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Abstract: Fibroblast activation protein (FAP) is a known promoter of tumor development and is
associated with poor clinical outcome for various cancer types. Being specifically expressed in
pathological conditions including multiple types of fibrosis and cancers, FAP is an optimal target
for diagnostics and treatment. Treatment strategies utilizing the unique proteolytic activity of FAP
are emerging, thus emphasizing the importance of biomarkers to directly assess FAP activity. FAP
is a type II transmembrane serine protease that has been shown to cleave collagens and other ECM
components. In this study, we developed an ELISA assay (C3F) targeting a circulating type III
collagen fragment derived from FAP cleavage to reflect FAP activity. We demonstrated that C3F was
specific to the neoepitope of the cleavage site and that the fragment was generated through FAP
cleavage of type III collagen. We measured C3F in serum from a cohort of patients with non-small
cell lung cancer (NSCLC) (1 = 109) matched to healthy subjects (1 = 42) and a cohort of patients
with spondyloarthritis (SpA) (1 = 17) matched to healthy subjects (n = 19). We found that C3F
was significantly elevated in patients with NSCLC and in patients with SpA compared to healthy
controls (p < 0.0001 and p = 0.0015, respectively). These findings suggest that C3F is a promising
non-invasive biomarker reflecting FAP activity, which may aid in understanding tumor heterogeneity
and potentially FAP-targeted therapies.

Keywords: fibroblast activation protein (FAP); extracellular matrix remodeling; serum biomarker;
non-small cell lung cancer (NSCLC); spondyloarthritis

1. Introduction

Fibroblast activation protein-o (FAP) is a type Il transmembrane serine protease pri-
marily expressed during pathologies such as cancer, fibrosis, and arthritis [1-4]. While
cancer-associated fibroblasts (CAFs) are often associated with high levels of FAP in cancer,
multiple other cell types have been shown to have high FAP expression during various
pathological conditions, including synovial fibroblasts, myo-fibroblasts, and chondro-
cytes [4-7].

FAP may act on extracellular matrix remodeling and the regulation of intracellular
signaling, angiogenesis, the epithelial-to-mesenchymal transition, and immunosuppres-
sion, and therefore is associated with clinical outcome. FAP has been shown to promote
tumor progression and to be a predictor of poor overall survival for multiple cancer types,
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including colon cancer, prostate cancer, pancreatic ductal adenocarcinoma, ovarian cancer,
and NSCLC [4,8-13].

The specificity of FAP to pathological conditions makes it an optimal target for diag-
nostics and the treatment of diseases such as cancer, and its potential is being investigated
through multiple approaches [14-23]. Recent studies are utilizing this concept by using
radiolabeled FAP inhibitors (FAPIs) as tracers for PET imaging and have shown the po-
tential for the detection of both primary tumors and metastasis that were undetectable
with 18F-FDG tracers for multiple types of cancers [14-16]. Besides the diagnostic outcome,
the specificity and sensitivity of the FAPI tracer could potentially contribute to the better
outlining of target areas for radiotherapy [16,17]. Other studies have investigated the
potential of using FAP as a target for cancer treatments with different strategies includ-
ing cancer vaccines, FAP-specific CAR-T cell treatment, and bispecific antibody-guided
immunotherapy [18-20,23].

FAP is part of the prolyl peptidase family and has dipeptidyl peptidase activity similar
to dipeptidyl peptidase-4 (DPP4) [2]. However, in addition to dipeptidyl peptidase activity,
FAP also has a unique endopeptidase activity allowing FAP to cleave with a preference for
proline as P1 and glycine as P2 without being limited to the N-terminus of the peptide or
protein [5,24]. Some studies have shown the potential of utilizing the combination of the
disease-specific expression of FAP and the unique endopeptidase activity for drug-delivery
systems by having an inactive pro-drug that, with a FAP-specific cleavage site that leads to
the release of an active chemotoxin when cleaved, thereby activating the drug only in the
diseased areas as these are the ones that will have FAP activity [21,22].

To catalyze successful drug development of drugs targeting or utilizing FAP activity
and to ensure the optimal treatment and patient care in the clinic for patients receiving
these treatments, biomarkers for the regular quantification of FAP activity instead of protein
expression or amount are needed for optimal patient stratification and treatment effect
monitoring. A recent and promising tool is the use of probes or FAPIs, of which there
are various types, but they are either based on either FAP-specific binding or FAP-specific
cleavage, resulting in trapping or releasing a detectable signal (e.g., fluorophore or radio-
tracer). While these approaches show great potential in locating the presence and activity
of FAP for potential diagnostics and drug testing, they are expensive procedures [25-27].

FAPs are involved in the remodeling of the ECM regarding both structure and com-
position [28,29]. FAPs have been shown to cleave multiple ECM components including
type I, type 111, and type V collagen. However, as FAP cannot cleave triple helical collagens,
pre-digesting, e.g., with matrix metalloproteinases (MMPs), or denaturation by heating is
needed to allow FAP cleavage [5,30].

Type 1II collagen is primarily derived from activated fibroblasts and increased for-
mation has been shown for CAFs [31,32]. The increased expression, maturation, and
remodeling of type III collagen have been associated with cancer and multiple fibrotic
disorders [31,33-35]. Multiple MMPs have been shown to cleave native type III collagen
including MMP-1, MMP-8, MMP-9, MMP-12, and MMP-13 [33,36-38]. Zhang et al. have
investigated FAP cleavage in the ECM using degradomics based on terminal amine iso-
topic labelling of substrates (TAILS) in mice and identified novel cleavage sites that could
potentially be used to reflect FAP activity [24].

In this study, we developed and validated an ELISA targeting an FAP-generated
cleavage fragment of type III collagen as a novel biomarker to non-invasively assess
FAP activity. We hypothesized that this fragment would be detectable in human serum
with elevated values for pathological conditions with association to FAP expression. We
proceeded to measure this biomarker in a cohort of patients with non-small cell lung cancer
(NSCLC), and spondyloarthritis (SpA) demonstrated biological relevance.



Biomedicines 2024, 12, 545

30f13

2. Materials and Methods
2.1. Target Identification

Zhang et al. identified various potential cleavage sites for multiple substrates
of FAP in the ECM in mice [24]. From these sites, we chose the human equivalent
to 109 AGPSGAPGPA of mice type III collagen alfa 1 chain as the antibody target:
1070 AGPAGAPGPA (C3F). We used BLAST on the amino acid sequence to identify potential
cross-reaction to other human proteins based on homology using NPS@ (Network Protein
Sequence Analysis) with UniportKB/Swiss-prot database. From these three sequences, the
following were deemed as relevant potential off-targets for the antibody: AGPAGAAGQP
(from alpha-2 chain of collagen type I), PGPAGAPGPA (from alpha-2 chain of collagen type
V), and AGPQGAPGPA (from alpha-1 chain of collagen type II).

