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Abstract

Inflammation plays a major role in progression of rheumatoid arthritis (RA), a disease treated with
antagonists of tumor necrosis factor-alpha (TNF-a) and interleukin 18 (IL-1pB). New /in vitro
testing systems are needed to evaluate efficacies of new anti-inflammatory biological drugs,
ideally in a patient-specific manner. To address this need, we studied microspheroids containing
10,000 human osteoarthritic primary chondrocytes (OACs) or chondrogenically differentiated
mesenchymal stem cells (MSCs), obtained from three donors. Hypothesizing that this system can
recapitulate clinically observed effects of anti-inflammatory drugs, spheroids were exposed to
TNF-a, IL-1B or to supernatant containing secretome from activated macrophages (MCM). The
anti-inflammatory efficacies of anti-TNF-a. biologicals adalimumab (ADA), infliximab (IFX) and
etanercept (ETA), and the anti-IL-1p agent anakinra (ANA) were assessed in short- term
microspheroid and long-term macrospheroid cultures (100,000 OACs). While gene and protein
expressions were evaluated in microspheroids, diameters, amounts of DNA, glycosaminoglycans
and hydroxiproline were measured in macrospheroids. The tested drugs significantly decreased the
inflammation induced by TNF-a or IL-1p. The differences in potency of anti-TNF-a biologicals
at 24 hrs and 3 weeks after their addition to inflamed spheroids were comparable, showing high
predictability of short-term cultures. Moreover, the data obtained with microspheroids grown from
OACs and chondrogenically differentiated MSCs were comparable, suggesting that MSCs could
be used for this type of /n vitrotesting. We propose that /n vitro gene expression measured after
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the first 24 hrs in cultures of chondrogenically differentiated MSCs can be used to determine the
functionality of anti-TNF-a. drugs in personalized and preclinical studies.
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human articular chondrocytes; mesenchymal stem cells; 3D tissue spheroids; inflammation; anti-
TNF-a biologicals

1. INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease, causing disability in about 1%
of general population.! RA is characterized by the accumulation of inflammatory cells in
synovium, erosion of articular cartilage and subchondral bone, and in severe cases by joint
destruction.? Therapies with anti-TNF-a biologicals are being used with improved clinical
outcomes in comparison to traditional anti-rheumatic drugs.3 Anti-TNF-a drugs
competitively antagonize TNF-a,, a pivotal factor in immune-mediated inflammatory
diseases such as RA, psoriatic arthritis (PA) and osteoarthritis (OA).* Etanercept (ETA,;
recombinant human TNF-a soluble receptor fusion protein), infliximab (IFX; chimeric
mouse/human monoclonal antibody) and adalimumab (ADA,; recombinant human
monoclonal antibody) are being clinically used for the longest time. However, due to the
high cost, these drugs represent a heavy burden to healthcare budgets. Fortunately, their less
expensive and therefore more available biosimilar counterparts (biosimilars) are becoming
available to patients. But before gaining official approvals for entering clinical trials, these
drugs must first demonstrate their /n vitro “similarity” to the existing originators. Therefore,
the development and application of patho-physiologically relevant and reliable cell culture-
based /n vitro models for drug testing are of great importance.

Cell-based assays are critical for assessing efficacies of new drugs in preclinical studies,
while contributing to reduction of animal testing, in line with the 3R (Replacement,
Reduction and Refinement) ethical principle.> Cell lines are often used in drug research, as
they are cost-effective, easy to use, available in unlimited quantities and are can be free of
ethical concerns. However, since they are genetically different, either due to natural
mutations or planned manipulations, their phenotypes, functionalities and responses to drugs
are often different from those obtained with their primary counterparts. Also, after several
consecutive in vitro passages, cell lines can experience genetic instabilities.

Human osteoarthritic primary chondrocytes (OACSs), isolated from biomedical waste
materials following joint-replacement surgery, represent an accessible and attractive cell
source for /in vitro drug testing. Importantly, genetic stability during long-term /n vitro
expansion of OACs has been demonstrated.’ 8 Interestingly, gene expression profiles of
normal chondrocytes (NCs) and OACs show little difference when cultured in monolayers,
suggesting that the biological profile of cells is influenced more by the microenvironment
than the disease state of donor’s cartilage.® We have shown, by analyzing changes in
expression of the most important genes involved in inflammation (MCP1, IL6, IL8, PTGSZ,
VCAM]I) and catabolism (ADAMTS4, MMPI1, MMP13) in OA, that the inflammatory state
of OACs and anti-inflammatory effects of IFX and ETA can be monitored in monolayer
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cultures using a quantitative reverse transcription-polymerase chain reaction (QRT-PCR).10
We therefore hypothesized that OACs could be used to create three-dimensional (3D)
microtissues used for /n vitro testing of anti-inflammatory biologicals.

Chondrocytes grown in a 3D environment morphologically and physiologically differ from
their counterparts growing in two-dimensional (2D) monolayer cultures. Spatial and
physical aspects of a 3D environment are thought to affect a number of cellular processes,
including proliferation, differentiation, morphology, gene and protein expression and
responsiveness to external stimuli.11.12 As 3D cell culture systems can mimic physiological
tissue microenvironments, they could be used as predictive models for drug testing.® For
decades, scaffold-free 3D tissues (spheroids), uniform in cell numbers and sizes, are being
successfully generated by self-assembly of cells seeded in hanging drops.>13 Also, this cell
culture procedure can be accomplished by using automated liquid handling systems, thereby
enabling high-throughput testing in preclinical drug discovery.

