Svajger etal. Trials ~ (2024) 25:533

Trials
https://doi.org/10.1186/513063-024-08360-x

. ®
Mechanisms of treatment effects e

using allogeneic, umbilical cord-derived
mesenchymal stromal stem cells (MSCs) in knee
osteoarthritis: a pharmacological clinical study
protocol

Urban Svajger'?"®, Matic Kolar**, Andrej Kobold' and Matej Drobni¢>*

Abstract

Background Knee osteoarthritis (KOA) presents a prevalent orthopedic condition causing substantial impairment

in the quality of life and imposing a significant societal and economic burden. Mesenchymal stromal/stem cells
(MSCs), known for their regenerative properties and immunomodulatory effects, have emerged as a promising
therapeutic avenue in regenerative medicine. Despite MSCs'therapeutic potential, their precise mechanisms of action
in KOA remain underexplored.

Methods Conducted as a randomized, open-label clinical trial, 20 patients will be enrolled, with 10 in the interven-
tion group and 10 in the control group. The primary focus will be to explore the molecular mechanisms associated
with MSC therapy. Biomarkers and gene expressions related to cartilage metabolism, inflammation, immune modula-
tion, and pain in the synovial fluid, blood, and tissue samples will be analyzed. Patients will undergo pre- and post-
treatment evaluations using patient-reported outcome measures (PROMs) and comprehensive clinical assessments.

Discussion This is an exploratory study with the goal to provide comprehensive insights into the therapeutic effects
of MSCs on a molecular level, potentially paving the way for optimized and more effective MSC-based therapies
in the management of KOA, as well as furthering the development of novel treatment strategies.

Trial registration ClinicalTrials.gov, NCT06078059. Registered on 5 October 2023.
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Background

Knee osteoarthritis (KOA) is one of the most common
orthopedic diseases that can significantly impact the
quality of life [1]. Among people over the age of 50, KOA
is second only to cardiovascular disease in terms of dis-
eases that cause long-term disability [2]. The disease not
only involves a decrease in the patient’s quality of life but
also represents a significant social and economic burden
[3]. KOA is characterized by pathological changes in the
cartilage, bone, synovium, ligaments, muscles, and peri-
articular fat, leading to joint dysfunction, pain, stiffness,
functional limitation, and associated loss of daily activi-
ties (e.g., walking, exercise, etc.). The main risk factors for
the development of KOA include age (33% of individuals
older than 75 years suffer from symptomatic and radio-
logically diagnosed KOA), female sex, obesity, genetic
factors, and major joint injuries. People suffering from
KOA are accompanied by higher mortality and are char-
acterized by an increased amount of sedentary lifestyle
[3].

Mesenchymal stromal/stem cells (MSCs) originate
from the mesodermal layer, from which the bone, mus-
cle, fat, and other connective tissues develop during
embryogenesis. In adults, MSCs represent a heteroge-
neous cell population, which also includes multipotent
stem cells capable of differentiation into the cartilage,
bone, and fat cells. They are often called adult stem cells,
as they possess regenerative abilities and are often part
of research in the field of regenerative medicine [4]. The
most common biological sources for the manufacture of
MSC-based therapeutics are the bone marrow, adipose
tissue, umbilical cord tissue, and others. The cultivation
of MSCs is a relatively simple and safe process, without
major ethical concerns. MSCs are characterized by low
or zero expression of molecules of the major histocom-
patibility complex (making them essentially “invisible”
to immune recognition), which makes them useful even
in an allogeneic environment. An additional phenotypic
feature is the simultaneous expression of various mark-
ers, including CD73, CD90, and CD105, and the lack of
expression of hematopoietic markers, such as CD45.

