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A B S T R A C T

Objectives: There is an unmet medical need for biomarkers in OA which can be applied in clinical drug devel-
opment trials. The present study describes the development of a specific and robust assay measuring type II
collagen degradation (T2CM) and discusses its potential as a noninvasive translational biomarker.
Methods: A type II collagen specific neoepitope (T2CM) was identified by mass spectrometry and monoclonal
antibodies were raised towards the epitope, employed in a chemiluminescence immunoassay. T2CM was assessed
in bovine cartilage explants with or without MMP-13 inhibitor, and explant supernatants were analyzed by
Western blot. T2CM was measured in plasma samples from one study (n ¼ 48 patients) where OA patients were
referred to total knee replacement (TKR). Additionally, T2CM was quantified in serum from OA patients receiving
salmon calcitonin treatment (sCT) (n ¼ 50) compared to placebo (n ¼ 57).
Results: The T2CM assay was technically robust (13/4 % inter/intra-variation) and specific for the type II collagen
fragment cleaved by MMP-1 and -13. The MMP-13 inhibitor reduced the T2CM release from bovine cartilage
explants receiving catabolic treatment. These results were confirmed by Western blot. In human end-stage OA
patients (scheduled for TKR), the T2CM levels were elevated compared to moderate OA (p<0.004). The OA
patients receiving sCT had lower levels of T2CM compared to placebo group after 1, 6, and 24 months of
treatment (p ¼ 0.0285, p ¼ 0.0484, p ¼ 0.0035).
Conclusions: To our knowledge, T2CM is the first technically robust serological biomarker assay which has shown
biological relevance in ex vivo models and OA cohorts. This suggests that T2CM may have potential as a trans-
lational biomarker for cartilage degradation.
1. Introduction

Osteoarthritis (OA) is the most prevalent degenerative joint disorder
which can advance to chronic disability and cause reduced quality of life
in adults [1]. Although OA pathology involves tissue of the whole joint
structure, the progressive destruction of articular cartilage extracellular
matrix (ECM) is considered its hallmark [1,2]. During cartilage
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remodeling, type II collagen and aggrecan, which are the most abundant
molecules of the cartilage ECM, are consecutively cleaved by matrix
degrading enzymes [3]. Enzymes cleaving type II collagen include
gelatinases and collagenases, which are members of the matrix metal-
loproteinase (MMP) family. In OA, the tissue homeostasis is disrupted
with a predominance of catabolic activities leading to increased expres-
sion of collagenases cleaving the ECM. Especially MMP-13 is considered
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Table 1
Amino acid sequences of the synthetic peptides used for monoclonal antibody
production and CLIA validation.

Peptide type Sequence

Immunogenic peptide MSAFAGLGPR-GGC-KLHa

Standard peptide MSAFAGLGPR
Screening peptide MSAFAGLGPRK-Biotin
Elongated peptide DMSAFAGLGPR
Truncated peptide SAFAGLGPR
Non-sense coating peptide HDFSSDLENVK-Biotin

a Keyhole Limpet Hemocyanin
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to be the main collagenase in OA and is known to actively cleave and
degrade type II collagen [4–6]. When MMPs cleave type II collagen, it
results in protein fragments called neoepitopes, which are released into
circulation. These protein fragments can reflect a pathology-specific
enzymatic modification and may serve as biomarkers indicating the de-
gree of cartilage destruction [7]. For several years, many potential bio-
markers of type II collagen have been investigated in OA [8]. One of the
most studied potential biomarker in the OA field is the urinary C-terminal
cross-linked telopeptide of type II collagen (CTX-II) which has demon-
strated to be a valuable biochemical marker in terms of diagnosis,
severity of disease, and prognosis [9–12]. However, when CTX-II is
quantified in serum, it has shown inadequate utility to reflect clinical
relevance in OA cohort compared to urinary CTX-II [13,14]. Identifying a
serological type II collagen degradation biomarker would be advanta-
geous, since serum is relatively easily accessible and is largely present at
sites where many of the body's metabolic processes are taking place.
Consequently, it is likely that many of the metabolic changes occurring in
OA may be represented in serum [15]. Besides identifying serological
biomarkers, biomarkers reflecting MMP-13 activity would also be a
valuable tool. Studies have indicated that MMP-13 plays a critical role in
type II collagen degradation in articular cartilage in OA, and could
therefore be an important treatment target during OA progression [16,
17]. OA drug candidates fail in clinical trials and hence, no therapies that
modify the onset or progression of structural damage in OA have been
approved for use in patients. Applying objective biomarkers in combi-
nation with the current methods (clinical examinations, questionnaires,
and radiographs) may advance the development of approved OA drugs.
Biomarkers can be a valuable tool in the clinical drug development by
facilitating patient selection and study design optimization. For years, the
OA patient heterogeneity including patients with low disease progression
have been hindering the clinical trials. However, identifying the patients
who are fast progressors of OA and those whomay respond to the therapy
will be a paramount [18].