In this study we describe a new /7n vitro hanging-drop 3D chondrogenic tissue model
combined with the gRT-PCR method for assessing potencies of anti-TNF-a. (ADA, IFX, and
ETA) and anti-I1L-1p (ANA) biological drugs. Moreover, our goal was to determine whether
chondrogenically differentiated mesenchymal stem cells (MSCs), obtained from the same
donors as the OACs, could be equivalently used in the newly developed testing model.
Spheroid microtissues were prepared from either 10,000 OACs or a matching number of
chondrogenically differentiated MSCs (Ngonors = 3) and exposed for 24 h to human
recombinant TNF-a, IL-1f or a cytokine rich medium conditioned with activated
macrophages (MCM). The specific cytokine-neutralizing potencies of ADA, ETA, IFX and
ANA were determined by qRT-PCR. Drug potencies were assessed from the expression
levels of the eight most differently expressed genes involved in arthritis.1415 The changes in
gene expression levels measured in differently treated microspheroids were correlated with
the concentrations of specific proteins found in microspheroid culture supernatants. The
quantities of DNA, glycosaminoglycans (GAG) and hydroxiproline (OHP) were assessed in
macrospheroids containing 100,000 OACs following their 3 week-long exposure to TNF-a,
IL-1B or MCM, in the presence or absence of a corresponding individual anti-inflammatory
biological drug.

2. MATERIALS AND METHODS

2.1. Isolation of mesenchymal stem cells and osteoarthritic chondrocytes

After obtaining the Institutional Review Board approval (IRB-AAC4836), femoral heads
were acquired from three patients (2 females and 1 male) aged 57 to 70 years (mean age 63)
with advanced osteoarthritis (OA), who underwent hip replacement surgeries at the New
York Presbyterian Hospital, Columbia Medical Center, New York, USA. After dissection of
cartilage and its storage in phosphate buffered saline (PBS; Mediatech, Manassas, VA, USA)
at 4 °C, the trabecular bone was removed using a sterile surgical bone chisel (Dental
Wakefield Bone Chisel #1w, ProSurg, USA) and transferred into 50 mL falcon tubes (BD
Falcon, Franklin Lakes, NJ, USA), each containing 20 ml of a-Minimum Essential Medium
(a-MEM; Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% (v/v) of heat-
inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 1% (v/v) of
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Antibiotic-Antimycotic solution (10,000 U/mL of penicillin, 10,000 pg/mL of streptomycin
and 25 pg/mL of Fungizone®; Gibco, Grand Island, NY, USA) and 1% (v/v) of 200 mM L-
Glutamine (Sigma-Aldrich).

The harvested material was agitated for 30 min at 37 °C and 100 rpm, using the Excella E24
incubator shaker (New Brunswick Scientific, Edison, NJ, USA) and then vortexed for 2 min
to release bone marrow cells. In order to remove the fatty layer from the cell suspension, the
falcon tubes were placed upright for approximately 20 min at room temperature and the
upper adipose-rich layer was aspirated using a sterile pipette. The cell suspension was then
filtered through a 70 um cell strainer (Falcon, BD). A volume of 5 mL of filtered cell
suspension was then added to 20 mL of a complete a-MEM medium supplemented with 1
ng/mL of basic Fibroblast Growth Factor (bFGF; Peprotech, Rocky Hills, NJ, USA), and
used for plating the cells at a density of 50,000/cm? into 150 cm? plastic tissue culture T
flasks (Costar, Corning, NY, USA). Of all isolated cells, only MSCs adhered to the bottom,
and were further cultured at standard conditions (37 °C and 5% CO, in air) in a humidified
MCO-19M Sanyo O,/CO5 incubator (Sanyo, Osaka, Japan).

The cells were expanded until they reached ~90% confluence, during which time the
complete medium was changed 3 times per week. Passage one (P1) MSCs were trypsinized
using 0.025% trypsin/0.01% Ethylenediaminetetraacetic acid (EDTA) solution (Gibco),
washed in PBS and resuspended in 5 mL of expansion medium, i.e. high glucose Dulbecco’s
Modified Eagle Medium (DMEM; Gibco), supplemented with 10 % v/v FBS, 50 pg/mL
gentamicin (Gibco) and 0.1 ng/mL bFGF (Peprotech). Subsequently the number of viable
cells was microscopically determined using 0.4% Trypan blue staining solution (Sigma-
Aldrich) and the Neubauer haemocytometer (Fisher Scientific, Hampton, NH, USA).

Next, MSCs were aliquoted and cryopreserved in 10% (v/v) DMSO (Sigma-Aldrich) in
FBS, at concentrations of 108 cells/mL and stored in liquid nitrogen. The identity and
multipotent nature of isolated MSCs were confirmed by: (a) detection of their characteristic
surface molecules CD73, CD90 and CD105 with flow cytometry, and (b) their /n vitro
differentiation into adipocytes, chondroblasts and osteoblasts (Supplement 1).

Osteoarthritic chondrocytes (OACs) were enzymatically isolated and cryopreserved from
cartilage samples as described previously.1 Briefly, samples were rinsed in sterile PBS,
minced into small pieces and collected in DMEM Nutrient Mixture F-12 (Gibco),
supplemented with 50 ug/mL gentamicin, 2 pg/mL Fungizone® and 1 mg/mL collagenase
type Il (Gibco). Enzymatic tissue digestion was carried out for 24 h at 37 °C. After washing
and resuspending the cells, their numbers were determined as in the case of MSCs.
Subsequently, OACs were either grown in chondrogenic medium, composed of high glucose
DMEM (Gibco), supplemented with 1% (v/v) Corning® ITS Premix Universal Culture
Supplement (Corning, Bedford, MA, USA), 50 pg/mL gentamicin (Gibco), 1% (v/v) 1M
HEPES buffer (Mediatech), 0.1 mg/mL sodium pyruvate (Invitrogen, Waltham, MA, USA),
50 pg/mL L-Proline (Sigma-Aldrich), 50 pg/mL L-ascorbic acid (Sigma-Aldrich) and 10
ng/mL transforming growth factor beta 3 (TGF-B3; R&D, Minneapolis, MN, USA), or
cryopreserved in liquid nitrogen until use.
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2.2. Cell expansion and the formation of micro and macro spheroids