Although a certain part of the MSC population can
differentiate into different cell types, there is a growing
consensus that their main therapeutic action originates
from paracrine effects through the secretion of vari-
ous active biomolecules. In this way, factors secreted by
MSCs can have angiogenic, anti-apoptotic, regenerative,
and immunomodulatory effects [5]. Indeed, MSCs pos-
sess unique immunomodulatory effects among all types
of stem cells. They can exert their action by express-
ing immunomodulatory enzymes such as indoleam-
ine-2,3-dioxygenase (IDO) and inducible nitric oxide
synthase (iNOS), immunosuppressive biomolecules
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such as prostaglandin E2 (PGE2) and hepatocyte growth
factor (HGF), or by producing immunosuppressive
cytokines, namely interleukin (IL)-10 and transforming
growth factor (TGF)-f, or by expression of surface inhib-
itory molecules such as HLA-G, and programmed death
ligand (PDL)-1 and PDL-2 [6]. Due to such an extensive
repertoire of immunomodulatory mechanisms, MSCs
can regulate the activity of several types of immune cells
belonging to both innate and acquired immunity. These
include monocytes/macrophages, as well as the most
important antigen-presenting cells, dendritic cells (DCs).
They can also suppress the activity of T and B lympho-
cytes, NK cells, neutrophils, and mast cells. On the other
hand, MSCs have been shown to stimulate the formation
of regulatory subsets of immune cells, such as regula-
tory T cells (Treg), tolerogenic DCs, as well as myeloid
suppressor cells [7]. MSCs significantly inhibit the pro-
liferation of T cells both in an allogeneic environment
and after exposure to various mitogens [8, 9]. In cocul-
tures with Th1 helper T cells, MSCs can greatly reduce
the secretion of pro-inflammatory cytokines (e.g., IFN-y
and TNF-«) and increase the percentage of T cells that
produce anti-inflammatory cytokines (e.g., IL-10), such
as Trl cells [10]. They can also inhibit the activation of
cytotoxic CD8+T cells, resulting in a reduced response
to allo-antigens and reduced Ag-specific lysis of alloge-
neic cells [11, 12]. All the abovementioned characteris-
tics logically coincide with MSCs’ potential therapeutic
efficacy in KOA, a pathology which is now known to be
importantly accompanied with both innate and adaptive
immune processes [13].

MSC-based treatment is one of the latest therapeutic
approaches for KOA. Since their mechanisms of action
are most likely multifaceted, they seem a suitable thera-
peutic candidate for KOA by merit of complex and ver-
satile disease pathology. Although these cells are already
naturally present in the synovial fluid, their number is too
low for adequate differentiation and immunomodulation.
After intra-articular administration, MSCs are known to
be retained at the joint site and in adjacent bone marrow
lesions [14, 15]. The use of MSCs for the treatment of
KOA is becoming increasingly prevalent with a growing
body of evidence endorsing their application, particularly
for alleviating symptoms (e.g., pain) and improving joint
function [16-18].

The main purpose of our study is to investigate the
mechanisms of early action of allogeneic MSCs obtained
from umbilical cord tissue in a cohort of patients with
terminal KOA (Kellgren—Lawrence grade 4), scheduled
for joint arthroplasty. In this regard, our main clinical
question is what are the early molecular (as well as clini-
cal) effects of allogeneic umbilical cord-derived MSCs in
these patients. Therefore, we hypothesize that treatment
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will modulate biomarkers related to cartilage metabo-
lism, inflammation, immune modulation, and pain in
these patients.

Methods

Study objectives, design, and setting

The aim of the study is to evaluate pharmacological
mechanisms at the molecular level, which could be asso-
ciated with therapeutic benefit of MSC therapy. The
study protocol was approved by the National Medical
Ethics Committee, no. 0120-273/2022/3. The study is
registered in www.clinicaltrials.gov database under iden-
tifier NCT06078059.

The research will be carried out at the Orthopedic
Clinic of the University Medical Center (UMC) Ljubljana
in cooperation with the Slovenian Institute of Transfu-
sion Medicine (SITM). We will invite 20 patients (10
intervention group, 10 control group) to participate in
the study, who will shortly be scheduled for knee arthro-
plasty due to primary or post-traumatic KOA at the
Orthopedic Clinic of UMC Ljubljana. It is a randomized,
single-center, open-label, pharmacological clinical study.
The timeline of the study is presented in Fig. 1.

Randomization and blinding

Participants will be randomized into two groups in a 1:1
ratio. The randomization to either MSC or non-MSC
group will be performed using a computer-assisted algo-
rithm (www.randomizer.org). The allocation sequence
will be generated by an independent researcher who is
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not involved in the enrollment or assignment of partici-
pants. The allocation sequence will be concealed until
interventions are assigned to ensure unbiased participant
assignment. Participants will be enrolled by study coor-
dinators who will be blinded to the allocation sequence.
After enrollment, the participants will be assigned to
the intervention or control group by the independent
researcher.

The study will not be blinded.

Inclusion of patients

Patients will be recruited during the routine preopera-
tive assessment in the anesthesiology outpatient clinic,
typically 4-6 weeks before the scheduled surgery. After
the evaluation, once they have been approved as eligi-
ble for surgery by the anesthesiologist and have given
their informed consent for the anesthesia, the study will
be presented to those who will meet the basic inclusion
criteria. If the patients agree, they will provide written
informed consent to participate.