Identifying a serological type II collagen degradation biomarker
which reflects MMP-13 activity may facilitate therapeutic advances and
allow for strategies to reduce the costs of clinical trials. To our knowledge
such biomarker assay has not been developed before and tested in OA
cohorts.

In the presented work, we developed and validated a novel specific
assay targeting a neoepitope fragment, called T2CM (Type II collagen
MMP-derived), generated from MMP-1 and -13 cleavage in the C-ter-
minal of the type II collagen helical domain. The potential as a trans-
lational biomarker and biological value of T2CM was evaluated in
supernatant from a bovine full-depth cartilage explant (BEX) model with
catabolic and MMP-13 inhibitory treatment compared to an untreated
control group. In addition, the potential of T2CM as a noninvasive
biomarker was investigated by quantifying its concentration in EDTA
plasma samples from end-stage OA patients scheduled for total knee
replacement (TKR). Furthermore, T2CM was measured in serum samples
from OA patients receiving oral salmon calcitonin treatment (sCT)
compared to the placebo group. Salmon calcitonin has previously shown
to reduce OA pathogenesis including bone resorption and cartilage
degradation [19–21]. Thus, an ideal treatment in OA cohort for testing
the potential of T2CM as a pharmacodynamic biomarker.

2. Methods

All the reagents used were standard chemicals from Merck (White-
house Station, NJ, USA) and Sigma (St. Louis, MO, USA) unless stated
otherwise. All synthetic peptides for antibody production and assay
validation were purchased from Genscript (Piscataway, NJ, USA)
(Table 1).

2.1. Identification and selection of neoepitope fragments

The neoepitope-containing fragment was discovered by mass
2

spectrometry (MS) in conditioned media of a bovine full-depth cartilage
explant (BEX) model, described previously [22]. Briefly, full-depth
bovine femoral condyle articular cartilage explants were cultured in
serum-free medium in the absence, or presence of pro-inflammatory
cytokines, and conditioned media were harvested three times a week
for three weeks. Conditioned media were harvested at selected time-
points from IL-17 [100 ng/mL], oncostatin M [10 ng/mL] combined with
TNF-α [20 ng/mL], and control (untreated) explant groups. The har-
vested supernatants were analyzed by shotgun LC-MS/MS for identifi-
cation and label-free quantification peptides. For endogenous cleavage
sites discovery, in addition to MS analysis procedure of trypsin-digested
samples described previously [22], conditioned media were also
analyzed without trypsin-digestion: 100 μL of media from each timepoint
were reduced and alkylated as previously described, mixed with equal
volume of 1 M NaCl containing 1 % formic acid, ultrafiltered through a
30 kDa filter (PALL Life Sciences, Westborough, MA, USA) and the
<30 kDa filtrate desalted with reversed-phase Vydac UltraMicro Spin
C18 columns (Harvard Apparatus, cat#74–7206) according to the man-
ufacturer's instructions. The MS analysis parameters for these samples
were the same as for trypsin-digested samples, but with the following
modifications: MS 1E06, scan 100 ms 200–1800 m/z, MS/MS 1E06,
60 ms.

Peptide identification was done with Proteome Discoverer 2.1 soft-
ware (ThermoFisher Scientific). For tryptic digests, the processing
workflow consisted of the following nodes: Spectrum Selector for spectra
pre-processing (precursor mass range: 350–5000 Da; S/N Threshold:
1.5), Sequest-HT search engine (Protein Database: Bos Taurus proteome,
UniProt (https://www.uniprot.org/) proteome ID UP000009136,
n23868, downloaded June 08, 2015); Enzyme: Semi-trypsin; Max.
missed cleavage sites: 2; Peptide length range 6–144 amino acids; Pre-
cursor mass tolerance: 10 ppm; Fragment mass tolerance: 0.02 Da; Static
modification: cysteine carbamidomethylation; Dynamic modification:
methionine oxidation, hydroxyproline and pyro-glutamic acid (N-ter-
minal Glu to pyroglutamic acid), and Percolator for peptide validation
(FDR <1 % based on peptide q-value). For �30 kDa filtrates, the pro-
cessing workflow consisted of the following nodes: Spectrum Selector for
spectra pre-processing (precursor mass range: 10–30000 Da; S/N
Threshold: 1.5), Sequest-HT search engine (Protein Database: as before;
Enzyme: No enzyme; Max. missed cleavage sites: 0; Peptide length range
6–144 amino acids; Precursor mass tolerance: 10 ppm; Fragment mass
tolerance: 0.02 Da; and Percolator for peptide validation (FDR <1 %
based on peptide q-value). Peptide intensities were quantified using a
proprietary algorithm developed in Proteome Discoverer 2.1.