2.2. Antibody Development and Specificity

For production of antibodies towards the target sequence 7Y AGPAGAPGPA!"7,
the immunogenic peptide was produced by binding keyhole limpet hemocyanin (KLH)
carrier protein to the 10aa peptide, with glycine and cysteine residues incorporated at
the C-terminal to ensure proper binding (AGPAGAPGPA-GGC), through covalent cross-
linking using sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate, SMCC
(Thermo Scientific, Waltham, MA, USA, cat. #22322). We immunized six-week-old Balb/C
mice subcutaneously with 200 uL of an emulsified antigen, consisting of 100 ug of the
immunogenic peptide mixed with Sigma Adjuvant System (Sigma-Aldrich, St. Louis, MO,
USA, cat. #56322) and Specol (Invitrogen, Waltham, MA, USA, cat. #7925000). The immu-
nization was repeated at 2-week intervals until stable levels of serum titer was achieved. The
mouse with the highest titer was then rested for four weeks before receiving intravenous
injection of a boost of 100 pg of the immunogenic peptide in 100 pL of 0.9% NaCl solution.
Spleen cells were fused with SP2/0 myeloma cells as described by Gefter et al. [39] to create
hybridoma cells. These hybridoma cells were then cultured in 96-well microtiter plates,
using standard limited dilution to secure monoclonal growth. Monoclonal antibodies were
purified from the supernatant using protein-G-columns (GE Healthcare Life Sciences, Little
Chalfont, UK, cat. #17-0404-01) in accordance with manufacturer’s instructions.

Antibody specificity towards the targeted neoepitope amino acid sequence (selection
peptide (AGPAGAPGPA)) was demonstrated by using the competitive ELISA with biotiny-
lated selection peptide (AGPAGAPGPA-K-Biotin) as the coater and a two-fold dilution
series of 10- and 30-amino-acid selection peptides (AGPAGAPGPA and AGPAGAPG-
PAGSRGAPGPQGPRGDKGETGE, respectively), elongated peptide (PAGPAGAPGPA),
truncated peptide ( GPAGAPGPA), and three deselection peptides from the potential
off-targets previously described: (AGPAGAAGQP, PGPAGAPGPA, and AGPQGAPGPA).
All used peptides were purchased from Genscript (Piscataway, NJ, USA).

In addition, we incubated recombinant type III collagen (Sigma-Aldrich, St. Louis,
MO, USA, cat. #CC054) with MMP9 (Bio-Techne, Minneapolis, MN, USA, cat. #911-MP) or
MMP13 (bio-techne cat. #511-MM) for 24 h and stopped the reaction with EDTA. The type
III collagen incubated with MMP13 was then incubated with or without FAP (Bio-Techne,
Minneapolis, MN, USA, cat. #3715-SE) for another 24 h followed by measurement of C3F
to demonstrate that FAP-mediated cleavage of type III collagen could be measured in
the assay.

2.3. Assay Development and Evaluation

The technical performance of the nordicC3F assay was evaluated through the following
validation steps: determination of quantification range, inter- and intra-assay variation,
dilutional linearity, spiking accuracy, analyte stability, interference tolerance of hemoglobin,
lipids, and biotin.

The lower limit of quantification (LLOQ) was assessed based on five independent
runs each with six replicates of four different serum samples with C3F biomarker levels
around the expected lower limit of measurement and CV% values around 20%. A power
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regression model was made from the C3F biomarker levels and CV% of these samples, and
LLOQ was defined as the C3F biomarker levels resulting in a CV% of 20% based on this
model. The upper limit of quantification (ULOQ) and the inter- and intra-assay variations
were estimated from 10 independent runs of the assay with the 10 samples in duplicates.
The samples consisted of five human serum samples and four human serum samples
spiked with a 30-amino-acid selection peptide and one human urine sample. ULOQ was
defined as the value of the highest point on the standard curve with CV% and RE% below
20%. The intra-assay variation was defined as the average CV% between sample double-
determinations for each run, while the inter-assay variation was defined as the average
CV% of the 10 samples between runs.

To test dilution recovery, four human serum samples were serially diluted 2-fold and
the RE% relative to previous dilution steps was calculated. A minimal required dilution
(MRD) was defined based on the least diluted dilution step from which further dilutions
had an RE% between 80 and 120%.

Spike-in accuracy was investigated both by spiking three serum samples with high
C3F values into three serum samples with low C3F values followed by calculation of the
RE% relative to the expected concentration.

Three human serum samples were thawed and frozen zero, one, two, three, four, or
five times before being measured in the C3F assay. RE% was calculated relative to the
samples that were not thawed and frozen prior to measurement.

Hemoglobin, biotin, and lipids are known to be interfering substances; therefore, it
was investigated whether these can influence the assay by spiking human serum samples
with these substances in both low and high concentrations (hemoglobin: low = 2.5 ng/mL,
high = 5 ng/mlL; biotin: low = 5 ng/mL, high = 100 ng/mL; lipid: low =1.5ng/mL,
high = 5 ng/mL). The interferences were calculated as percentage recovery of spiked sam-
ples with non-spiked samples as reference.

2.4. C3F Assay Protocol

The C3F assay underwent extensive optimization regarding assay buffer, incubation
time, temperature, antibody /coater peptide ratio, and conjugation of horseradish perox-
idase (HRP) to the antibody. This optimization led to the final protocol where 96-well
streptavidin-coated plates were coated with 100 pL of 3.5 ng/mL biotinylated selection
peptide (AGPAGAPGPA-K-biotin) dissolved in assay buffer (25 mM phosphate-buffered
saline, 1% bovine serum albumin (w/v), 0.1% Tween-20 (w/v), 2 g NaCl/L, pH 8.0) fol-
lowed by incubation in darkness at 20 °C for 30 min while shaking with 300 revolutions
per minute (rpm). The plates were then washed 5 times with washing buffer (20 mM TRIS,
50 mM NaCl, pH 7.2). After washing, 20 pL of a 2-fold serial dilution of selection peptide
(AGPAGAPGPAGSRGAPGPQGPRGDKGETGE) starting at 500 nM as well as 20 uL of
1:2-diluted serum samples were added to the plate followed by the addition of 100 uL of
12.5 uL C3F-targeting antibody dissolved in assay bulffer, followed by incubation at 4 °C
in darkness while shaking (300 rpm). After 20 h (%1 h), the plates were washed 5 times
in washing buffer followed by the addition of 100 uL of secondary HRP-antibody (Rabbit
anti-mouse IgG, Jackson, Ely, Cambridgeshire, UK) (Cat. #315-035-045) diluted in assay
buffer to a final dilution of 1:6000 and incubated at 20 °C for 1 h while shaking (300 rpm).
The plates were washed 5 times in washing buffer again and 100 L TMB (Kem-En-Tec
Diagnostics (Cat. #4380)) was added to the plates followed by 15 min of incubation in
darkness at 20 °C while shaking (300 rpm). After the incubation, the reaction was stopped
by adding 100 pL of 1% sulfuric acid. The plates were analyzed using VersaMax ELISA
microplate reader (Molecular Devices, San Jose, CA, USA) at 450 nm, with 650 nm as
reference. A standard curve was generated using SoftMax Pro (Version 7.1) and the data
were analyzed using GraphPad Prism (version 9).
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2.5. Assessment of MMP Degraded Type I1I Collagen

The biomarker nordicC3M (cat. No 1200-03) was measured to reflect MMP-degraded
type III collagen in human serum samples via ELISA. C3M was measured according to the
manufacturer’s instructions (Nordic Bioscience A/S, Herlev, Denmark).