The patients will receive comprehensive explanations
regarding the clinical trial, covering the following aspects:
(1) the purpose of the study, (2) its research background,
(3) the number of participants and duration of involve-
ment, (4) the study procedures, (5) potential treatment
risks, (6) anticipated benefits, (7) confidentiality and pri-
vacy protection measures, and (8) the voluntary nature
of participation. Only after ensuring full comprehension
of these points will each patient sign the informed con-
sent form. Following consent, clinicians will record the

Examinations

* toxicity (CTCAEV.5)

* bloodtests

* biopsy

* questionnaires (KOOS;
VAS; EQ-5D-3L; EQ-VAS)

Toxicity monitoring
(D42 - 6 months)

—

DO

Screening:
*  Eligibility for surgery/
intervention

D42

Comorbidities

Laboratory investigations
Allergies

Previous surgeries
Informed consent
(anaesthesia, intervention)

Soluble marker analysis

* Collagen sythesis: PIIANP

* Aggrecan metabolism: Aggrecan

* Non-collagenous proteins: COMP,
Hyaluronan, MMP-1/3/7/9/13, TIMP-I,
Syndecan-4, Tenascin C

* Inflammatory: IL-6, IL-8, TNF-a, CCL2,
CCLs, CD14, CD163, ICAM-1, VCAM-1

¢ Other: VEGF, BMP-2, FGF-2, DKK-1,
Osteoprotegerin, Sclerostin,
Adiponectin, Leptin

gRT-PCR analysis

* Chondrocytes
COL2, COL1, SOX9, MMP-13

+ Chondrocytes &Synoviocytes
ADAMTS-4, ADAMTS-5, NGF,
IL-1B, IL-6, TNF-a

Fig. 1 The study timeline
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patients’ baseline characteristics. The timeline of events
is presented in Table 1.

Eligibility criteria

Patients scheduled for knee arthroplasty due to primary
or post-traumatic KOA at the Orthopedic Clinic of UMC
Ljubljana. Inclusion and exclusion criteria are presented
in Table 2.

Pre- andpost—treatment assessments

Demographic data, medical history, and baseline clini-
cal status of the index knee will be recorded. The subjects

Table 1 The timeline of events
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will complete a package of patient-reported outcome
measures (PROMs) questionnaires to evaluate patients’
perceived knee status, pain, functioning, and quality of
life. The visual analog scale for pain assessment (VAS-P),
Knee Injury and Osteoarthritis Outcome Score (KOOS),
European Quality of Life in Five Dimensions Three-Level
(EQ-5D-3L), and EuroQol self-rated health on visual
analog scale (EQ-VAS) will be included [21-23]. At inclu-
sion, the patients will be assigned consecutive numbers.
In both groups, an aspiration of the index knee in
aseptic conditions will be performed initially to deter-
mine baseline synovial cartilage markers. Afterwards,

Visit 1 2 3 4

Time point Initial visit (2 weeks MSC Operation (min. 4 OPD follow-up
prior to visit 2) injection weeks post-injection) examination (6 months

(d=0) post-injection)

Eligibility criteria X

Informed consent (anesthesia, intervention) X

Comorbidities X

Medical history (previous surgeries) X

Physical examination X X X X

Lab tests x? x@

X-ray X X

KOOS X X

VAS X X

EQ-5D-3L X X

EQ-VAS X X

Range of motion assessment X X X X

Synovial fluid aspiration/storage/analysis XP X©

Cartilage/bone/synovium biopsy/ storage/analysis X

MSC application

Adverse event monitoring X X

OPD Outpatient department

@ Involves collection of peripheral blood and urine

b Samples obtained prior to the MSC injection

€ Samples obtained on the operating table prior to the surgical exposure

Table 2 Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

- Planned arthroplasty of the knee joint due to primary or post-traumatic
KOA

- Age between 50 and 75 years

- Both sexes

- Eligibility for surgery, anesthesia, intervention

- Informed consent

- Secondary KOA of another etiology

- Rheumatic diseases

- Uncontrolled metabolic diseases (e.g., insulin therapy)
- Crystallopathy

- Patients with blood clotting disorders

- Patients on anticoagulant therapy

- Heart failure (NHYA 1I/1V)

- Renal failure (grade 3 and above) [19]

- Other diseases that can affect the immune response or pose an additional
risk in the application of cells