The fragment for monoclonal antibody development was selected
based on PEP score (<0.05), q-value (<0.01), Xcorr>2 and the frequency
of occurrence, and it was verified to be unique for type II collagen by
BLAST using NPS@: Network Protein Sequence Analysis with the
UniprotKB/Swiss-prot database [23]. The sequence was also aligned
between human, mouse, bovine, and rat to see if it is conserved across
species using Uniprot's Align tool (Clustal Omega algorithm) [24].
In-house bioinformatic tools were used to screen and shortlist epitopes of
interest before further investigation.

https://www.uniprot.org/
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2.2. Monoclonal antibody development

Five 6- to 7-week-old Balb/C female mice were immunized subcuta-
neously with 200 μL emulsified antigen and 50 μg immunogenic peptide
(MSAFAGLGPR -GGC-KLH) using Stimune Immunogenic Adjuvant
(SPECOL) (Invitrogen, Carlsbad, CA, US). The immunizations were per-
formed at 2-week intervals until stable serum titer levels were reached.
The mouse with the highest serum titer rested for a month and then was
boosted intravenously with 50 μg immunogenic peptide in 100 μL 0.9 %
NaCl solution 3 days before isolation of the spleen for cell fusion. The
mouse spleen cells were fused with SP2/0 myeloma cells to produce
hybridoma cells, method previously described by Gefter et al. (1977)
[25]. The selected hybridoma clones were grown in 96-well microtiter
plates using standard limiting dilution method to secure monoclonal
growth.

2.3. Monoclonal antibody characterization

Native reactivity and peptide affinity of the generated monoclonal
antibodies were evaluated by displacement using human serum samples
and the standard peptide in a preliminary ELISA using 4 mg/mL coating
peptide on a streptavidin-coated microtiter plate (Roche, Basel,
Switzerland) and the supernatant (containing the antibodies) from the
monoclonal hybridoma cells. Two hybridoma clones (NBH237B#33-
14F2-1D5-2C8 and NBH237B#33-14F2-1D9-1B6) were selected based
on their high reactivity to the native samples, including their reactivity
with only the standard peptide, and not the truncated, elongated, or non-
sense coating peptide. The immunoglobulins were purified from super-
natant using HiTrap Protein G HP affinity columns according to manu-
facturer's instructions (GE Healthcare Life Science, Buckinghamshire,
UK) and antibody isotype was determined using Rapid ELISA Mouse
monoclonal antibody Isotyping Kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer's protocol. An antibody of one hybridoma
clone (NBH237B#33-14F2-1D5-2C8) was chosen for further assay
development and labelled with horseradish peroxidase (HRP) using a
Peroxidase Labelling Kit (Roche, Basel, Switzerland) following the
manufacturer's instructions.

2.4. Assay protocol of T2CM CLIA

The development of the competitive chemiluminescence immuno-
assay (CLIA) included several preliminary optimizing experiments where
the reagents, their concentrations, incubation-time and -temperature
were analyzed by several checkerboards. The definitive T2CM CLIA
protocol comprised of following: A 96-well streptavidin-coated white
microplate (Greiner Bio-One, Kremsmünster, Austria) was coated with
2.5 ng/mL biotinylated synthetic peptide (MSAFAGLGPRK-Biotin) dis-
solved in assay buffer (50 mM phosphate buffered saline (PBS), 1 %
bovine serum albumin, 0.1 % Tween-20, 0.36 % Bronidox, 8 % NaCl,
adjusted to pH 7.4 at 20 �C) and incubated for 30 min at 20 ᵒC with
constant shaking (300 rpm) in darkness. Next, 20 μL/well of standard
peptide (100 ng/mL) and samples were added to the appropriate wells,
followed by the addition of 100 μL/well of HRP-labelled antibody diluted
in assay buffer to the concertation of 25 ng/mL and incubated for 1 h at
20 �Cwith constant shaking (300 rpm) in darkness. After each incubation
step, wells were washed five times with standard washing buffer (20 mM
Tris, 50 mMNaCl, pH 7.2). The chemiluminescence substrate (Roche, BM
Chemiluminescence ELISA substrate (POD), Basel, Switzerland) working
solutions were mixed 15 min before use and 100 μL/well were added to
plate and incubated for 3min at 20 �Cwith constant shaking (300 rpm) in
darkness. The relative light units were measured at all wavelengths
within 5 min on a microplate luminometer reader (SpectraMax M5,
Molecular Devices, CA, USA). A standard curve was plotted using a 4-
parameter logistic curve fit Y ¼ (A � D)/(1 þ (x/C)^B) þ D, where
R > 0.9. Data were analyzed using the SoftMax Pro version 7.0.3
software.
3