2.6. Subjects

The biomarker C3F was measured in serum samples from patients with NSCLC
(n =109) and sex- and age-matched healthy individuals (1 = 42) (cohort 1). Patient de-
mographics are outlined in Table 1 and include age, sex, body mass index (BMI), NSCLC
subtype, and stage (American Joint Commission on cancer, 8th edition). All serum samples
from patients with NSCLC cancer were obtained from Proteogenex (Los Angeles, CA, USA).
The sample collection was obtained after patients gave their informed consent and with
the approval by the Russian Oncological Research Centre n.a. Blokhin RAMS (PG-ONC
2003/1) (Moscow, Russia) and the Western Institutional Review Board, Inc. (Puyallup, WA,
USA) (WIRB®Protocol #20161665). Control serum samples from healthy individuals were
obtained from the commercial vendor BioIVT (Westbury, NY, USA). BioIVT (Westbury,
NY, USA) has an appropriate institutional review board/independent ethical committee-
approved sample collection. All investigations were carried out in accordance with the
Helsinki Declaration.

Table 1. Patient demographics and clinical profile for cohort 1: patients with non-small cell lung
cancer (NSCLC) and healthy individuals.

.. . Patients with NSCLC Healthy Individuals
Clinical Variables (1 = 109) (n = 42)
Age (years)
Median (min—-max) 62 (37-81) 54 (37-69)
Sex, n (%)
Male 77 (71%) 30 (71%)
Female 32 (29%) 12 (29%)
NSCLC subtype, 1 (%)
Adenocarcinoma 66 (61%)
Squamous cell carcinoma 43 (39%)
Body mass index (BMI)
Median (min-max) 26 (16-36)
Stage
3 40 (37%)
4 69 (63%)

Furthermore, C3F was measured in serum samples from a small cohort (cohort 2) of
patients with SpA (n = 17) and compared with a reduced version of the healthy individuals
from cohort 1 (n = 19) to make it sex- and age-matched. The selection of these healthy
individuals was based on sex and age alone, blinded for measured C3F levels.

Patient demographics are outlined in Table 2 and include age, sex, disease subtype,
and whether the patients had received treatment or not.

Written informed consent was obtained from all patients for the evaluation and
publication of their anonymized data. Subjects with axial spondyloarthritis (n = 7) fulfilled
the ASAS criteria [40].
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Table 2. Patient demographics and clinical profile for cohort 2: patients with Spondyloarthritis (SpA)
and healthy individuals.

- . Patients with SpA Healthy Individuals
Clinical Variables 1 =17) (1 = 19)
Age (years)
Median (min-max) 49 (27-69) 51 (38-69)
Sex, 1 (%)
Male 10 (59%) 11 (58%)
Female 7 (41%) 8 (42%)
SpA subtype, 1 (%)
Axial spondyloarthritis 7 (41%)
Psoriatic arthritis 10 (59%)
Have received treatment, n (%)
No 9 (53%)
Yes 7 (41%)
Unknown 1 (6%)

2.7. Statistics

Normal distribution of C3F biomarker levels within the groups was evaluated based
on QQ-plot and D’Agostino’s K2 test. Biomarker levels in serum from patients with NSCLC
or SpA and healthy individuals were compared using the Mann-Whitney test. The diag-
nostic potential of C3F was further investigated using Wilson/Brown Receiver operating
characteristic (ROC) curve analysis. p-values below 0.05 were considered statistically
significant.

GraphPad Prism software (version 9) was used for statistical analyses and graphic designs.

3. Results
3.1. Technical Evaluation of the C3F ELISA Assay

The ELISA for the quantification of C3F underwent a technical evaluation to demon-
strate its quality. The lower limit of detection was determined to be 0.96 nM and the
quantification range (LLOQ-ULOQ) of the C3F assay was determined to range from 1.27 to
250 nM (2.54 to 500 nM corrected for 1:2 dilution). The mean dilution recovery in serum
from undiluted to 1:2 dilution and from 1:2 dilution to 1:4 dilution was 133% and 93%, re-
spectively. Based on the dilution recovery, the minimum required dilution was determined
to be 1:2. The mean spiking recovery from spiking serum in serum was 90%. The average
analyte recovery for interference of low and high concentrations was 102% and 106% for
hemoglobin, 107% and 109% for biotin, and 103% and 108% for lipids, respectively. The
inter- and intra-assay variations were 13% and 7%, respectively. Analyte recovery in human
serum was 84% after four freeze/thaw cycles. Collectively, this shows that the ELISA assay
is robust and unaffected by common serological interferents. The results from the technical
evaluation are summarized in Table 3.

3.2. C3F Antibody Binding Is Specific to the FAP-Cleaved Type III Collagen Fragment

To demonstrate the specificity of the C3F assay towards the targeted amino acid
sequence corresponding to the N-terminus of the C-terminal type III collagen fragment
generated from FAP-mediated cleavage between amino acid residues P'% and A107, the
inhibition properties of one amino acid truncated and elongated versions of the selection
peptide were investigated. No inhibition of the signal was seen within the measurement
range from any of the deselection peptides, or the elongated or truncated peptide, demon-
strating that the assay only detected the target sequence when A1070 was presented as the
terminal (neo-epitope specificity), thus indicating that the assay was specific towards the
cleavage fragment (Figure 1a).



Biomedicines 2024, 12, 545

70f13

B/BO

Table 3. Summary of technical evaluation of C3F assay.

Test Results
IC50 104 nM
Quantification range (LLOQ-ULOQ) 1.27-250 nM
Lower limit of detection 0.96 nM
Dilution recovery (1:2—1:4) 93%
Spiking recovery (serum in serum) 90%
Interference (hemoglobin, low /high conc.) 102%/106%
Interference (biotin, low /high conc.) 107%/109%
Interference (lipids, low /high conc.) 103%/108%
Inter-assay variation 13%
Intra-assay variation 7%
Freeze/thaw stability up to four cycles 84%

C3F (nM)

Std 30aa
Std 10aa
De-1
De-2
De-3

C3F (nM)

Elongated

Truncated

10 100
[Peptide] (nM)
(a)

Figure 1. Assay specificity: (a) Standard curves of signal inhibition relative to background (B/B0)
with increasing peptide concentrations for 30aa selection peptide (std) (AGPAGAPGPAGSRGAPG-
PQGPRGDKGETGE), 10aa selection peptide (AGPAGAPGPA), deselection peptide (De) 1, 2, and
3 (AGPAGAAGQP, PGPAGAPGPA, and AGPQGAPGPA, respectively), elongated peptide (PAG-
PAGAPGPA), and truncated peptide (_ GPAGAPGPA). Dotted lines indicate measurement range.
(b,c) Biomarker measurements of C3F (b) and C3M (c) in solution of recombinant type III collagen
(COL3) after incubation with/without matrix metalloproteinases 9 (MMP9) or fibroblast activation
protein (FAP), with buffer as control. (d,e) Biomarker measurements of C3F (d) and C3M (e) in
solution of recombinant type III collagen pre-cleaved with MMP13 (pre-cleaved COL3) followed by
incubation with/without MMP9 or FAP, with buffer as control. Dotted lines indicate lower limit
measurement range (LLMR) for C3F (b,d) and upper limit measurement range (ULMR) for C3M (c,e).

To show that the C3F fragment is generated through FAP cleavage of type III collagen,
we performed in vitro cleavage with FAP and MMP9 as a control. While we confirmed
that MMP9 cleaved native type III collagen by quantification of C3M, C3F could not be
generated from native type III collagen (Figure 1b,c). To enable FAP cleavage, type III
collagen was denatured from incubation with MMP13, an MMP known to have collagenase
activity, prior to FAP or MMP9 cleavage. The C3F fragment was only generated from FAP
cleavage of the pre-cleaved type III collagen and not from MMP9 cleavage or the MMP13
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pre-cleavage (Figure 1d,e). To our knowledge, this is the first confirmation of the presence
of this FAP cleavage site in humans.