NHYA New York Heart Association [20]
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the intervention group will receive an intra-articular
infiltration of 20 million cultured allogeneic MSCs in
the form of 4 ml cell dispersion through the same nee-
dle that aspiration was performed. After a short observa-
tion, both groups will be discharged to home care with
instructions. Patients will receive a diary to record the
level of pain on VAS-P twice daily (morning, evening)
and any mild deviations in the knee status (e.g., swell-
ing, stiffness, increased pain, etc.). Strict instructions and
contact information will be given for any serious adverse
events (e.g., fever, local signs of infection, allergies, etc.),
which will be closely monitored. Upon admission, typi-
cally on the day before surgery, the patients will fill out
the same package of PROMs questionnaires prior to the
intervention.

On the day of the surgery, during the standard opera-
tive procedure of knee arthroplasty under general or
spinal anesthesia, control samples of the synovial fluid,
blood, and urine will be obtained, just before the start
of the procedure with the joint closed. After the surgical
exposure of the knee, three samples of the joint capsule
and the resected cartilage surfaces will be collected. Both,
the removed parts of the joint capsule and the resected
articular surfaces, represent waste during the operative
interventions; therefore, their collection will not affect
the performance of the arthroplasty in any way. All sam-
ples will be immediately transferred to SITM for further
processing in the appropriate conditions (using transport
media and cooling elements). Samples will be systemati-
cally coded to conceal the patients’ identity outside the
clinical facility. The presence of soluble analytes in the
samples will be determined using the Luminex® mul-
tiplex method or the ELISA method. Real-time gene
expression in chondrocyte and synoviocyte cells will be
determined using the qRT-PCR method.

Objectives and outcome measures

The main objective of our study is to contribute to in-
depth understanding of mechanisms of action of MSC
use for KOA treatment. For this reason, we have selected
key biomarkers that have had the strongest literature
correlation with KOA using BIPED (Burden of disease,
Investigative, Prognostic, Efficacy of intervention and
Diagnostic) criteria [24—26]. We also predict that the
impact of our results will not only carry an academic
meaning but will also serve as a platform for future opti-
mization of KOA-related approaches in regenerative
medicine.

Primary outcome measures

1. Soluble biomarker analysis with multiplex immuno-
assays (e.g., Luminex) in synovial fluid. The follow-
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ing biomarkers will be analyzed: FGF basic, TIMP-1,
osteoprotegerin, adiponectin, CCL2, CD14, Dkk-1,
IL-6, Leptin, MMP-3, MMP-9, sclerostin, Tenascin
C, VCAM-1, BMP-2, CCL5, CD163, ICAM-1, IL-8,
MMP-1, MMP-7, MMP-13, Syndecan-4, TNF-a, and
VEGE

2. Soluble biomarker analysis using enzyme-linked
immunosorbent assay (ELISA) in synovial fluid. The
following biomarkers will be analyzed: aggrecan,
COMP, hyaluronan, and PIIANP.

3. Quantitative real-time PCR (qRT-PCR) analysis of
gene expression in chondrocytes and synoviocytes.
Analysis of gene expressions, which are associated
with chondrocyte function (collagen type II (COL2),
COLL, and SOXD9), cartilage and synovia degradation
(MMP-13, ADAMTS-4, ADAMTS-5), pain (NGE),
and inflammation (IL-1B, IL-6, and TNF-a), will be
performed.

Secondary outcome measures

4. Knee Injury and Osteoarthritis Outcome Score
(KOOS)

This knee-specific instrument measures patients’
perceived pain (9 items), other symptoms (7 items),
function in daily living (17 items), function in sports
and recreation (5 items), and knee-related quality of
life (4 items). Scores range from 0 to 100, with a score
of 0 indicating the worst possible knee status and
100 indicating no knee symptoms. Assessment will
be performed 4—6 weeks prior to the surgery and at
admission.

5. Pain on visual analog scale (VAS-P)
This measure of pain intensity consists of a 10-point
line, with endpoint O representing “no pain” and 10
“the worst pain imaginable” Assessment will be per-
formed 4—6 weeks prior to the surgery and at admis-
sion.