2.5. Technical evaluation of T2CM CLIA

Technical assay validation was completed according to international
guidelines. The intra- and inter-assay variation was calculated by 10 in-
dependent runs including five quality controls and two internal control
samples covering the detection range. The lower limit of detection
(LLOD) was calculated as the mean þ 3 standard deviations (3 SD) from
21 determinations of blank samples (i.e., assay buffer). The upper limit of
detection (ULOD) was measured as the mean back-calibration calculation
– 3 SD of 10 independent determinations of the highest standard con-
centration (standard A). The measurement range was defined as the
range between lower limit of measurement range (LLMR) and the upper
limit of measurement range (ULMR), which were determined from 10
independent runs with the standard peptide. Measurements below LLMR
or above ULMR were assigned the value of LLMR/ULMR respectively.
IC50 (half-maximal inhibition concentration) was determined from the
standard curve. Dilution recovery assessment was performed from 2-fold
dilutions of serum, plasma and ex vivo supernatant to calculate the
linearity as recovery percentages of 100% with the undiluted sample as
reference value. The peptide spiking recovery was assessed by comparing
different concentrations of peptide spiked in buffer and human serum to
identify the matrix effect of serum samples. The analyte stability was
examined through temperature tests and repeated freeze-thaw cycles of
serum samples. The temperature tests included different time point and
temperatures where T2CM levels were measured in three human serum
samples after 0, 2, 4, 24, and 48 h incubation at either 4 �C, 20 �C or
37 �C. The recovery was estimated with 0 h sample as a reference.
Furthermore, the effect of four repeated freeze/thaw cycles of three
serum samples was assessed where freeze/thaw recovery was calculated
with the zero cycle samples as a reference. In addition, analytical inter-
ference was performed by adding a low/high content of hemoglobin
(2.50/5mg/mL), lipemia/lipids (1.50/5mg/mL) and biotin (3/9 ng/mL)
to a serum sample of known concentration. Recovery percentage was
calculated with the normal serum sample as reference. The normal
reference levels for hemoglobin, lipidemia/lipids and biotin were
0–10 mg/dl (0–0.00161 mmol/L), <150 mg/dl (<1.6935 mmol/L) and
0.221–3.004 ng/mL, respectively. Each sample was run in double
determination.

2.6. Bovine cartilage explant model

The explants were isolated from the femoral condyles of stifle bovine
joints, as described previously [26]. Explants were cultured for 21 days
with media being changed every 2–3 days and addition with one of the
following treatments: 1) medium without catabolic treatment (w/o), 2)
oncostatin M [10 ng/mL] combined with TNF-α [40 ng/mL]
(OSM þ TNF), 3) OSM þ TNF [10/20 ng/mL], 4) OSM þ TNF
[10/10 ng/mL], 5) OSM þ TNF [20/40 ng/mL], 6) OSM þ TNF
[20/20 ng/mL], 7) OSM þ TNF [20/10 ng/mL] in the presence or
absence of MMP-13 inhibitor compound, MSC2392891A-3 (Merck,
Darmstadt, Germany). The culture media were harvested every 2–3 days
and stored until biochemical analysis. Chondrocyte metabolic activity
was evaluated by the alamarBlue assay (Thermo Fisher Scientific, Wal-
tham, MA, USA) once weekly until termination day.

2.7. In vitro protease cleavage

OA human articular cartilage from a total knee joint-replacement
surgery was cut into small pieces of same weight using a scalpel. The
cartilage was snap-frozen in liquid nitrogen and crushed with a metal
mortar to increase the permeability of the tissue. Immediately, the
smashed cartilage was placed in digestion buffer (50 mM Tris-HCL,
150 mM NaCl, 10 mM CaCl2, 10 μM ZnCl2, 0.05 % Brij35, Mili-Q
water) for 2 h followed by gentle agitation to remove blood and
contamination. Digestion buffer was removed and replaced with new
digestion buffer and the recombinant enzymes MMP-1, -2, -9, -13 (Giotto



Table 2
T2CM assay technical validation summary.

TECHNICAL VALIDATION RESULTS (Accepted recovery:
100 � 20 %)

IC50 5.63 ng/mL
Measurement range (LLMR-ULMR) 0.3–19.1 ng/mL
Inter-assay variationa 13%
Intra-assay variationa 4%
Dilution recovery of human serum (n ¼ 3)a 92%
Dilution recovery of human EDTA plasma
(n ¼ 3)a

94%

Dilution recovery of human plasma citrate
(n ¼ 3)a

83%

Dilution recovery of human heparin (n¼ 3)a 96%
Dilution recovery of BEX supernatant
(n ¼ 2)a

114%

Dilution recovery of rat serum (n ¼ 2)a 94%
Spiking recovery (serum in serum) (n ¼ 3)a 95%
Analyte recovery 24h, 4ᵒC/20ᵒC/37ᵒCa 92%/93%/94%
Analyte recovery, 4 freeze/thaw cyclesa 90%
Hemoglobin recoverya 102%
Lipemia recoverya 91%
Biotin recoverya 113%

a Percentages are reported as mean of n, number of measurements. LLMR,
lower limit of measuring range; ULMR, upper limit of measuring range.

Table 3
A-B. A) Demographics and T2CM measurements of patients referred to TKR with
severe OA (KL4)[27] combined with moderate OA patients (KL2) from the oral
salmon calcitonin treated cohort at baseline [28,29]. B) Demographics and T2CM
measurements of the oral salmon calcitonin treated OA patients and placebo
group from cohort 3 [28,29]. Significant difference was observed in gender
distribution between placebo and sCT (p < 0.0001). n, number of patients; TKR,
Total knee replacement. sCT, salmon calcitonin treatment.

