPa9-HNE
neo-epitope in serum may be explained by the fact that it is
a degradation product/metabolite of calprotectin, making the
fragment more resistant to further degradation.

This study has some limitations that should be addressed
in future research. The findings of this study are promising,
showing that the CPa9-HNE neo-epitope is a potential bio-
marker for monitoring IBD activity. However, as this study
was exploratory in nature and had a fairly small sample
size, these findings should be validated in larger and inde-
pendent cohorts. The diagnostic potential for CPa9-HNE
could not be determined, since no serum samples from
non-IBD patients, such as irritable bowel patients, were in-
cluded for this study. Therefore, future studies should also
focus on the diagnostic potential by investigating IBD vs.
IBS and IBD with extraintestinal manifestations. CPa9-HNE
ELISA was superior to the MRP8/14 ELISA in all aspects,
but the MRP8/14 biomarker is being marketed for use in
rheumatoid arthritis, so it is possible that the ELISA has been
optimised for arthropathies rather than gastrointestinal dis-
orders. Nevertheless, we found the comparison valid, as the
MRP8/14 ELISA is optimised specifically for serum measure-
ment. Furthermore, as the predictive ability or dynamics of
the CPa9-HNE ELISA in response therapy is not known at
this stage, future studies should aim to address the effect of
treatment over time and the capacity of the marker to predict
and monitor treatment response in, for example, anti-TNF-
alpha, anti-integrin, anti-IL-23, JAK-inhibitors, and lympho-
cyte trafficking inhibitors. In addition, future studies should
also focus on the CPa9-HNE association with components of
NETosis.

In conclusion, the CPa9-HNE ELISA was proven to have
high specificity toward the HNE cleaved neo-epitope frag-
ment of calprotectin and was able to quantify neutrophil
activity ex vivo. It was able to distinguish CD and UC pa-
tients from healthy donors, demonstrating high discrimina-
tive power. The CPa9-HNE biomarker also correlated with
endoscopic disease activity in CD by SES-CD and UC by full
Mayo/MES, showing high accuracy in identifying IBD pa-
tients with moderate/severe disease activity. CPa9-HNE is a
novel, clinically relevant biomarker with the potential to be
applied for monitoring neutrophil activity and disease activity

J. H. Mortensen et al.

in IBD, and is a potential biomarker for identifying UC and
CD patients who are more likely to achieve mucosal healing.

The data underlying this article will be shared on reason-
able request to the corresponding author with permission
from all authors and institutes.
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