6. European Quality of Life in Five Dimensions Three-
Level (EQ-5D-3L) questionnaire
The system contains five dimensions: mobility, self-
care, usual activities, pain/discomfort, and anxiety/
depression. Every dimension has three levels: no
problems, some problems, and extreme problems.
The respondent is asked to indicate his or her health
state by ticking the box that marks the most appro-
priate level of problems in each dimension. Health
states are converted into a single summary index by
a formula that attaches values to each level in each
dimension. Assessment will be performed 4-6 weeks
prior to the surgery and at admission.
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7. EuroQol self-rated health on visual analog scale (EQ-
VAS)
The assessment records the patient’s self-rated health
on a vertical visual analog scale from 0 to 100, where
0 represents the worst health state imaginable and
100 represents the best health state imaginable.
Assessment will be performed 4—6 weeks prior to the
surgery and at admission.

8. Serious adverse events (SAEs) monitoring
Safety will be monitored from day 0 (MSCs applica-
tion) through up to 6 months after the surgery.

Intervention

The investigational medicinal product (IMP) will be
based on umbilical cord-derived, allogeneic MSCs,
prepared at the Slovenian Institute for Transfusion
Medicine (SITM) according to validated standard oper-
ating procedures, also approved by the National Medi-
cal Ethics Committee (No. 0120-60/2018/7, approved
on 24.4.2018). For the manufacture of IMP, the umbili-
cal cord tissue, used as the primary biological source of
MSCs, is first seeded during an ex vivo expansion proto-
col. After the initial 10-14 days, where the cells are cul-
tured in passage 0, the adherent cells begin to proliferate
exponentially, achieving adequate confluence within 7
days. Subsequently, the cells are harvested at an approxi-
mate 80% confluency and reseeded for additional expan-
sion in passage 1. At the end of passage 1, the cells are
harvested and then redistributed into identical aliquots
to be cryopreserved as “off-the-shelf” units in the cryos-
torage facility at SITM. As such, the units are available for
“per patient” order. For every patient, an aliquot of MSCs
will be thawed and seeded in ex vivo cell culture for 3-5
days (passage 2) prior to application. This additional cul-
turing in passage 2 ensures optimal cell numbers, cell via-
bility, and functional fitness of the final cellular product.
The final formulation will represent 5x 10° MSCs/ml in
a physiological solution supplemented with 0.5% human
albumin. The cellular dispersion will be filled in syringes
in 4 ml (20x10° cells overall). For application, an 18-G
1.2x50 mm hypodermic needle will be used.

In the intervention group, each patient will receive an
intra-articular injection of 20x 10° MSCs, without anes-
thesia. The injection of MSCs will be performed 4-6
weeks prior to the scheduled arthroplasty.

Termination guidelines

Termination of the study will proceed if serious adverse
events (SAEs) will be observed during the intervention
or up to the day of the surgery. Additionally, monitoring
for SAEs will be performed up to 6 months after surgery.
We will also consider as a discontinuation criterion any
allergic reaction, infection at the injection site, or other
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local/systemic events determined as possibly/probably/
surely related to MSC injection and graded grade 3 or
higher according to CTCAE v5.0 (serious adverse reac-
tion, SAR). In case of registration of a SAR, the PI of the
study will notify the study coordinator within the time
frame of 24 h, as well as the National Center for Phar-
macovigilance of the Agency for Medicinal Products and
Medical Devices of the Republic of Slovenia.

Adverse events
Adverse events (AEs) are occurrences of medical issues
that arise from the time subjects or their guardians con-
sent to participation until the conclusion of the study
visit. These events encompass abnormal laboratory find-
ings, symptoms, or diagnosed diseases. Each AE will be
documented on a case report Form (CRF), accompanied
by detailed clinical reports provided by the researcher.
Upon the potential onset of AEs, our priority is the
well-being of the participants. We will administer appro-
priate treatment based on individual patient needs and
assess whether to halt the clinical research. The PI is
responsible for promptly notifying National Center for
Pharmacovigilance of the Agency for Medicinal Products
and Medical Devices of the Republic of Slovenia. A seri-
ous adverse event (SAE) report must be submitted within
24 h in writing, followed by a subsequent report to the
National Medical Ethics Committee for further review.

Confidentiality

The patients will be identified only by code on all docu-
ments, which will be collected for data analysis. The
responsibility for maintaining the log of subject identi-
fication data lies with the PI. No document leaving the
research center shall contain the patient’s name or any
other information that could potentially disclose their
identity, nor shall such information be used for clinical
research data analysis.

As a participant in the study, the patient retains the
right to access information regarding their personal data
collected and processed by the research provider, request
corrections or deletions when necessary, and file com-
plaints with supervisory authorities. These authorities
include the Information Commissioner of the Republic of
Slovenia.