OACs or MSCs were grown in monolayers to 80 — 90% confluence in MSC expansion
medium. For short-term experiments cell culture passages P1 — P3 were trypsinized, cells
seeded on Perfecta 3D® 96-Well Hanging Drop Plates (3D Biomatrix Inc, Ann Arbor, MI,
USA), using a 20 — 200 uL multichannel pipette (Thermo Scientific, Waltham, MA, USA)
for delivering 10,000 cells/drop (Vgrop= 40 pL), and then left to form tissue microspheres.
At day 3, half volume of the expansion medium, devoid of bFGF, was replaced with the
chondrogenic medium. While primary chondrocytes were grown in drops for 5 days,
chondrogenic differentiation of MSCs was only achieved within a 3 week culture period.
During this time half of the medium in drops was exchanged 3-times a week. Finally,
diameters of 30 microspheres/cell type/donor were measured using the Olympus FSX 100
inverted microscope (Olympus, Tokyo, Japan). At the end of the culture period,
microspheroids formed in hanging drops were transferred to U-bottomed 96-well
microplates (Costar), incubated for an additional 24 h, and then used for further experiments.
After fixing and dissecting the microspheroids, chondrogenic differentiation of MSCs and
re-differentiation of OACs were determined in histological slices by Alcian blue and
collagen 1l staining (Supplement 1a). For long-term experiments macrospheroids containing
100,000 OACs (P2) were formed by employing the same centrifugation method, as in case
of forming spheroids for /n vitro characterization of chondrogenic differentiation of isolated
MSCs (Supplement 1a).

2.3. THP-1 cell culture and preparation of macrophage conditioned medium (MCM)

Following the established protocol for induction and polarization of the THP-1 human
monocytic cell line (American Type Culture Collection - ATCC, Manassas, VA, USA) into
M1 inflammatory macrophages, an abundant natural source of TNF-a, IL-1p and numerous
other cytokines and growth factors in a form of macrophage conditioned medium (MCM)
was obtained.1® THP-1 cell cultures were established at a density of 2 — 4 x 10° cells/mL in
150 cm? plastic tissue culture T flasks (Costar), using THP-1 culture medium, i.e.
RPMI-1640 (Gibco), supplemented with 50 pg/mL of gentamicin (Gibco) and 10% (v/v) of
either heat-inactivated human serum (ATCC) or FBS (Gibco). The cells were subcultured 4
— 6 times, at a concentration of 8x10° cells/mL.

Differentiation of monocytes into macrophages was induced with 10 ng/mL (~16 nM) of
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 16 h in 25 cm? ultra-low
attachment flasks (Costar), at a concentration of 10° cells/mL. Subsequently, the THP-1
culture medium was replaced with the polarization medium, consisting of 100 ng/mL
lipopolysaccharide (LPS; Sigma-Aldrich) and 100 ng/mL of human interferon gamma (IFN-
v; Peprotech) in THP-1 culture medium. The M1 macrophage polarization was achieved
after 48 h. Next, the polarization medium was completely removed and substituted with the
THP-1 medium. The cells were incubated for 24 h, after which the medium was again
replenished. Finally, after additional 24 h incubation the cell culture supernatant (MCM) was
collected and stored at —80 °C. Two batches of MCM were prepared, depending on the type
of serum used throughout THP-1 cell cultivation and polarization, i.e. MCMggs and
MCMy, s, respectively.
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2.4. Inflammatory cytokines and anti-inflammatory biological drugs

The OA inflammatory microenvironment was established by adding 1 ng/mL of
recombinant human TNF-a (Peprotech), 1 ng/mL of recombinant human IL-1p (Peprotech)
or a working solution of MCM (50% of MCM in 50% chondrogenic medium) to cell
cultures. Then, anti-inflammatory biologicals were added to reduce the inflammation
(Figure 1). Anti-TNF-a biologicals etanercept (Enbrel®, Immunex Corp., Thousand Oaks,
CA, USA) and adalimumab (Humira®, Abbott Laboratories, North Chicago, IL, USA), as
well as the anti-IL1p biological drug anakinra (Kineret®, Swedish Orphan Biovitrum AB,
Stockholm, Sweden), were kindly donated by Dr. Lisa F. Imundo, MD, head of the Division
of Adolescence Rheumatology at Morgan Stanley Children’s Hospital, New York, NY, USA.
Another anti-TNF-a drug, infliximab (Remicade®, Janssen Biotech Inc., Horsham, PA,
USA), was obtained from the local pharmacy. To avoid excessive freeze-thaw cycles, stock
solutions of cytokines, MCM and tested biological drugs were prepared, aliquoted and
stored at —80 °C.

Solutions of human recombinant cytokines in chondrogenic medium, either alone or
supplemented with 1 pg/mL of adalimumab (ADA), infliximab (IFX), etanercept (ETA) or
anakinra (ANA), were preincubated for 30 min at room temperature, after which they were
added to MSC- or OAC-derived chondral microspheroid cultures for 24 h or to OAC
macrospheroid cultures for 3 weeks with medium refreshment twice a week. Subsequently,
the microspheroids and their corresponding supernatants were collected and stored at =80 °C
for further analysis. Sample groups were set up as follows: @ (control 1; chondrogenic
medium alone), MCMg (control 2; 50% THP-1 culture medium + 50% chondrogenic
medium), TNF-a, IL-1p or MCM}, 5. working solution either alone or in conjunction with
ADA (TNF-a+ADA; MCM+ADA), IFX (TNF-a+IFX; MCM+IFX), ETA (TNF-a+ETA;
MCM+ETA) or ANA (IL-1p+ANA; MCM+ANA).