Together, this demonstrates that the ELISA assay can reflect FAP activity by specifically
quantifying the C3F fragment.

3.3. C3F Is Elevated in Serum from Patients with NSCLC

Having shown that C3F could be generated in vitro, we moved on to investigate the
biological relevance by measuring the biomarker in serum from a cohort of 109 NSCLC
patients and 42 age- and sex-matched healthy individuals. A total of 37 (88%) of the healthy
subjects and 36 (33%) of the patients with NSCLC had C3F levels below the measurement
range. Yet, we saw that C3F was significantly elevated in the serum from patients with
NSCLC (median = 4.02 nM, range: 2.54-20.2 nM) compared to serum from the healthy
individuals (median = 2.54 nM, range: 2.54-6.04 nM) (p < 0.0001) (Figure 2a). In this study,
the C3F biomarker could significantly discriminate between patients with NSCLC and
healthy individuals with an area under the receiver operating characteristic curve (AUROC)
of 0.78 (p < 0.0001) (Figure 2b), indicating a diagnostic potential for C3F as a biomarker.

29m Kok Kok 100~

204

18-

16+

14

80+

12-
10+

C3F (nM)
Sensitivity%

40

AUC =0.78

p <0.0001
20

0 - 1 1 ) ) 1
0 20 40 60 80 100

100% - Specificity%

(a) (b)

Figure 2. Diagnostic potential of C3F for patients with NSCLC: (a) C3F biomarker levels in serum
from healthy subjects (n = 42) and patients with NSCLC (n = 109). Black lines indicate median values,
dotted lines indicate LLMR (adjusted for dilution). **** indicates p < 0.0001. (b) Receiver operating
characteristic (ROC) curve for patients with NSCLC and healthy subjects described in (a). Area under
the curve (AUC) and p-value are shown.

|
Healthy

3.4. C3F Levels Are Elevated in Patients with SpA

To further evaluate the clinical relevance of C3F in non-cancerous diseases, we mea-
sured the biomarker in a small cohort of serum samples from patients with SpA (n = 17)
and age- and sex-matched healthy controls (n = 19) (cohort 2). Similar to patients with
NSCLC, we found that C3F was significantly elevated in serum from patients with SpA
(median = 3.73 nM, range = 2.54-13.47 nM) compared to serum from healthy controls
(median = 2.54 nM, range = 2.54-6.04 nM) (p = 0.0015) (Figure 3a). For this cohort, C3F
could significantly discriminate between healthy controls and patients with SpA with an
AUC of 0.78 (p = 0.0048) (Figure 3b).
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Figure 3. Diagnostic potential of C3F for patients with SpA: (a) C3F biomarker levels in serum from
healthy subjects (n = 19) and patients with SpA (n = 17). Black lines indicate median values, dotted
lines indicate LLMR (adjusted for dilution). ** indicates p < 0.01. (b) ROC curve for patients with SpA
and healthy subjects described in (a). AUC and p-value are shown.

4. Discussion

In this study, we utilized this unique endopeptidase activity of FAP to develop an
ELISA targeting a specific FAP-cleaved type III collagen fragment (C3F) to serologically
reflect FAP activity. To our knowledge, this is the first FAP-activity-assessing assay utilizing
a naturally occurring peptide fragment. We demonstrated that the assay was neo-epitope-
specific and dependent on the FAP cleavage of pre-cleaved type III collagen. The depen-
dency of pre-cleaved type III collagen suggests that C3F is preferably generated in tissue
with high turnover and disease activity, potentially furthering the disease specificity of the
biomarker. We showed that C3F could be detected in serum and saw elevated levels of C3F
for both patients with NSCLC and SpA compared to healthy subjects, thus demonstrating a
novel association between serum levels of C3F and the two diseases, indicating a diagnostic
biomarker potential of C3F for FAP-related diseases.

Despite multiple studies showing FAP to be involved in tumor progression, the exact
role of FAP in the TME is not well understood. With most studies addressing FAP by mRNA
or protein expression, the role of FAP protease activity remains mostly unexplored [29,41].
However, the protease activity of FAP has been shown to be directly associated with tumor
growth [42]. With ECM remodeling already being known as an important process in tumor
progression, more knowledge of the precise role of the protease activity of FAP in the
TME could be key to better understanding the disease and treatment strategies [43]. By
quantifying FAP-cleaved type III collagen, we believe that the C3F biomarker assay could
be a tool for investigation of the role of FAP in ECM remodeling.

The C3F ELISA presented in this study has the advantages of targeting a fragment that
is dependent on FAP cleavage, meaning that everything that is measured is FAP activity in
contrast to existing ELISAs that measure the full FAP protein level [44]. However, as the
targeted fragment originates from type III collagen, the amount and availability of type
III collagen in proximity to FAP also influence the quantity of the fragment and therefore
the C3F measurements. As both FAP and type III collagen are known to be associated
with myo-fibroblast or CAF activity, the C3F biomarker may also be a proxy for specific
fibroblast/CAF activity given that CAFs are highly heterogeneous in both function and
expression profile and are often divided into multiple subtypes based on their expression
of alpha smooth muscle actin (x<SMA) and fibroblast activation protein (FAP) [45-49].

While we could significantly distinguish patients with NSCLC and SpA from healthy
controls in cohort 1 and 2, respectively, most of the healthy controls showed C3F levels
below the measurement range. This could either be due to the technical properties of the
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assay or reflect the fact that this fragment is not actively generated in healthy individuals
and is only generated in a fraction of patients with disease. In support of the latter, FAP
cleavage of type III collagen, and therefore the generation of C3F, requires that the collagen
is denatured or pre-cleaved [5,30], and this phenomenon is often associated with diseases
such as cancer and arthritis and not seen in healthy homeostatic tissues [50-53].

In contrast to PET/CT scans with FAPI-tracers, the C3F ELISA does not provide any
knowledge about the location of the FAP activity, but by being much simpler to use and
less dependent on complex machinery, the C3F assay could be a more optimal approach for
FAP-related drug testing and for the more frequent monitoring of patients. Alternatively,
there could be great potential in using the C3F assay to identify the patients most eligible
to benefit from an FAPI-tracer PET/CT scan.

Both clinical cohorts were small and further investigations are needed. As such, the
biomarker could be a useful tool in other diseases, as FAP has been shown to be upregulated
and influential in multiple types of cancer as well as non-cancerous diseases including
acute coronary syndrome, fibrosis, and arthritis [54-57]. For future studies, it would be
interesting to investigate if C3F could show other biomarker properties like those of FAP
protein quantification as multiple studies have shown an indication of its prognostic or
predictive potential in multiple cancer types including renal, colorectal, hepatic, and lung
cancer [25,58-60]. It is also of great interest to investigate the value of C3F as a predictive
or pharmacodynamic biomarker for various FAP-targeting treatment procedures as this
could be where the use of C3F will be applied in the future.

5. Conclusions

FAP activity can be quantified non-invasively (in serum) by the C3F ELISA. The
C3F ELISA is targeting a peptide fragment of type III collagen, specifically released to
circulation upon FAP cleavage of already partly degraded type III collagen, which indicates
that the fragment is associated with high disease activity. When measured in cohorts of
patients with NSCLC and SpA, two diseases that have been associated with FAP and high
tissue turnover, we saw that C3F was significantly elevated compared to healthy controls,
suggesting a potential use for the biomarker across disease with FAP activity.