Data collection and monitoring committee

As an impartial entity separate from research, sponsors,
and any potential conflicts of interest, the guardian’s
Center for Clinical Research at UMCL is responsible for
reviewing and monitoring all active studies conducted
within the clinic. Annually, throughout the duration of
the study, the PI compiles a progress report detailing the
study’s advancements, recorded adverse effects, and any
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serious adverse events (SAEs). This report is the sub-
jected to evaluation by the aforementioned committee.

The information produced throughout the trial will be
documented both in the primary medical records and the
case report form (CRF). Quality control staff will verify
the alignment of CRF data with the original records to
guarantee accurate entry into the CRFE. Four data col-
lection timepoints are scheduled: baseline, intervention
(d=0), 4 weeks, and 6 months post-intervention. After
complete data collection, research records will be sub-
mitted to the research leader or revision within 48 h and
all data will be submitted to the PI within 1 week. After-
wards, the data will be analyzed by the statisticians.

Dissemination of data acquired in this trial will be per-
formed through international and national conferences
and via peer-reviewed publications. After the trial’s com-
pletion, our data set will be available.

Availability of data and materials

The electronic study records will be securely stored on
the hospital’s servers, and access will be granted only
through password-protected network computers. These
data will be preserved for a period of 10 years; after
which, these will be permanently removed.

Statistical methods
Since this will be an academic, exploratory study, no for-
mal sample size calculation was performed.

We will compare the values of the presence of selected
molecular markers in the synovial fluid, blood, and urine
within the intervention group of patients who will receive
MSC therapy. We will compare baseline values with val-
ues at the time of surgery (4—6 weeks after MSC applica-
tion), as well as with values in control group samples. We
will compare gene expression in chondrocytes and syn-
oviocytes between the intervention and control groups,
which will be isolated from biopsy samples obtained
during surgery of both arms. Numeric variables will be
compared with unpaired or paired ¢-test or appropriate
non-parametric test. We will also compare the values of
subjective questionnaires (KOOS, VAS) and the clinical
status of the treated knee (IKDC examination) between
the two groups and the two time intervals. We will also
record any side effects in the period between MSC appli-
cation and surgery, as well as up to 6 months after sur-
gery. Missing data will be handled according to standard
protocols. To assess the normality of data, we will use
graphical methods and tests (e.g., Shapiro—Wilk or Kol-
mogorov—Smirnov). Log transformation will be applied
if assumed it could help normalize data distribution and
interpretation.

Page 7 of 11

Data will be analyzed using databases with Excel
spreadsheets and statistical analysis software such as
SPSS, GraphPad Prism, or similar tools.

Discussion

This exploratory study will assess the rarely addressed
effect of MSC therapy on KOA biological markers, asso-
ciated with BIPED criteria. This is a pharmacological
clinical study. Taking into account the ethical aspect of
such study types, only the patients with terminal KOA
(Kellgren—Lawrence grade 4) designated to undergo knee
arthroplasty in the near future will be evaluated. Given
that the safety of MSCs use for KOA has been confirmed
in numerous clinical studies within the EU and world-
wide, and MSC therapy of KOA is regularly performed
on a hospital exemption basis within the EU implying
active pharmacovigilance, the assessment of safety is not
the primary goal of this study.

Regardless of the widespread use of MSCs in the field
of orthopedics in the last two decades, very little is still
known about the molecular mechanisms or the way this
type of therapy works in the treatment of osteoarthritis
[27]. Usually, the external application aims to increase
their number and take advantage of their anti-inflamma-
tory, mitogenic, angiogenic, and antiapoptotic proper-
ties. In doing so, we rely on the knowledge we have about
the way they work, mainly from basic in vitro and pre-
clinical research, and the clinical response is most often
monitored using imaging diagnostics and subjective
assessment of patients. Such monitoring, which is based
on symptomatic, physical, and imaging methods, does
not reflect pathophysiological processes or treatment
effects at the molecular level. Thus, the results of clinical
laboratory investigations in patients with KOA treated
with the use of MSCs are largely unknown.

In this context, larger amounts of specific molecular
markers can definitely be detected in various body fluids
of patients with KOA, which can represent an important
source of information regarding the disease state of KOA,
the diagnosis, and the effectiveness of the selected thera-
peutic approach [28]. Here, the identification of markers
of this layer is particularly important in the synovial fluid,
as it represents direct information from the target ana-
tomical location, without signals from other joints that
could interfere with the analysis in systemic fluids (e.g.,
blood or urine). An additional source of high-quality
information could be obtained from biopsy samples of
the cartilage and synovium, where chondrocyte cells or
synoviocytes would be monitored for the expression of
KOA-specific genes.