2.5. Gene and protein expression analyses

Expressions of /L6, IL8 MCP1, MMPI1, MMP13, ACAN, SOX9and VCAMI genes in
microspheroids were determined by gRT-PCR. Total RNA isolation and reverse transcription
of MRNA to cDNA were carried out with Fast SYBR® Green Cells-to CT™ Kit (Ambion,
Foster City, CA, USA), according to manufacturer’s instructions. DNase | was added to lysis
solution and then half of each microspheroid lysate was used for mMRNA to cDNA reverse
transcription. Next, isolated cDNA was stored at =20 °C. Thawed cDNA samples were
diluted with equal volumes of nuclease-free water, provided with the kit. gRT-PCR reactions
were carried out using 96-well optical plates (Applied Biosystems, Foster City, CA, USA),
containing 15 pL of reaction mixture/well. This was composed of 7.5 pL Fast SYBR® Green
Master Mix (Applied Biosystems), 1.9 uL nuclease-free water, 5 pL of 2-times diluted
cDNA sample, and 0.3 pL of each, forward and reverse custom-made primers (Cprimer = 10
UM; Invitrogen) (Table 1).

A total of 40 cycles of qRT-PCR were performed as follows: activation (20 s at 95 °C),
denaturation (3 s at 95 °C), annealing and extension (30 s at 60 °C). The results were
recorded on StepOne Plus Real-Time PCR System (Applied Biosystems, Singapore) and the
amplification products were analyzed with the StepOne Soft program (Applied Biosystems,
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Singapore). In each sample, the level of particular gene expression was calculated as a ratio
of the analyzed gene C values versus the stably expressed glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) reference gene Cq values and normalized to untreated control
group, i.e. 8 or MCMg.14 For each group, three samples of cDNA were obtained from three
individual microspheroids and for each of them gRT-PCR analysis was performed in
duplicate. The resulting Cq values were recorded at 0.3 threshold and changes in gene
expressions were calculated as 224C9.17 For low expressed genes a cut-off value or Cq = 35
was used.

To determine the concentrations of TNF-a,, IL-1p, IL-6, IL-8 and MCP-1 cytokines, both in
MCM, and in supernatants of differently treated microspheroids, enzyme-linked
immunosorbent assays (ELISA) were performed according to manufacturers’ instructions.
Except for IL-1p ELISA (R&D), all other kits were purchased from Peprotech. Using a
TECAN Infinite M200 microplate reader (TECAN, Grddig, Austria) absorbances were
measured, either at 405 nm with the wavelength correction set at 650 nm, or at 450 nm with
the wavelength correction at 570 nm, for Peprotech kits and the R&D Kkit, respectively.
Concentrations of TNF-a, IL-1B, IL-6, IL-8 and MCP-1 were determined from slopes of
standard curves and calculated in ng/mL.

2.6. Assessment of apoptosis

Apoptotic changes were evaluated after a 3 week treatment of chondral macrospheroids
composed of 100,000 OACs, with TNF-a., IL-18 or MCM. At that point, macrospheroids
were fixed and processed as described in Supplement 1a. Histological sections (5 pm thick)
were incubated with antibodies recognizing the cleaved caspase-3 (Cell Signaling, Danvers,
MA, USA), according to manufacturer’s instructions. To visualize apoptotic cells, HRP-
labeled secondary antibodies and other components of the Vectastain® Universal Elite®
ABC Kit (Vector laboratories, Burlingame, CA, USA) were applied, following the
manufacturer’s protocol. Images were acquired with the Motic BA210 LED light
microscope, equipped with a Moticam 3.0 MP camera, and processed by using the Motic
Images Plus 2.0 software (all from Motic Asia, Hong Kong).

2.7. Cell viability assay

To determine the extent of cell viability in microspheroids, which were individually kept in
50 pL of chondrogenic medium within their original wells of a 96-well microtiter plate, 50
pL of CellTiter-Glo® reagent (Promega, Madison, W1, USA) per well was added. The plate
was incubated for 30 min at room temperature and then mildly agitated for 2 min on orbital
shaker to accelerate cell lysis. The contents of wells were transferred to a clear bottom black
96-well plate and incubated at room temperature for additional 10 min. Luminescence of
ATP released from living cells was recorded on the TECAN infinite M200 plate reader
(TECAN), with the integration time of 1s.

2.8. DNA, GAG and total collagen quantification

For DNA quantification, each tissue macrospheroid containing 100,000 OACs was digested
overnight at 60 °C in 1 mL of papain digestion buffer, containing: 20 pL of papain solution
(Papain from papaya latex, Sigma-Aldrich), 8 mg sodium acetate (Sigma-Aldrich), 1.6 mg
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cysteine hydrochloride (Sigma-Aldrich), 18.6 mg EDTA (Sigma-Aldrich) and up to 1 mL of
deionized water. Next, supernatants (100 uL) were transferred in duplicate to clear bottom
black 96-well microplates (Costar) and 100 pL of Quanti-iT™ PicoGreen® ds DNA Assay
reagent (Molecular Probes, Eugene, OR, USA) was added into each well. Finally,
fluorescence was measured using the TECAN Infinite M200 plate reader (TECAN) at 485
nm excitation and 520 nm emission wavelengths, to determine DNA contents.

The quantities of GAG were determined by using the Sulfated Gycosaminoglycan Assay
(Blyscan™ Kit, Biocolor, UK). Briefly, 40 L of supernatants taken from papain digested
samples or same volumes of chondroitin-6 sulphate standards, were transferred to clear
polystyrene 96-well plates (Costar). Following the addition of 200 pL of 1.9-
dimethylmethylene blue solution (Sigma-Aldrich) per well, absorbances were measured at
540 and 595 nm on the TECAN Infinite M200 plate reader (TECAN), within 5 min. The
OHP content was determined following a modified protocol of Stegemann and Stalder
(Supplement 2).18

2.9. Data analysis

All results are presented as mean + SEM. Unless otherwise stated, one-way ANOVA with
Tukey’s post hoc analysis was used to determine statistically significant differences between
the sample groups. Statistical analyses were carried out using GraphPad Prism® 5.0 software
(San Diego, CA, USA), with a minimum of 3 biological replicates. P<0.05, P<0.01 and
P<0.001 values, shown in figures as *, ** or ***, respectively, were considered statistically
significant.