6. Patents
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Author Contributions: Conceptualization: R.S.P. and ].T.-U.; data curation: R.S.P,; formal analysis:
R.S.P; funding acquisition: M.K.; investigation: R.S.P.; methodology: R.S.P, ].T.-U. and L.L.L.;
project administration: N.W.; resources: M.G.R., G.S., AR. and L.L.L.; supervision: M.K. and N.W,;
visualization: R.S.P,; writing—original draft preparation: R.S.P; writing—review and editing: R.S.P,,
J.T-U,M.GR, LLL,GS., AR, MK and N.W. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was partly funded by the Danish Research foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and the sample collection was obtained with approval by the Russian Oncological
Research Centre n.a. Blokhin RAMS (PG-ONC 2003 /1) (Moscow, Russia) and the Western Institutional
Review Board, Inc. (Puyallup, WA, USA) (WIRB®Protocol #20161665). Control serum samples from
healthy individuals were obtained from the commercial vendor BioIlVT (Westbury, NY, USA). BiolVT
(Westbury, NY, USA) has an appropriate institutional review board/independent ethical committee-
approved sample collection.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data that support the findings presented in this paper are available
upon request from the corresponding author.



Biomedicines 2024, 12, 545 11 of 13

Conflicts of Interest: R.S.P, J.T.-U., M.G.R., G.S., and A.R. have no conflicts of interest to declare.
LL.L, MK, and N.W. are employed at Nordic Bioscience and are involved in the discovery and
development of serological biomarkers. L.L.L., M.K., and N.W. own stocks in Nordic Bioscience.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yang, P.; Luo, Q.; Wang, X.; Fang, Q.; Fu, Z.; Li, ].; Lai, Y;; Chen, X.; Xu, X.; Peng, X.; et al. Comprehensive Analysis of Fibroblast
Activation Protein Expression in Interstitial Lung Diseases. Am. J. Respir. Crit. Care Med. 2023, 207, 160-172. [CrossRef] [PubMed]
Hamson, E.J.; Keane, EM.; Tholen, S.; Schilling, O.; Gorrell, M.D. Understanding Fibroblast Activation Protein (FAP): Substrates,
Activities, Expression and Targeting for Cancer Therapy. Proteom. Clin. Appl. 2014, 8, 454—-463. [CrossRef] [PubMed]

Busek, P; Balaziova, E.; Matrasova, I.; Hilser, M.; Tomas, R.; Syrucek, M.; Zemanova, Z.; Krepela, E.; Belacek, ].; Sedo, A. Fibroblast
Activation Protein Alpha Is Expressed by Transformed and Stromal Cells and Is Associated with Mesenchymal Features in
Glioblastoma. Tumor Biol. 2016, 37, 13961-13971. [CrossRef] [PubMed]

Fitzgerald, A.A.; Weiner, L.M. The Role of Fibroblast Activation Protein in Health and Malignancy. Cancer Metastasis Rev. 2020, 39,
783-803. [CrossRef] [PubMed]

Xin, L.; Gao, J.; Zheng, Z.; Chen, Y.; Lv, S.; Zhao, Z.; Yu, C.; Yang, X.; Zhang, R. Fibroblast Activation Protein-« as a Target in the
Bench-to-Bedside Diagnosis and Treatment of Tumors: A Narrative Review. Front. Oncol. 2021, 11, 648187. [CrossRef]
Antonova, D.V,; Gnatenko, D.A.; Kotova, E.S.; Pleshkan, V.V.; Kuzmich, A.I; Didych, D.A.; Sverdlov, E.D.; Alekseenko, I.V.
Cell-Specific Expression of the FAP Gene Is Regulated by Enhancer Elements. Front. Mol. Biosci. 2023, 10, 1111511. [CrossRef]
Rauber, S.; Mohammadian, H.; Schmidkonz, C.; Atzinger, A.; Soare, A.; Maschauer, S.; Treutlein, C.; Angeli, M.; Raimondo, M.G;
Xu, C.; et al. Molecular Imaging with Fibroblast Activation Protein Tracers Depicts Inflammatory Joint Damage and Its Transition
to Resolution of Inflammation. bioRxiv 2023. [CrossRef]

Shi, J.; Hou, Z,; Yan, J.; Qiu, W,; Liang, L.; Meng, M.; Li, L.; Wang, X.; Xie, Y,; Jiang, L.; et al. The Prognostic Significance of
Fibroblast Activation Protein-« in Human Lung Adenocarcinoma. Ann. Transl. Med. 2020, 8, 224. [CrossRef]

Wikberg, M.L.; Edin, S.; Lundberg, I.V.,; Van Guelpen, B.; Dahlin, A.M.; Rutegard, J.; Stenling, R.; C)berg, A Palmgqvist, R. High
Intratumoral Expression of Fibroblast Activation Protein (FAP) in Colon Cancer Is Associated with Poorer Patient Prognosis.
Tumor Biol. 2013, 34, 1013-1020. [CrossRef]

Pellinen, T.; Sandeman, K; Blom, S.; Turkki, R.; Hemmes, A.; Vdlimaki, K.; Eineluoto, J.; Kenttdmies, A.; Nordling, S.; Kallioniemi,
O.; et al. Stromal FAP Expression Is Associated with MRI Visibility and Patient Survival in Prostate Cancer. Cancer Res. Commun.
2022, 2, 172-181. [CrossRef]

Vlachostergios, PJ.; Karathanasis, A.; Tzortzis, V. Expression of Fibroblast Activation Protein Is Enriched in Neuroendocrine
Prostate Cancer and Predicts Worse Survival. Genes 2022, 13, 135. [CrossRef]

Kawase, T.; Yasui, Y.; Nishina, S.; Hara, Y.; Yanatori, I.; Tomiyama, Y.; Nakashima, Y.; Yoshida, K.; Kishi, F.; Nakamura, M.; et al.
Fibroblast Activation Protein-a-Expressing Fibroblasts Promote the Progression of Pancreatic Ductal Adenocarcinoma. BMC
Gastroenterol. 2015, 15, 109. [CrossRef]

Li, M,; Cheng, X.; Rong, R.; Gao, Y.; Tang, X.; Chen, Y. High Expression of Fibroblast Activation Protein (FAP) Predicts Poor
Outcome in High-Grade Serous Ovarian Cancer. BMC Cancer 2020, 20, 1032. [CrossRef]

Zhao, L.; Chen, J.; Pang, Y.; Fu, K,; Shang, Q.; Wu, H.; Sun, L.; Lin, Q.; Chen, H. Fibroblast Activation Protein-Based Theranostics
in Cancer Research: A State-of-the-Art Review. Theranostics 2022, 12, 1557-1569. [CrossRef]

Mori, Y.; Dendl, K.; Cardinale, ]J.; Kratochwil, C.; Giesel, E.L.; Haberkorn, U. FAPI PET: Fibroblast Activation Protein Inhibitor Use
in Oncologic and Nononcologic Disease. Radiology 2023, 306, €220749. [CrossRef] [PubMed]

Huang, R.; Pu, Y,; Huang, S.; Yang, C.; Yang, F.; Pu, Y.; Li, J.; Chen, L.; Huang, Y. FAPI-PET/CT in Cancer Imaging: A Potential
Novel Molecule of the Century. Front. Oncol. 2022, 12, 854658. [CrossRef] [PubMed]