In addition to BIPED classification, biomarkers found
in the synovial fluid can also be designated into four
classes, based on their molecular characteristics. These
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include biomarkers related to collagen metabolism, those
related to aggrecan metabolism, other non-collagenous
proteins, and biomarkers related to other processes (e.g.,
inflammation or fibrosis) [24, 29]. Based on a recent sys-
tematic review published recently by Boffa et al,, more
than 200 biomarkers in the synovial fluid have been iden-
tified at various degrees of their correlation with osteo-
arthritis [24]. For our study, we have made a selection
of biomarkers, whose association with KOA was most
strongly supported by literature (considering the num-
ber of publications for individual biomarker). At the same
time, we aimed at analyzing at least one biomarker from
each of the four classes of the molecular characteristics.
We selected a total of 29 biomarkers in the aftermath.

The N-propeptide of collagen IIA or PITANP is a splice
form of type II collagen. Synthesized by chondrocytes,
it correlates to increased collagen synthesis [30]. Its
increased concentrations are therefore related to a lesser
burden of KOA and predict decreased odds of KOA pro-
gression in the future [31]. Aggrecan is the most repre-
sented proteoglycan in the extracellular matrix and thus
plays a critical role in cartilage function/joint function
[32]. Its increased level in the synovial fluid have been
associated with early knee injury and were elevated
radiographic KOA [33]. During KOA, the enzyme aggre-
canase-1 (ADAMTS-4) can cleave aggrecan which leads
to the progression of disease [34].

In the context of non-collagenous proteins associated
with KOA, we will analyze the levels of COMP, hyaluro-
nan, TIMP-1, and several MMPs (MMP-1/3/7/9 and 13).
Non-collagenous proteins such as COMP provide a resil-
ient meshwork for knee cartilage. COMP is synthesized
by chondrocytes and provides many roles for proper
cartilage functioning. Numerous studies have shown ele-
vated levels of COMP were associated with KOA sever-
ity [35-37]. Hyaluronan associates with aggrecan in the
knee and provides a lubricant function to the joint and its
resistance to compression forces [38]. Increased inflam-
mation within the synovial fluid can decrease its viscos-
ity due to increased water presence, which can affect the
fluid volume within the joint and affect hyaluronan lev-
els. These can be further affected by increased enzymatic
degradation of hyaluronan [39]. TIMP-1 (an inhibitor of
metalloprotease-1) has been shown to be significantly
increased in synovial fluid of KOA patients compared
to controls [40]. Matrix metalloproteinases, particularly
MMP-1/3/13 and to some extent others, are all detected
in the synovial fluid and frequently observed in relation
to KOA, with various predictive powers [41]. Particu-
larly MMP-3 has been shown a predictive value between
healthy controls and patients [42]. Syndecan 4, a heparan
sulfate proteglycan and important regulator of cartilage
degradation, can be shed by MMPs into the synovial fluid.
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It was demonstrated by Bollmann et al. that elevated Syn-
decan 4 levels correlate with KOA severity, with MMP-9
showing the highest shedding activity in vitro [43].
Tenascin C, a glycoprotein expressed in ECM, has been
designated as potential marker of intervention efficacy. It
was found to be inversely correlated with improvements
in VAS pain after the treatment in KOA [44].

By merit of immune-mediated mechanisms involved
in KOA, a great number of immune-related biomarkers
have been studied in this relation. Indeed, infiltration of
various immune cell types (e.g., T cells, mast cells, mac-
rophages, etc.) and their molecular products is detectable
in KOA, although their pathophysiological importance is
still inadequately understood [45]. Among cytokines, the
most studied have been IL-6, followed by IL-8 and TNEF-
a, all belonging to innate inflammatory cytokines [24, 46].
Macrophages represent one of the central immune cells
in KOA pathology and the presence of soluble markers
CD14 and CD163 have been correlated with KOA symp-
toms and macrophage activation status [47, 48]. Immune
cell infiltration is mediated by chemokines present in
the SE. In particular, CCL2 is a known monocyte/mac-
rophage chemoattractant and is significantly increased in
KOA patients [49, 50]. Other chemokines, such as CCL5,
have also been shown important for KOA development.
Besides attracting immune cells, chemokines such as
CCL5 can directly amplify synovitis by inducing IL-6
production and can cause cartilage degeneration [51, 52].