A Male/
Female
(%)

Age
Mean
(SD)

BMI
Mean
(SD)

KL
score

T2CM
concentration
Median with upper/
lower fences

Moderate OA
sCT patients
before
treatment
(n ¼ 54)

43/57 68.3
(4.0)

29.3
(4.7)

2 3.088, 14.45, 1.3

TKR (n ¼ 48) 42/58 68.8
(9.8)

29.9
(5.5)

4 5.693, 12.95, 2.74

B Male/
Female
(%)

Age
Mean
(SD)

BMI
Mean
(SD)

KL
score
(%)

T2CM
concentration
Mean % difference
from baseline with
(SD) for
1,6,12,24 months

Placebo
(n ¼ 57)

54/45 63.1
(6.1)

27.9
(3.3)

2: 86
3: 14

�33.18 (8.50),
�41.46 (8.31),
�38.27 (8.86),
�22.19 (8.76)

sCT (n ¼ 50) 66/34 63.9
(7.0)

30.2
(5.0)

2: 88
3: 12

�61.49 (9.10),
�66.35 (8.90),
�59.55 (9.58),
�61.73 (9.49)
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Biotech, Sesto Fiorentino FI, Italy) were added and incubated with the
cartilage for 3 days at 37 �C. The supernatant was harvested and EDTA
(5 mM) was added to stop the digestion reaction. All supernatants were
stored at �80 �C until measurement with the T2CM assay to identify
which proteases that generated this specific neoepitope peptide. All MMP
cleavages included a control group containing only digestion buffer and
the MMP. Furthermore, all MMP reactions and controls were performed
in two replicates.

2.8. Western blot of BEX supernatant

Supernatant from BEX treated with OSM þ TNF [20/20 ng/mL],
OSMþ TNF [20/40 ng/mL], or untreated group (w/o) were harvested on
day 7, 14, and 21 and electrophoresed on a NuPAGE 4–12 % Bis-Tris gel
(Invitrogen, Carlsbad, CA, US) under reducing conditions using
NuPAGE® MES SDS running buffer (Invitrogen, Carlsbad, CA, US). By
using an iBlot® Dry blotting system (Life Technologies, Carlsbad, CA,
US), the proteins from the polyacrylamide gel were transferred onto an
iBlot® nitrocellulose membrane (Life Technologies, Bengaluru, India).
Following, the membrane was blocked for 1 h with 5 % skim milk (Sig-
ma–Aldrich, St. Louis, MO, USA) in TBST (Tris-Buffered Saline (TBS)
with 0.1 %. Tween-20). The membrane was incubated overnight at 4 �C
with monoclonal antibody NBH237B#33-14F2-1D5-2C8. Next, mem-
brane was washed in TBST three times 10 min and incubated 1–5 min in
SuperSignal west femto maximum sensitivity substrate (Thermo Fisher
Scientific, Waltham, MA, USA). The bands were visualized through C-
DiGit™ Blot Scanner (LI-COR Biosciences, Lincoln, NE, USA).

2.9. Clinical validation of T2CM

The clinical relevance of T2CM was evaluated in two OA cohorts. In
one of the OA cohorts, T2CM was measured in EDTA plasma samples
from 48 patients displaying symptomatic knee OA and underwent TKR,
previously published [27]. OA patients were classified by the
Kellgren-Lawrence (KL) score system. Additionally, T2CM was measured
in serum samples from 50 OA patients receiving 0.8 mg oral sCT twice
daily including a placebo group of 57 OA patients, previously published
[28,29]. Serum samples were collected at baseline (before treatment),
and after 1, 6, 12, 24 months of treatment. The TKR patients were
compared to baseline T2CM levels in 54 patients with moderate OA (KL
2) from sCT study. Samples were collected after informed consent and
approved by the local ethical committee in compliance with the Helsinki
Declaration of 1975.

2.10. Statistical analysis

For the statistical calculations of T2CM levels in BEX model, two-way
ANOVA with Tukey's post-hoc test was used to achieve the difference
between the treatment groups at each timepoint. Characteristics of the
OA patient cohort are presented as a percentage or as a mean� SD unless
otherwise stated (Table 3A–B). sCT patients with moderate OA (KL 2)
were compared to the OA patients referred to TKR (KL 4), and the dif-
ference between groups were analyzed by Mann-Whitney test. Results
are shown as Tukey boxplots. Furthermore, T2CM results from all OA
patients in sCT study were analyzed by one-way analysis of covariance
(ANCOVA) with Bonferroni post hoc test, adjusting for covariates (age,
gender, and BMI) at each time point. For the covariates to be normally
distributed, following natural logarithm transformation equation was
used: % change ¼ 100* ðlogðxmonthÞ � logðxbaselineÞÞ[30]. Results are pre-
sented with percentage (%) difference from baseline. All values are
presented as mean � SD if not otherwise stated and were considered
statistically significant for p < 0.05. Graphs and statistical analyses were
performed using GraphPad Prism version 7.01 (GraphPad Software, Inc.,
CA, USA) except for the ANCOVA with adjustment of BMI, sex, and age
by MedCalc Statistical Software version 18 (MedCalc Software, Ostend,
Belgium).
4