Syed, M.; Flechsig, P.; Liermann, J.; Windisch, P.; Staudinger, F.; Akbaba, S.; Koerber, S.A.; Freudlsperger, C.; Plinkert, PX.; Debus,
J.; et al. Fibroblast Activation Protein Inhibitor (FAPI) PET for Diagnostics and Advanced Targeted Radiotherapy in Head and
Neck Cancers. Eur. |. Nucl. Med. Mol. Imaging 2020, 47, 2836-2845. [CrossRef] [PubMed]

Chen, M.; Xu, G.; Fan, M; Jia, H.; Xiao, L.; Lang, J. Anti-Tumour Effects of a Xenogeneic Fibroblast Activation Protein-Based
Whole Cell Tumour Vaccine in Murine Tumour Models. Artif. Cells Nanomed. Biotechnol. 2019, 47, 4182-4193. [CrossRef] [PubMed]
Wen, Y.; Wang, C.-T;; Ma, T.-T,; Li, Z.-Y.; Zhou, L.-N.; Mu, B,; Leng, F; Shi, H.-S; Li, Y.-O.; Wei, Y.-Q. Immunotherapy Targeting
Fibroblast Activation Protein Inhibits Tumor Growth and Increases Survival in a Murine Colon Cancer Model. Cancer Sci. 2010,
101, 2325-2332. [CrossRef] [PubMed]

Kakarla, S.; Chow, K.K.H.; Mata, M.; Shaffer, D.R.; Song, X.-T.; Wu, M.-E; Liu, H.; Wang, L.L.; Rowley, D.R.; Pfizenmaier, K,; et al.
Antitumor Effects of Chimeric Receptor Engineered Human T Cells Directed to Tumor Stroma. Mol. Ther. 2013, 21, 1611-1620.
[CrossRef] [PubMed]

Huang, S.; Fang, R.; Xu, J.; Qiu, S.; Zhang, H.; Du, J.; Cai, S. Evaluation of the Tumor Targeting of a FAPx-Based Doxorubicin
Prodrug. . Drug Target. 2011, 19, 487-496. [CrossRef] [PubMed]

Ye, G.; Huang, M; Li, Y,; Ouyang, J.; Chen, M.; Wen, Q.; Li, X.; Zeng, H.; Long, P.; Fan, Z.; et al. The FAP -Activated Prodrug
Z-GP-DAVLBH Inhibits the Growth and Pulmonary Metastasis of Osteosarcoma Cells by Suppressing the AXL Pathway. Acta
Pharm. Sin. B 2022, 12, 1288-1304. [CrossRef] [PubMed]


https://doi.org/10.1164/rccm.202110-2414OC
https://www.ncbi.nlm.nih.gov/pubmed/35984444
https://doi.org/10.1002/prca.201300095
https://www.ncbi.nlm.nih.gov/pubmed/24470260
https://doi.org/10.1007/s13277-016-5274-9
https://www.ncbi.nlm.nih.gov/pubmed/27492457
https://doi.org/10.1007/s10555-020-09909-3
https://www.ncbi.nlm.nih.gov/pubmed/32601975
https://doi.org/10.3389/fonc.2021.648187
https://doi.org/10.3389/fmolb.2023.1111511
https://doi.org/10.1101/2023.01.17.524425
https://doi.org/10.21037/atm.2020.01.82
https://doi.org/10.1007/s13277-012-0638-2
https://doi.org/10.1158/2767-9764.CRC-21-0183
https://doi.org/10.3390/genes13010135
https://doi.org/10.1186/s12876-015-0340-0
https://doi.org/10.1186/s12885-020-07541-6
https://doi.org/10.7150/thno.69475
https://doi.org/10.1148/radiol.220749
https://www.ncbi.nlm.nih.gov/pubmed/36594838
https://doi.org/10.3389/fonc.2022.854658
https://www.ncbi.nlm.nih.gov/pubmed/35692767
https://doi.org/10.1007/s00259-020-04859-y
https://www.ncbi.nlm.nih.gov/pubmed/32447444
https://doi.org/10.1080/21691401.2019.1687498
https://www.ncbi.nlm.nih.gov/pubmed/31722575
https://doi.org/10.1111/j.1349-7006.2010.01695.x
https://www.ncbi.nlm.nih.gov/pubmed/20804499
https://doi.org/10.1038/mt.2013.110
https://www.ncbi.nlm.nih.gov/pubmed/23732988
https://doi.org/10.3109/1061186X.2010.511225
https://www.ncbi.nlm.nih.gov/pubmed/21284542
https://doi.org/10.1016/j.apsb.2021.08.015
https://www.ncbi.nlm.nih.gov/pubmed/35530139

Biomedicines 2024, 12, 545 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Claus, C.; Ferrara, C.; Xu, W.; Sam, J.; Lang, S.; Uhlenbrock, F; Albrecht, R.; Herter, S.; Schlenker, R.; Hiisser, T.; et al. Tumor-
Targeted 4-1BB Agonists for Combination with T Cell Bispecific Antibodies as off-the-Shelf Therapy. Sci. Transl. Med. 2019,
11, eaav5989. [CrossRef] [PubMed]

Zhang, H.E.; Hamson, E.J.; Koczorowska, M.M.; Tholen, S.; Chowdhury, S.; Bailey, C.G.; Lay, A.J.; Twigg, S.M.; Lee, Q.; Roediger,
B.; et al. Identification of Novel Natural Substrates of Fibroblast Activation Protein-Alpha by Differential Degradomics and
Proteomics. Mol. Cell. Proteom. 2019, 18, 65-85. [CrossRef] [PubMed]

Wu, M.; Wang, Y.; Yang, Q.; Wang, X.; Yang, X.; Xing, H.; Sang, X.; Li, X.; Zhao, H.; Huo, L. Comparison of Baseline 68 Ga-FAPI
and 18 F-FDG PET/CT for Prediction of Response and Clinical Outcome in Patients with Unresectable Hepatocellular Carcinoma
Treated with PD-1 Inhibitor and Lenvatinib. J. Nucl. Med. 2023, 64, 1532-1539. [CrossRef] [PubMed]

Yang, X.; Li, G.; Ruan, C.; Hu, K,; Tang, G. Formulation and Preclinical Testing of Te-99m-Labeled HYNIC-Glc-FAPT as a
FAP-Targeting Tumor Radiotracer. Bioconjug. Chem. 2023, 34, 2133-2143. [CrossRef] [PubMed]

Lai, C.; Cao, R;; Li, R;; He, C.; Wang, X.; Shi, H.; Qu, C.; Qian, K; Song, S.; Chen, W.-H.; et al. Fibroblast Activation Protein
Targeting Probe with Gly—Pro Sequence for PET of Glioblastoma. Mol. Pharm. 2023, 20, 4120-4128. [CrossRef] [PubMed]

Lee, H.-O.; Mullins, S.R.; Franco-Barraza, J.; Valianou, M.; Cukierman, E.; Cheng, J.D. FAP-Overexpressing Fibroblasts Produce
an Extracellular Matrix That Enhances Invasive Velocity and Directionality of Pancreatic Cancer Cells. BMC Cancer 2011, 11, 245.
[CrossRef]

Basalova, N.; Alexandrushkina, N.; Grigorieva, O.; Kulebyakina, M.; Efimenko, A. Fibroblast Activation Protein Alpha (FAP«) in
Fibrosis: Beyond a Perspective Marker for Activated Stromal Cells? Biomolecules 2023, 13, 1718. [CrossRef]