For obtaining gene expression data following neutralization of ADA, ETA, IFX and ANA,
the measured Cq values were normalized to those of non-treated (g) samples. For
microspheroids treated with a single recombinant pro-inflammatory cytokine, gene
expressions were also normalized to the untreated control group, while in the case of
microspheroids treated with MCM, gene expression data were normalized to the MCM g
control group.

3. RESULTS

3.1. Culture of chondrogenic microspheroids

In order to systematically compare the effects of pro-inflammatory agents and anti-
inflammatory biologicals on OACs and chondrogenically differentiated MSCs, we isolated
both cell types from surgically removed femoral heads (biological waste material) of each of
the three available donors (Ngonors = 3; Mean age = 63 years), whenever possible. However,
due to the advanced age of donors and lower viability of MSCs, we were only able to
acquire paired sets of MSCs (M1 and M2) and primary OACs (p chl and p ch2) samples
from two of them. A sample of primary OACs (p ch3) obtained from the third donor, was
paired with unrelated MSCs (M3; donor age = 19 years), purchased from Lonza
(Walkersville, MD, USA).

To confirm that the isolated and purchased MSCs meet the generally accepted criteria, a tri-
lineage /n vitro differentiation of each sample (M1, M2, M3) was carried out. Successful

Biotechnol Prog. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zigon-Branc et al.

Page 9

adipogenic, chondrogenic and osteogenic differentiation was confirmed by Oil Red O,
Alcian Blue and von Kossa staining, respectively (Supplement Figure 1a). In accordance
with the established guidelines, MSCs were also phenotypically verified by flow cytometry,
following the positive staining of their representative CD73, CD90 and CD105 surface stem
cell markers with specific fluorescent antibodies (Supplement Figure 1b).1°

After characterization of MSCs and subsequent expansion of MSCs and OACs in monolayer
cultures, the cells were used for microspheroid formation in hanging drops. The average
diameters of microspheroids formed of OACs (n = 30) and chondrogenically differentiated
MSCs (n = 30) were 344 + 3.2 um and 247 + 3.5 um, respectively. Successful chondrogenic
differentiation of MSCs and re-differentiation of OACs in spheroids was confirmed by GAG
and collagen 1l staining using Alcian blue dye and a specific antibody against collagen II,
respectively (Supplement Figure 1c).

3.2. Effects of inflammatory cytokines on chondral microspheroids

Activated macrophages conditioned medium (MCM) is a very potent pro-inflammatory
agent. Prior to being used in experiments, properties of MCMy, s and MCMEgs, the contents
of selected inflammatory cytokines, stability following repeated freeze-thaw cycles, and cell
viability within MCM-treated microspheroids were comparatively characterized.
Concentrations of TNF-a, IL-1B, IL-6, IL-8 and MCP-1 in MCM}, 5. and MCMEggg were
determined by ELISA assays (Supplement Figure 2). TNF-a and IL-1f concentrations
found in MCMEggg were almost 10- and 2-fold higher than those present in MCMy, 5,
respectively. After two freeze-thaw cycles, the reproducibility of TNF-a and IL-1p
measurements was better in the case of MCM;, 5 (results not shown). Therefore, MCMp, 5.
was selected for further work, aliquoted and then used in most experiments. The
concentrations of TNF-a. in synovial fluids of patients with OA range between 0.03 and 0.08
ng/mL.2° To obtain similar concentrations, MCMj, s was diluted 1:1 with chondrogenic
medium, to obtain a working solution containing 0.05 ng/mL TNF-a and 0.45 ng/mL IL-1p.

As expected, undiluted MCMggg and MCMj, 4. affected cell viability in OAC
microspheroids more strongly than their diluted counterparts (Figure 2a). After 24 h of
incubation following their addition to microspheroids, a significant drop in cell viability was
observed already at concentrations = 0,025 ng TNF-a/mL in MCM. In addition, the effects
on cell viability of TNF-a or MCMjy, 5 alone or in combination with the three anti-TNF-a
biological (ADA, ETA and IFX), as well as the anti-IL-1p agent ANA, were tested on
microspheroids composed of OACs (p chl and p ch2) or donor matched chondrogenically
differentiated MSCs (M1 and M2) (Figures 2b and 2c). For OAC microspheroids that were
treated with either TNF-a or MCM;, 5 the differences in cell viability were not statistically
significant compared to untreated samples. On the other hand, cell viability in TNF-a or
MCMy, ¢, treated microspheroids containing chondrogenically differentiated MSCs, dropped
significantly. This cytotoxic effect could clearly be prevented with the addition of any of the
three anti-TNF-a agents (ADA, ETA or IFX) or the anti-IL-1p drug ANA.
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3.3. Effects of inflammatory factors and anti-inflammatory biological drugs on expression
of genes and proteins

Based on our previous results, the levels of 8 genes that were found to be most differentially
expressed in OA (/L6, IL8, MCP1, MMP1, MMP13, VCAM1, ACAN, and SOX9)* were
assessed in microspheroids made of OACs or chondrogenically differentiated MSCs
originating from 3 different donors (Figure 3a), following inflammation induction with
TNF-a, IL-1B, or MCMp ;. In the case of TNF-a induced inflammation, median gene
expressions were increased by >50-fold for /L8and MMP1, >20-fold for MCP1, >5-fold for
IL6and VCAM!I, and >2-fold for MMP13. When IL-1p was used as the inflammation
inducer, gene expression levels increased >2,000-fold for /L6and /L8, >780-fold for MMP1,
>80-fold for MCP1, >30-fold for MMP13, and >2-fold for VCAMLI. The pro-inflammatory
MCM;,s. working solution increased gene expressions by >450-fold for /L8, >100-fold for
MMP1, >3-fold for MMP13and VCAMI, and >2-fold for MCP1. All three inflammation
inducing factors efficiently increased the expression of the /L8 gene. At the same time, all
three factors were the weakest inducers of ACAN and SOX9genes, i.e. >0.2-fold and >0.45-
fold, respectively. Differences in gene expressions between differently treated chondral
microspheroid groups were considered biologically significant when their calculated fold
changes were = 2 which is equivalent to the log, fold change of = 1.