Ethical statement

All animals were treated according to the guidelines for animal wel-
fare. Monoclonal antibody production in mice was approved by the
Danish National Authority (The Animal Experiments Inspectorate) under
approval number 2013-15-2934-00956. Bovine tissue use for explant
studies was obtained from the Danish Veterinary and Food Administra-
tion under Ministry of Environment and Food of Denmark (J.nr.: 2015-
12-711-03228/AMSE, DK-10-3-oth-005).
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3. Results

3.1. Identification of the T2CM neoepitope by mass spectrometry and
antibody characterization

The neoepitope fragment [D]↓1220MSAFAGLGPR1229 (where ↓ in-
dicates the endogenous cleavage site and [D] is the amino acid preceding
the cleavage site) was identified by MS analysis in conditioned media
from OSM þ TNF-treated bovine articular cartilage explants. It was
verified to be unique for type II collagen by BLAST, to be conserved across
human, mouse, bovine, and rat species by Clustal Omega multiple
sequence alignment (Fig. 1) and was selected for monoclonal antibody
development based on PEP score (<0.05), q-value (<0.01), and Sequest-
HT Xcorr>2. The monoclonal antibody with the best native reactivity
and peptide affinity in the assay setting was selected from the antibody
producing clones for assay development. The antibody isotype was
determined to be IgG2b, kappa.

3.2. Development and technical evaluation of the T2CM assay

A full technical validation was performed to evaluate the novel T2CM
assay. Based on 10 independent assay runs, the intra- and inter-variation
was determined to be 4% and 13% respectively, which is within the
acceptance criteria <10% for the intra-assay variation and <15% for the
inter-assay variation. Linearity of human samples was observed from
undiluted to a 1:8 dilution for human serum, human EDTA plasma,
human citrate plasma, human heparin plasma, rat serum, mouse serum
and BEX supernatant (Fig. 2A–C). The recommended dilution for human
samples and BEX supernatant was 1:2 and the mean linearity was within
100 � 20%. Hemoglobin, lipids and biotin did not interfere with T2CM
measurements in serum. The measurement range (LLMR-ULMR) of the
assay was determined to be 0.3–19.1.00 ng/mL. The analyte stability was
acceptable at prolonged storage of human serum samples at 4 �C (92%
after 24h), 20 �C (93% after 24h) and 37 �C (94% after 24h). Moreover,
the mean analyte recovery in three human serum samples was 90 %
during up to four freeze/thaw cycles (Table 2).

3.3. Assay specificity and characterization

The antibody NBH237B #33 14F2-1D5-2C8 detected the standard
peptide (MSAFAGLGPR) generating a standard curve following a 4-
parameter logistic curve while no signal was observed when adding
the elongated peptide (DMSAFAGLGPR), truncated peptide
(SAFAGLGPR), or non-sense coating peptide (HDFSSDLENVK-Biotin)
including the full-length type II collagen (Merck, Whitehouse Station, NJ,
USA) (Fig. 3A). These data indicate that the antibody was specific to-
wards the unique C-terminal site of the human target sequence
↓1220MSAFAGLGPR1229. The target was generated predominantly by
collagenases MMP -1 and �13 in human cartilage (Fig. 3B).

3.4. Translational value and biological evaluation of T2CM in BEX
supernatants and human OA samples

T2CM was measured in BEX supernatant collected on day 0, 7, 14,
and 21. All OSM þ TNF treated groups showed elevated T2CM levels
compared to untreated group as a function of time (p<0.0001,
p¼0.0033, Fig. 4A–B). These results were further confirmed by Western
Fig. 1. Sequence alignment of the targeted T2CM sequence in human, mouse, bo
Omega algorithm.
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blot analysis, where T2CM detected the strongest bands at day 21 (~225,
~110, ~76, ~52 and~17 kDa bands), compared to day 7 (no bands) and
day 14 (~225 and~110 kDa bands) (Fig. 4C). Thus, the number of bands
in OSM þ TNF treated samples increased with the duration of tissue
cultivation. Additionally, the OSMþ TNF stimulation was combined with
anMMP-13 inhibitor. Here, the T2CM levels were significantly decreased
in groups receiving OSM þ TNF combined with the two highest con-
centrations (100 nM and 1 μM) of the MMP-13 inhibitor compared to the
OSM þ TNF group on day 21 (p<0.0001, Fig. 4D).

The T2CM levels were also evaluated in human EDTA plasma samples
from OA patients directed to TKR (KL 4) and compared to moderate OA
patients (KL 2). Average age of the TKR patients was 68.8 years (�9.8)
and 58 % were female while 68.3 years (�4.0) and 57 % were female for
the moderate OA patients (Table 3A). T2CMwas significantly elevated in
OA patients referred to TKR compared to the moderate OA patients
(p<0.004) (Fig. 5A). The sCT patients were in average 63.9 years (�7.0)
and 34 % were female and placebo group in average 63.1 years (�6.1)
and 45 % were female. There was a statistical difference in the gender
distribution observed between sCT patients and placebo (p<0.0001)
(Table 3B). Additionally, T2CM was significantly decreased in OA pa-
tients receiving sCT compared to the placebo group after 1, 6, and 24
months of treatment (p¼0.0285, p¼0.0484, p¼0.0035) (Fig. 5B).