Christiansen, V.J.; Jackson, K.W.; Lee, K.N.; McKee, P.A. Effect of Fibroblast Activation Protein and A2-Antiplasmin Cleaving
Enzyme on Collagen Types I, III, and IV. Arch. Biochem. Biophys. 2007, 457, 177-186. [CrossRef]

Nissen, N.I; Johansen, A.Z.; Chen, L.; Johansen, J.S.; Pedersen, R.S.; Hansen, C.P.; Karsdal, M.A.; Willumsen, N. Collagen
Biomarkers Quantify Fibroblast Activity In Vitro and Predict Survival in Patients with Pancreatic Ductal Adenocarcinoma.
Cancers 2022, 14, 819. [CrossRef]

Thorlacius-Ussing, J.; Jensen, C.; Nissen, N.I.; Cox, T.R.; Kalluri, R.; Karsdal, M.; Willumsen, N. The Collagen Landscape in
Cancer: Profiling Collagens in Tumors and in Circulation Reveals Novel Markers of Cancer-associated Fibroblast Subtypes.
J. Pathol. 2024, 262, 22-36. [CrossRef]

Pehrsson, M.; Manon-Jensen, T.; Sun, S.; Villesen, LE; Castafié, H.; Joven, ].; Patel, K.; Goodman, Z.; Nielsen, M.].; Bay-Jensen,
A.; et al. An MMP-degraded and Cross-linked Fragment of Type III Collagen as a Non-invasive Biomarker of Hepatic Fibrosis
Resolution. Liver Int. 2022, 42, 1605-1617. [CrossRef]

Gudmann, N.S,; Siebuhr, A.S.; Christensen, A.F; Ejstrup, L.; Serensen, G.L.; Loft, A.G.; Karsdal, M.A.; Bay-Jensen, A.-C.; Munk,
H.L.; Junker, P. Type I and III Collagen Turnover Is Increased in Axial Spondyloarthritis and Psoriatic Arthritis. Associations with
Disease Activity and Diagnostic Capacity. Clin. Exp. Rheumatol. 2017, 35, 653-659.

Genovese, F.; Akhgar, A.; Lim, S.S.; Farris, A.B.; Battle, M.; Cobb, J.; Sinibaldi, D.; Karsdal, M.A.; White, W.I. Collagen Type III and
VI Remodeling Biomarkers Are Associated with Kidney Fibrosis in Lupus Nephritis. Kidney360 2021, 2, 1473-1481. [CrossRef]
Williams, K.E.; Olsen, D.R. Matrix Metalloproteinase-1 Cleavage Site Recognition and Binding in Full-Length Human Type III
Collagen. Matrix Biol. 2009, 28, 373-379. [CrossRef]

Bigg, H.F; Rowan, A.D.; Barker, M.D.; Cawston, T.E. Activity of Matrix Metalloproteinase-9 against Native Collagen Types I and
III. FEBS |. 2007, 274, 1246-1255. [CrossRef]

Taddese, S.; Jung, M.C,; Ihling, C.; Heinz, A.; Neubert, R H.H.; Schmelzer, C.E.H. MMP-12 Catalytic Domain Recognizes and
Cleaves at Multiple Sites in Human Skin Collagen Type I and Type III. Biochim. Biophys. Acta—Proteins Proteom. 2010, 1804,
731-739. [CrossRef]

Gefter, M.L.; Margulies, D.H.; Scharff, M.D. A Simple Method for Polyethylene Glycol-Promoted Hybridization of Mouse
Myeloma Cells. Somat. Cell Genet. 1977, 3, 231-236. [CrossRef]

Rudwaleit, M.; Van Der Heijde, D.; Landewé, R.; Listing, J.; Akkoc, N.; Brandyt, J.; Braun, J.; Chou, C.T.; Collantes-Estevez, E.;
Dougados, M.; et al. The development of Assessment of Spondyloarthritis international Society classification criteria for axial
spondyloarthritis (part II): Validation and final selection. Ann. Rheum. Dis. 2009, 68, 777-783. [CrossRef]

Van Rymenant, Y.; Tanc, M.; Van Elzen, R.; Bracke, A.; De Wever, O.; Augustyns, K.; Lambeir, A.-M.; Kockx, M.; De Meester, I.;
Van Der Veken, P. In Vitro and In Situ Activity-Based Labeling of Fibroblast Activation Protein with UAMC1110-Derived Probes.
Front. Chem. 2021, 9, 640566. [CrossRef] [PubMed]

Cheng, ].D.; Valianou, M.; Canutescu, A.A.; Jaffe, EX.; Lee, H.-O.; Wang, H.; Lai, ].H.; Bachovchin, WW.; Weiner, L.M. Abrogation
of Fibroblast Activation Protein Enzymatic Activity Attenuates Tumor Growth. Mol. Cancer Ther. 2005, 4, 351-360. [CrossRef]
[PubMed]

Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K.J.; Werb, Z. Concepts of Extracellular Matrix Remodelling in Tumour Progression
and Metastasis. Nat. Commun. 2020, 11, 5120. [CrossRef] [PubMed]

Yang, X.; Zhu, P; Xie, R.-X.; Chen, P-F; Liu, H.; Cheng, X.-M.; Zhu, Z.-Q.; Peng, X.-M.; Liu, H.-B.; Yang, Q.-Y,; et al. Tracking
Tumor Alteration in Glioma through Serum Fibroblast Activation Protein Combined with Image. BMC Cancer 2023, 23, 1012.
[CrossRef] [PubMed]

Ping, Q.; Yan, R.; Cheng, X.; Wang, W.; Zhong, Y.; Hou, Z.; Shi, Y.; Wang, C.; Li, R. Cancer-Associated Fibroblasts: Overview,
Progress, Challenges, and Directions. Cancer Gene Ther. 2021, 28, 984-999. [CrossRef] [PubMed]


https://doi.org/10.1126/scitranslmed.aav5989
https://www.ncbi.nlm.nih.gov/pubmed/31189721
https://doi.org/10.1074/mcp.RA118.001046
https://www.ncbi.nlm.nih.gov/pubmed/30257879
https://doi.org/10.2967/jnumed.123.265712
https://www.ncbi.nlm.nih.gov/pubmed/37500263
https://doi.org/10.1021/acs.bioconjchem.3c00442
https://www.ncbi.nlm.nih.gov/pubmed/37874952
https://doi.org/10.1021/acs.molpharmaceut.3c00248
https://www.ncbi.nlm.nih.gov/pubmed/37487027
https://doi.org/10.1186/1471-2407-11-245
https://doi.org/10.3390/biom13121718
https://doi.org/10.1016/j.abb.2006.11.006
https://doi.org/10.3390/cancers14030819
https://doi.org/10.1002/path.6207
https://doi.org/10.1111/liv.15270
https://doi.org/10.34067/KID.0001132021
https://doi.org/10.1016/j.matbio.2009.04.009
https://doi.org/10.1111/j.1742-4658.2007.05669.x
https://doi.org/10.1016/j.bbapap.2009.11.014
https://doi.org/10.1007/BF01551818
https://doi.org/10.1136/ard.2009.108233
https://doi.org/10.3389/fchem.2021.640566
https://www.ncbi.nlm.nih.gov/pubmed/33996747
https://doi.org/10.1158/1535-7163.MCT-04-0269
https://www.ncbi.nlm.nih.gov/pubmed/15767544
https://doi.org/10.1038/s41467-020-18794-x
https://www.ncbi.nlm.nih.gov/pubmed/33037194
https://doi.org/10.1186/s12885-023-11544-4
https://www.ncbi.nlm.nih.gov/pubmed/37864148
https://doi.org/10.1038/s41417-021-00318-4
https://www.ncbi.nlm.nih.gov/pubmed/33712707

Biomedicines 2024, 12, 545 13 of 13

46.