The inflammatory processes triggered by either TNF-a, IL-1f or the MCMy, 5. working
solution could always be reversed with the addition of ADA, IFX and ETA, as well as ANA.
As shown in Figure 3a, when microspheroid inflammation was triggered by TNF-a, the
addition of any of the three tested anti-TNFa biologicals had a remarkable impact on gene
expression. In general, the levels of constitutively expressed genes in tested cells were re-
established (log,RQ = 0) with the only exception being SOX9, where the observed changes
were not statistically significant (data not shown). Similarly, the addition of ANA notably
reversed the microspheroid inflammation process induced by IL-1, but its neutralizing
effect was weaker in terms of reaching the constitutive level of monitored gene expressions.
As shown previously, the working solution of MCM;, s caused significant changes in the
expression of /L6, IL8, MMP1, MMP13, VCAMI and ACAN genes. In this case, the
presence of ADA, IFX or ETA had no significant impact on the expression of most analyzed
genes. On the other hand, the addition of ANA diminished the expression of /L6, /L8and
MMP1 genes and at the same time increased the expression of ACAN.

To compare the anti-inflammatory capacities of ADA, IFX and ETA in a TNF-a-induced
inflammatory microspheroid tissue environment, median values of relative quantities, i.e.
fold changes of six selected genes, /L8, IL6, MCP1, MMPI1, MMP13and VCAMI, were
plotted on radar graphs (Figure 3b). The center of each radar graph (value 0) represents a
complete inhibition of gene expression.

Following the addition of TNF-a and individual anti-TNF-a biologicals, ADA, IFX or ETA,
to microspheroid tissues composed of OACs or chondrogenically differentiated MSCs,
different gene expression profiles were observed. In both types of samples, the anti-
inflammatory efficacy of ADA was superior compared to that of ETA or IFX. When tested
on microspheroids formed from OACs, IFX was found to be a weaker down-regulator of
MCP1, MMPI and /L8 gene expressions, while in those containing chondrogenically

Biotechnol Prog. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zigon-Branc et al.

Page 11

differentiated MSCs it was less efficacious in reducing the expressions of VCAMI, /L6 and
MCPI genes. In comparison to ADA, the TNF-a neutralization effect of ETA was found to
be less pronounced in the case of MCP1 and /L8 gene expressions in microsperoid tissues
prepared from OACs, while in those made of chondrogenically differentiated MSCs, its
weaker effects on the expression of MMPI and VCAMI genes were observed (Figure 3b).

Additionally, we verified whether the observed changes in gene expressions correlated with
the corresponding protein levels. For this purpose, IL-6, IL-8 and MCP-1 specific ELISAs
were used to test pooled supernatants taken from OAC-derived microspheroid cultures that
were previously treated with different inflammatory factors, either alone or in combinations
with tested anti-inflammatory biologicals (Figure 4). Compared to the negative control
group (), the addition of TNF-a, IL-1p or MCM, 5. working solution to microspheroids
elicited considerable increases in IL-6, IL-8 and MCP-1 concentrations, with a partial
exception of 1L-6, where no such changes could be detected when TNF-a alone was used as
inflammation inducer. The addition of individual anti-TNF-a. (ADA, IFX or ETA) or anti-
IL-18 (ANA) biological drugs to microspheroid cultures treated with TNF-a or IL-1p,
significantly decreased the amounts of all three cytokines in their supernatants, clearly
confirming correlations between particular gene and protein expressions. In cases where
MCM;,s. working solution was added to microspheroids, the anti-inflammatory effects of the
tested biologicals were less strong, in line with the observed gene expression levels. Except
for the samples treated with MCMy, s working solution, we were unable to detect IL-6, IL-8
and MCP-1 in supernatants of microspheroids formed from chondrogenically differentiated
MSCs, treated with TNF-a or IL-1p (data not shown).

3.4. Effects of inflammatory factors and anti-inflammatory biological drugs on the growth
of macrospheroids

The effects of MCMy, . or MCMEgs working solutions alone or various combinations of
MCMggs with either ADA, IFX, ETA, or ANA on the /n vitro growth of macrospheroids
made of 100,000 OACs, were monitored over a period of 3 weeks. In comparison to
controls, i.e. MCMggs @ or MCM, 5 @, the diameters of macrospheroids that were treated
with working solutions of MCMggg or MCM;, 5, decreased by almost 40% (Figure 5). In
contrast, when macrospheroids were concomitantly treated with combinations of MCMEggs
and individual anti-TNFa biological drugs, i.e. ADA, IFX or ETA, their diameters did not
change significantly. The only exception was observed when samples were treated with a
combination of MCMpggs working solution and anti-1L-1p biological drug ANA, where their
diameters increased by ~50%, as compared to the MCMpggg working solution treated
controls.