4. Discussion

The present study described the development and validation of a
novel competitive CLIA assay for the detection of MMP-1 and -13
generated fragment of type II collagen, named T2CM. The main findings
included: 1) A technically robust and specific assay towards the T2CM
fragment 1220MSAFAGLGPR1229 primarily generated by MMP-1 and -13,
2) T2CM was measurable in human serum, human plasma, rat serum,
mouse serum, and supernatant from the BEX model, 3) T2CM was
elevated in BEX cultures treated with OSMþ TNF after 14 days, 4) T2CM
was decreased when OSM þ TNF treatment was combined with MMP-13
inhibitor, 5) T2CM was upregulated in OA patients referred to TKR
compared to patients with moderate OA, and 6) T2CM was down-
regulated in OA patients receiving sCT compared to the placebo group.

Destruction and fragmentation of articular cartilage and its compo-
nents (particularly type II collagen and aggrecan) is the most prominent
feature of OA [31]. This destruction is partly mediated by MMPs. For
example, MMP-1 is upregulated in arthritic disease and degrades native
triple-helical fibrillar collagens including type II collagen [32]. Further-
more, MMP-13 possesses robust ability to cleave type II collagen and is
considered a major catabolic effector playing a critical role in OA in-
duction, thus frequently targeted in OA studies [32,33]. Hence, MMP-13
inhibitors are thought to have the ability to halt cartilage erosion in early
OA [32]. Although MMP-13 is considered to be one of the major colla-
genases in OA, it is also involved in other diseases characterized by
destruction of the collagenous tissue architecture such as rheumatoid
arthritis and atherosclerosis [34]. Consequently, increased levels of
T2CM released into circulation may be a result of other diseases apart
from OA where MMP-13 is also involved.

In the BEX model, we hypothesized that T2CM is released into the
supernatant when explants are treated with a catabolic stimulus such as
OSM and TNF. As previously reported, OSM þ TNF treatment has been
shown to upregulate MMP activity [22,35] and induce MMP-mediated
type II collagen (C2) degradation measured by the C2M biomarker in
vine, and rat species (black box). The sequences were aligned using Clustal



Fig. 2. A-C. Standard curve and native reactivity to various matrices. Standard curves and native reactivity against A) human serum, B) human plasma (EDTA, Citrate
and Heparin), and C) animal samples (rat serum, mouse serum and BEX supernatant), diluted from 1:1, 1:2, 1:4 and 1:8 for the T2CM assay. Signals are shown as
relative luminescence units (all wavelengths) per second, as a function of standard peptide concentration.

Fig. 3. A-B. A) High specificity of the T2CM assay. Reactivity towards the standard peptide (MSAFAGLGPR), truncated peptide (SAFAGLGPR), elongated peptide
(DMSAFAGLGPR). No background signal was detected when using a non-sense screening (coating) peptide (HDFSSDLENVK-Biotin). Signals are shown as relative
luminescence units (RLU) per second, as a function of standard peptide concentration. B) MMP-1 and -13 primarily mediate the T2CM neoepitope. Generation of T2CM
fragment by MMP-mediated cleavage of human articular cartilage obtained from an OA patient undergoing total knee replacement surgery. Results are shown as bars
with as mean � SD.
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the BEX model [22,36]. Indeed, the T2CM release was enhanced with
increasing OSMþ TNF treatment verified by both CLIA andWestern blot,
which confirms the MS results from the biomarker discovery phase. Since
the neoepitope sequence is located close to the C-terminal of the triple
helical region, it may correspond to a rather small band in the Western
blot. However, collagen cross-links (on lysine residues) close to the
neoepitope could potentially explain the larger sized immunoreactive
bands observed in the Western blot [37]. As the T2CM fragment was
generated by cartilage cleavage with MMP-1 and -13, and its release is
decreased when treated with MMP-13 inhibitor, we hypothesized that
this biomarker may have clinical relevance in OA or other diseases with
altered type II collagen turnover. T2CM was found to be upregulated in
OA patients referred to TKR compared to patients diagnosed with mod-
erate OA. A broader range of the T2CM levels was observed in the
moderate OA patients compared to TKR. Theoretically, the broader range
of T2CM would be expected in the TKR group. However, it cannot be
ruled out that some of the moderate OA patients may be fast disease
progressors with more severe OA compared to their diagnosis. Despite
the wide application of the KL classification, it suffers from subjectivity of
a practitioner and is criticized for its application to disease progression
and insensitivity to change. Furthermore, there is a lack of a clear cut
between KL 3–4 in joint space narrowing.

Levels of T2CM were decreased in OA patients treated with oral
salmon calcitonin compared to placebo group. Above findings highlight
the potential of T2CM as a translational biomarker that can be applied in
both preclinical compound screening and in clinical studies, either alone
or as a part of a biomarker panel. As OA is a heterogeneous disease
6

involving alterations of the entire joint tissue [5], combining T2CM
(representing cartilage) with ECM markers of other joint tissues such as
bone and synovial membrane may help explain the pathological alter-
ations of the whole joint as an organ.