47.

48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lavie, D.; Ben-Shmuel, A.; Erez, N.; Scherz-Shouval, R. Cancer-Associated Fibroblasts in the Single-Cell Era. Nat. Cancer 2022, 3,
793-807. [CrossRef]

Desbois, M.; Wang, Y. Cancer-Associated Fibroblasts: Key Players in Shaping the Tumor Immune Microenvironment. Immunol.
Rev. 2021, 302, 241-258. [CrossRef]

Han, C.; Liu, T.; Yin, R. Biomarkers for Cancer-Associated Fibroblasts. Biomark. Res. 2020, 8, 64. [CrossRef]

Bu, L.; Baba, H.; Yasuda, T.; Uchihara, T.; Ishimoto, T. Functional Diversity of Cancer-associated Fibroblasts in Modulating Drug
Resistance. Cancer Sci. 2020, 111, 3468-3477. [CrossRef]

Bager, C.L.; Willumsen, N.; Leeming, D.J.; Smith, V.; Karsdal, M.A.; Dornan, D.; Bay-Jensen, A.C. Collagen Degradation Products
Measured in Serum Can Separate Ovarian and Breast Cancer Patients from Healthy Controls: A Preliminary Study. Cancer
Biomark. 2015, 15, 783-788. [CrossRef]

Karsdal, M.A.; Nielsen, M.].; Sand, ].M.; Henriksen, K.; Genovese, E; Bay-Jensen, A.-C.; Smith, V.; Adamkewicz, ].I.; Christiansen,
C.; Leeming, D.J. Extracellular Matrix Remodeling: The Common Denominator in Connective Tissue Diseases Possibilities for
Evaluation and Current Understanding of the Matrix as More Than a Passive Architecture, but a Key Player in Tissue Failure.
Assay Drug Dev. Technol. 2013, 11, 70-92. [CrossRef]

Karsdal, M.A.; Woodworth, T.; Henriksen, K.; Maksymowych, W.P.; Genant, H.; Vergnaud, P.; Christiansen, C.; Schubert, T.; Qvist,
P.; Schett, G.; et al. Biochemical Markers of Ongoing Joint Damage in Rheumatoid Arthritis—Current and Future Applications,
Limitations and Opportunities. Arthritis Res. Ther. 2011, 13, 215. [CrossRef] [PubMed]

Bay-Jensen, A.C.; Kjelgaard-Petersen, C.E; Petersen, K.K.; Arendt-Nielsen, L.; Quasnichka, H.L.; Mobasheri, A.; Karsdal, M.A;
Leeming, D.J. Aggrecanase Degradation of Type III Collagen Is Associated with Clinical Knee Pain. Clin. Biochem. 2018, 58, 37—43.
[CrossRef]

Zhang, X.; Jozic, A.; Song, P.; Xu, Q.; Shi, X.; Wang, H.; Bishop, L.; Struthers, H.M.; Rutledge, J.; Chen, S.; et al. MRNA Vaccine
against Fibroblast Activation Protein Ameliorates Murine Models of Inflammatory Arthritis. Rheumatol. Immunol. Res. 2023, 4,
90-97. [CrossRef]

Tillmanns, J.; Widera, C.; Habbaba, Y.; Galuppo, P.; Kempf, T.; Wollert, K.C.; Bauersachs, J. Circulating Concentrations of
Fibroblast Activation Protein « in Apparently Healthy Individuals and Patients with Acute Coronary Syndrome as Assessed by
Sandwich ELISA. Int. J. Cardiol. 2013, 168, 3926-3931. [CrossRef] [PubMed]

Dorst, D.N.; Rijpkema, M.; Buitinga, M.; Walgreen, B.; Helsen, M.M.A_; Brennan, E.; Klein, C.; Laverman, P.; Ramming, A;
Schmidkonz, C.; et al. Targeting of Fibroblast Activation Protein in Rheumatoid Arthritis Patients: Imaging and Ex Vivo
Photodynamic Therapy. Rheumatology 2022, 61, 2999-3009. [CrossRef]

Lavis, P.; Pingitore, ].; Doumont, G.; Garabet, A.; Van Simaeys, G.; Lacroix, S.; Passon, N.; Van Heymbeek, C.; De Maeseneire, C.;
Allard, J.; et al. Usefulness of FAPo Assessment in Bronchoalveolar Lavage as a Marker of Fibrogenesis: Results of a Preclinical
Study and First Report in Patients with Idiopathic Pulmonary Fibrosis. Respir. Res. 2023, 24, 254. [CrossRef] [PubMed]

Kalaei, Z.; Manafi-Farid, R.; Rashidi, B.; Kiani, FK.; Zarei, A.; Fathi, M.; Jadidi-Niaragh, F. The Prognostic and Therapeutic Value
and Clinical Implications of Fibroblast Activation Protein-o as a Novel Biomarker in Colorectal Cancer. Cell Commun. Signal.
2023, 21, 139. [CrossRef]

Warli, S.M.; Putrantyo, LI.; Laksmi, L.I. Correlation Between Tumor-Associated Collagen Signature and Fibroblast Activation
Protein Expression With Prognosis of Clear Cell Renal Cell Carcinoma Patient. World J. Oncol. 2023, 14, 145-149. [CrossRef]
Zhao, Y.; Liu, Y,; Jia, Y.; Wang, X.; He, J.; Zhen, S.; Wang, J.; Liu, L. Fibroblast Activation Protein in the Tumor Microenvironment
Predicts Outcomes of PD-1 Blockade Therapy in Advanced Non-Small Cell Lung Cancer. J. Cancer Res. Clin. Oncol. 2023, 149,
3469-3483. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s43018-022-00411-z
https://doi.org/10.1111/imr.12982
https://doi.org/10.1186/s40364-020-00245-w
https://doi.org/10.1111/cas.14578
https://doi.org/10.3233/CBM-150520
https://doi.org/10.1089/adt.2012.474
https://doi.org/10.1186/ar3280
https://www.ncbi.nlm.nih.gov/pubmed/21539724
https://doi.org/10.1016/j.clinbiochem.2018.04.022
https://doi.org/10.2478/rir-2023-0013
https://doi.org/10.1016/j.ijcard.2013.06.061
https://www.ncbi.nlm.nih.gov/pubmed/23932048
https://doi.org/10.1093/rheumatology/keab664
https://doi.org/10.1186/s12931-023-02556-6
https://www.ncbi.nlm.nih.gov/pubmed/37880678
https://doi.org/10.1186/s12964-023-01151-y
https://doi.org/10.14740/wjon1564
https://doi.org/10.1007/s00432-022-04250-4

	Introduction 
	Materials and Methods 
	Target Identification 
	Antibody Development and Specificity 
	Assay Development and Evaluation 
	C3F Assay Protocol 
	Assessment of MMP Degraded Type III Collagen 
	Subjects 
	Statistics 

	Results 
	Technical Evaluation of the C3F ELISA Assay 
	C3F Antibody Binding Is Specific to the FAP-Cleaved Type III Collagen Fragment 
	C3F Is Elevated in Serum from Patients with NSCLC 
	C3F Levels Are Elevated in Patients with SpA 

	Discussion 
	Conclusions 
	Patents 
	References