The effects of TNF-a and IL-1p either alone or in conjunction with their corresponsive
antagonistic biologicals, were also assessed by measuring the diameters of OACs-derived
macrospheroids after the 3 weeks observation period. We found that their diameters, after
they were treated with 1 ng/mL of TNF-a or 1 ng/mL of IL-1f, were comparable to those
measured in the g negative control group (Figure 5). While the concomitant presence of
TNF-a with ADA, IFX or ETA increased the macrospheroid diameters by ~22%, no such
effect was observed when the combination of IL-1f and its specific antagonist ANA was
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applied. To verify whether the changes in macrospheroid sizes were due to apoptosis, their
sections were stained with antibodies recognizing specific cleaved caspase Ill. Apoptotic
cells and morphological changes characteristic for apoptosis were only detected in
macrospheroids treated exclusively with either MCM;, s or MCMggs working solution, and
not in those cultured in the presence of 1 ng/mL TNF-a or IL-1p (Supplement Figure 3).

The same 3D tissue model (macrospheroids containing 100,000 OACs) and observation
period (3 weeks) were used also for assessing the effects of MCMggg and MCM, . working
solutions on DNA, glycosaminoglycan (GAG) and hydoxyproline (OHP) contents (Figure 5,
Supplement Figure 4). While in the g and MCMg negative control groups DNA, GAG and
OHP quantities remained comparable over the 3 weeks of culture, a significant drop in DNA
quantity was observed in macrospheroids treated with the MCMggs working solution. This
effect was reversed when the combination of MCMggg working solution and ANA was
used. The same negative trend was observed with GAGs. Namely, the GAG content in
macrospheroids being treated with IL-1p was significantly lower, as compared to those that
were exposed to TNF-a.. In the presence of MCMy, 5. or MCMggs working solution, OHP
values in macrospheroids decreased significantly after 3 weeks, in comparison to the g
negative control group. However, they were extensively restored when the combination of
MCMEggs working solution and ANA was used.

4. DISCUSSION

4.1. Design of the microspheroid cartilage tissue model

The main goal of our study was to develop a new /n vitro 3D model for preclinical or
patient-specific testing of anti-TNF-a biological drugs adalimumab (ADA), etanercept
(ETA) and infliximab (IFX) which are the most prescribed biologicals for treating
rheumatoid arthritis (RA). The anti-inflammatory effects of the anti-1L-1f drug anakinra
(ANA) were also investigated. To test specific cytokine neutralizing capacities of these
drugs, a 3D microspheroid chondral tissue model mimicking human osteoarthritic (OA)
pathology was established by using human OA chondrocytes (OACs) or chondrogenically
differentiated mesenchymal stem cells (MSCs). The anti-inflammatory efficacies of ADA,
ETA, IFX and ANA were assessed by determining the extent of down-regulation of pre-
selected genes which have previously been found to be over-expressed in both cell types
exposed to potent inflammation inducers (TNF-a, IL-1p or MCMj, 5. working solution). The
potencies of all three anti-TNF-a biological drugs were compared based on the measured
statistically relevant changes in gene expressions (cut-off: > 2-fold change, i.e., log, fold
change = 1). We show that these changes were accompanied by substantial differences in
levels of encoded proteins, indicating important functional consequences.?1:22

4.2. In vitro effects of TNF-a and IL-1f on OACs and MSCs

Until now, neutralization of soluble TNF-a was evaluated by measuring TNF-a induced
cytotoxicity using either animal or human cell lines, which can respond differently than
primary human cells?3-28 and show poor correlation with the results obtained in clinical
studies.6:2%-32 Also, measurements of gene expression for evaluation of biological activities
of biopharmaceuticals demonstrated higher sensitivity and specificity than a simple /n vitro
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assessment of cell proliferation.33:34 As new anti-TNF-a biosimilars are entering the market
and the current /in vitro assays used for evaluating their efficacies are still mainly performed
using genetically manipulated human or animal cell lines, there is an emerging need for
physiologically relevant testing models.

TNF-a and IL-1p are the most important cytokines involved in RA and OA pathologies. It is
believed that TNF-a drives acute inflammation whereas IL-1p has a pivotal role in
sustaining the inflammation and consequent cartilage erosion.3? In addition to their known
catabolic effects, both cytokines inhibit proteoglycan and type 11 collagen synthesis.*%:41 The
previously determined /n vitro effects of TNF-a and 1L-1p on human MSCs*2-48 and human
and animal chondrocytes 2:354041,45.49-57 served as a basis for designing our 3D OACs/

MSCs-derived microspheroid tissue model for efficacy testing of anti-TNF-a biological
drugs_14,15,36,37,58—63

4.3. OACs and MSCs in 2D monolayer and 3D spheroid cultures

Although expansion of primary human chondrocytes in monolayer cultures leads to the loss
of their chondrogenic phenotype and altered biological behavior, the original features can be
restored when the cells are cultured in 3D conditions.12:64 In order to obtain sufficient
numbers of OACs for our experiments, the isolated cells were first expanded in monolayer
cultures and then transferred into hanging-drops to form 3D chondral microspheroids. The
reason for selecting a scaffold-free 3D culture over an alginate-based system was based on
superior chondrogenic re-differentiation of primary chondrocytes achieved in hanging drops.
65 |n addition, tissue formation in hanging-drops mimics the condensation process of MSCs,
which is one of the earliest phases of the /7 vivo cartilage development.13

To avoid permanent de-differentiation of OACs which occurs at passage 5 (P5) in monolayer
culture,54 microsphreoids were prepared from passage 2 (P2) cells. The average diameter of
microspheroids formed from chondrogenically differentiated MSCs (~250 um) was 28%
smaller than that of microspheroids prepared from OACs (~344 um). This difference could
probably be attributed to chondrogenic differentiation of MSCs which dominated over their
proliferative growth in hanging-drop cultures.