Various potential biomarker candidates of type II collagen have been
investigated in OA. However, to our knowledge no similar serological
type II collagen degradation biomarker reflecting MMP-1 and -13 activity
has been developed. A biomarker fragment generated from MMP-13
cleavage of type II collagen could be advantages especially in terms of
identifying new disease-modifying treatments for OA. MMP-13 has been
proposed as a favorable therapeutic target to decelerate articular carti-
lage degradation. Besides cleaving type II collagen in cartilage, MMP-13
also degrades proteoglycan, types IV and type IX collagen, osteonectin
and perlecan in cartilage [38]. Clinical investigation has shown that
patients with articular cartilage deterioration have high MMP-13
expression, suggesting that enhanced MMP-13 may be associated with
cartilage break down [39]. New waves of potential drug candidates
inhibiting MMP-13 directly or indirectly have shown remarkably
improved selectivity compared to the initially failed inhibitor com-
pounds [17,40]. However, the road to clinical implementation of
MMP-13 inhibitors is not straightforward. The development of
MMP-inhibitor drugs is complex and can involve unfavorable clinical
outcomes as seen in cancer with adverse effects [41]. To promote future
development of MMP-13 inhibitor therapeutics in OA, anMMP-13 driven
biomarker such as T2CM may play a crucial role in all stages of drug
development.

Limitations of the study include the lack EDTA plasma samples from a



Fig. 4. A-D. A-B) T2CM was increased during prolonged stimulation with OSM þ TNF in BEX supernatant. T2CM levels were measured in supernatant from the BEX
model harvested on day 0, 7, 14, and 21. Explants were either without treatment (w/o) or treated with different concentrations of OSM þ TNF-α (O þ T). Group
comparisons were done using two-way ANOVA with Tukey's multiple comparison at each timepoint, n ¼ 6. Error bars are shown with mean � SD. C) Western blot
results confirmed the BEX results. T2CM fragments were visualized in explants conditioned media from day 7, 14, and 21, with strongest bands at day 21 which
confirms the BEX results. 1) without treatment, 2) 20/20 ng/mL OSM þ TNF-α, 3) 20/40 ng/mL OSM þ TNF-α. D) MMP-13 inhibitor decreased the release of T2CM.
T2CM release measured in BEX supernatant treated with MMP-13 inhibitor in combination with OSM þ TNF-α (O þ T). Supernatants were harvested on day 0, 7, 14,
and 21. Group comparisons were done using two-way ANOVA with Tukey's multiple comparison, n ¼ 6. Error bars are shown with mean � SD.
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healthy group with matching average age for comparison of T2CM levels
to groups with moderate OA and TKR. The T2CM neoepitope fragment is
measured in serum and EDTA plasma samples which include a pool of
degraded type II collagen not exclusively from articular cartilage. Type II
collagen is also present in hyaline cartilage located in the nose, ears, ends
of the ribs and in parts of the respiratory system [42]. Hence not all T2CM
fragments may originate from the synovial joint of the knee. The EDTA
plasma and serum samples from the two OA cohorts including superna-
tant from the BEX studies were collected for another purpose which ex-
plains the limited sample sizes. Another limitation is the absence of
MMP-1 inhibitor, since T2CM is generated from both MMP-1 and -13.
Based on these limitations, future investigations should seek to explore
and validate the diagnostic and prognostic value of T2CM in OA and
other diseases involving MMP-1 and -13 breakdown of type II collagen.
7

5. Conclusion

In conclusion, a novel neoepitope-based biomarker, T2CM,
measuring a MMP-1 and -13 generated fragment of type II collagen was
developed and validated in a translational animal model to OA human
clinical set-ups. T2CM was upregulated in a bovine ex vivo cartilage
model and in patients with severe OA compared to moderate OA. In
addition, T2CM was downregulated in OA patients treated with oral
salmon calcitonin. Based on these results, T2CM may be considered as a
potential biomarker for assessing cartilage degradation in joint degen-
erative diseases. In addition, the assay may have potential as a compound
screening tool and/or as a translational noninvasive serological
biomarker for OA, providing a surrogate measure of current degradation
status of cartilage.



Fig. 5. A-B. A) T2CM were increased in patients un-
dergoing total knee replacement. In EDTA plasma
levels of T2CM were assessed in patients with mod-
erate OA (n ¼ 54) and patients referred to total knee
replacement (TKR) (n ¼ 48). Data were analyzed by
Mann-Whitney test, and data are presented as a Tukey
boxplot. B) T2CM was decreased in OA patients
treated with oral salmon calcitonin compared to pla-
cebo. Serum levels of T2CM were assessed in oral
salmon calcitonin treated (sCT) OA patients (n ¼ 50)
compared to placebo (n ¼ 57). Data were analyzed by
one-way analysis of covariance (ANCOVA) with Bon-
ferroni post hoc test corrected for age, gender and BMI
and presented as percentage (%) difference from
baseline. All values are presented as mean � SD.
Significance difference is given by * p¼0.0285, *’
p ¼ 0.0484, **p¼0.0035. M: Month.
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