We also chose to analyze key markers associated with
bone and cartilage metabolism in KOA. Bone mor-
phogenetic proteins such as BMP-2 play an anabolic
role and have been assigned a chondroprotective effect
[53]. Regarding KOA, increased KL grades along with
WOMAC scores positively correlated with BMP-2
presence in serum and SF [54]. A protein member of
the dickkopf family, DKK-1, is known for its inhibitory
activity of Wnt signaling, a master regulatory path-
way of joint homeostasis and a potential drug target
in KOA, since active Wnt pathway promotes cartilage
breakdown [55]. DKK-1 is inversely correlated with
KOA severity and its presence has been shown to ame-
liorate disease progression [56, 57]. Similarly to DKK-1,
sclerostin is also a Wnt signaling antagonist and corre-
lates inversely with disease severity [58]. In addition to
Wnt, the osteoprotegerin-RANK-RANKL signaling sys-
tem is the other key player in joint homeostasis. Besides
subchondral bone, osteoprotegerin can be expressed in
the cartilage, particularly in advanced KOA [59], where
it is readily detected in SF [60]. Bone metabolism is
importantly affected by growth factors (e.g., TGE-p,
VEGE, FGEF-2, etc.), with VEGF playing a key role. Wnt
pathway inhibition downregulates VEGF expression,
an advantageous process in KOA development. Indeed,



Svajger etal. Trials ~ (2024) 25:533

VEGF showed a positive correlation with KOA severity
in six out of seven studies analyzing its presence in SF
[24].

As obesity is a major risk factor for KOA development,
biomolecules released from fat tissue cells (adipokines),
in addition to increased load on joints, have been shown
to impact disease development [61]. One of the key adi-
pokines in this regard is the hormone leptin, produced
by white adipocytes and normally regulates appetite and
energy homeostasis [62]. In SF, leptin can be detected in
correlation with BMI and is known to influence immune
processes and can trigger catabolic effects within the car-
tilage, leading to its destruction. In association with KOA
severity, three out of four studies reported a positive cor-
relation with leptin presence in SF [24].

The impact that MSC therapy could reflect on key tran-
scriptional markers in bioptic tissue, namely in chondro-
cytes and synoviocytes, we believe is an aspect worthy of
investigation in regard to their efficacy in KOA therapy.
For analysis of gene expression, we selected ten genes
associated with chondrocyte function, cartilage catabo-
lism, pain, and inflammation.

In OA cartilage, chondrocytes have impaired function
as characterized by a reduced ratio of COL2/COL1 [63]
and decreased SOX9 expression [64]. Additionally, the
destruction of cartilage in OA results from the inabil-
ity of chondrocytes to maintain homeostasis between
ECM synthesis and degradation [65]. MMP-13 [66],
ADAMTS-4, and ADAMTS-5 [67] are especially impor-
tant proteinases involved in the degradation of main
components of cartilage ECM, aggrecan, and type II
collagen.

Pain is one of the main symptoms of OA, and NGF
emerged as one of the key regulators of chronic pain.
Increased expression of NGF has been associated with
KOA pain [68], which according to clinical studies has
been significantly reduced by anti-NGF antibodies [69].
Moreover, as NGF inhibition using monoclonal anti-
bodies has also been associated with increased adverse
events and progression of disease in the long-term [70],
it will be of particular importance to see how MSC ther-
apy can affect NGFE. Although no similar negative long-
term effects specific to MSC treatment in KOA have
been described so far, their impact on key biomarkers in
this aspect is crucial for in-depth understanding of their
actions.

IL-1B and TNF-a are considered key cytokines in the
development of OA, expressed in various joint tissues
[71]. Levels of IL-6 are also elevated in the synovial fluid
of OA patients and correlate with cartilage lesions [72].
All above-listed cytokines share similar catabolic effects
during OA, such as inhibition of cartilage ECM synthesis
and induction of matrix-degrading enzymes [73].
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Conclusion

To our knowledge, there is yet no data on the pharma-
cological effects of allogeneic, umbilical cord-derived
MSC:s in the treatment of KOA. We believe our analytical
approach could give us important and integral insights
into presumed and largely unknown mechanisms of
action of MSC therapy in joint diseases. The study proto-
col is also designed in such a manner to allow for future
application in various randomized trials that will pursue
to assess MSC efficacy and its comparison with other
therapeutic modalities in KOA. Lastly, we believe that the
recognition of key mechanisms of action associated with
MSC therapy can serve as important groundwork for
future optimization and development of more efficient
MSC-based advanced therapy medicinal products.
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