OAGCs isolated from surgically removed biological material showed good proliferation
potential in monolayers and were able to re-differentiate in microspheroid cultures®8 as also
shown in this study Therefore, OACs represent a valuable cell source for in vitrotesting of
drugs used to treat RA, as already confirmed in monolayer cultures.1® Importantly, OACs
can be easily accessed from biological waste material, obtained at knee or hip surgical
replacements and are free of ethical concerns. MSCs obtained from RA and OA patients
displayed similar chondrogenic potential as MSCs isolated from healthy individuals®’ Also,
MSCs isolated from bone marrow of OA patients had capacity to produce hyaline cartilage
suitable for tissue repair.” Therefore we see no limitations in using these kinds of cells for
in vitro testing of anti-inflammatory drugs.

In previous studies, normal human chondrocytes (NCs) isolated from healthy hyaline
cartilage and OACs grown in monolayer cultures displayed only minor differences in their
anabolic (ACAN, SOX9, COL1A1, COL2AI), catabolic (MMPI1, MMP3. MMP9, MMP13,
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ADAMTS4) and inflammatory (/L-18, PTGSZ, NOS2) gene, as well as in protein (IL-6,
IL-8, MCP-1, IL-1B) expression.2:60.72 OQur two earlier studies showed that the exposure of
NC and OAC 2D monolayer cultures to recombinant human TNF-a resulted in comparable
gene expression patterns.19:14 The superior TNF-a neutralizing efficacy of ETA over IFX
was observed in both studies. These results suggest that both NCs and OACs grown in
monolayers can b used interchangeably for /in vitro testing of anti-TNF-a biologicals.10

4.4. MSCs as a potential cell source for in vitro testing of drugs

High patient-to-patient variability in the chondrogenic potential of both OACs and MSCs
demonstrates the importance of using biological material either from the same subject or a
large donor population.’® In our study we were able to use paired samples of MSCs and
OACs, obtained from two donors. Additionally, we tested a set of mismatched biological
samples of OACs (patient) and MSCs (commercially available cells). After comparing gene
expression patterns in microspheroids prepared from the paired cell samples we observed
only a small variability. Therefore, we propose that MSCs could be used as an alternative to
primary chondrocytes, as a more easily accessible cell source that can be rapidly and
efficiently expanded /n vitro. Accordingly, large numbers of different drugs could be tested
with a single batch of MSCs thereby avoiding inter-individual donor variability.

4.5. In vitro effects of inflammatory factors and anti-inflammatory drugs on 3D chondral
microspheroids

Microspheroid chondral tissues made of 10,000 human OACs or MSCs were incubated for
24 h with 1 ng/mL of TNF-a + 1 pg/mL of either ADA, ETA or IFX. This quantity of TNF-
a represents the highest concentration measured in synovial fluids of OA and RA patients
experiencing severe disease.20 Similarly, the concentration of anti-TNF-a biologicals (1
ug/mL) corresponds to the concentrations recorded in the sera of patients treated with these
drugs.23.28 By assessing the expression of key regulatory genes involved in cartilage
inflammation (/L6, /L8 and MCPI), matrix degradation (MMPI1, MMP13), tissue-specific
function (ACAN and SOX9) and adhesion (VCAMI) in microspheroids made using OACs
or chondrogenically differentiated MSCs pre-treated with TNF-a., we found that the levels
of /L6, IL8, MCP1, MMP1, MMP13and VCAMI were significantly increased.
Interestingly, these increases were even more pronounced when IL-1p (1 ng/mL) was used
as inflammation inducer, while the MCM;, . working solution elicited only an intermediate
inflammatory response compared to the two individually administered cytokines.

Depending on the type of inflammation induction, anti-TNF-a. (ADA, ETA and IFX) or
anti-IL1p (ANA) biologicals were applied to assess their anti-inflammatory potency.
Surprisingly, except for ANA that reversed the increased expression of /L6, /L8, MMPI and
ACAN genes in microspheroids treated with the MCMjp, 5 working solution, none of the
three anti-TNF-a agents demonstrated anti-inflammatory activity. After a 3-week exposure
of chondral macrospheroids made of 100,000 OACs to MCMggs working solution, ANA
proved to be a stronger anti-inflammatory agent compared to ADA, ETA and IFX as it
significantly increased the GAG and OHP production and resulted in larger spheroids. These
findings could be attributed to both the complex compositions of MCMy, s and MCMggs
working solutions and the higher concentrations of IL-1p they contain (450 pg/mL and 750
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pg/mL, respectively) relatively to TNF-a. (50 pg/mL and 435 pg/mL, respectively). The
concentration of IL-1p in both MCM batches was much higher than in the ynovial fluids of
OA and RA patients (28 pg/mL and > 100 pg/mL, respectively).20 For that reason the pro-
inflammatory action of MCM working solutions was persistant despite the presence of
ADA, ETA or IFX.

A strong long-lasting inflammatory effect of MCM;, s and MCMggs working solutions was
also observed in histology sections of chondral macrospheroids. Namely, both MCM
solutions caused apoptosis that was not observed when either 1 ng/mL of TNF-a or IL-1B
was used. Although MCM;, 5 and MCMEggs working solutions were excellent in vitro
inducers of inflammation, their use in testing anti-inflammatory potencies of biological
drugs acting upon defined single cytokine targets could be problematic. This drawback is a
consequence of multiple synergistic pro-inflammatory effects of different biogenic factors
present in MCM, which do not allow detailed conclusions regarding the potencies of tested
anti-inflammatory biologicals.

When inflammation of OACs or chondrogenically differentiated MSC-derived
microspheroids was triggered by TNF-a alone, the neutralization efficacies of ADA, ETA
and IFX were reflected in different gene expression profiles. Nevertheless, when overall
results for the six analyzed genes (/L6, IL8, MCP1, MMP1, MMP13and VCAMI) were
considered, the same conclusions regarding the anti-inflammatory potencies of ANA, ETA
and IFX were drawn for both types of microspheroid tissues, although ADA showed slightly
higher efficacy over ETA and IFX, and ETA was more efficient than IFX. Except for
significantly decreased expression levels of /L6and /L8 genes, the IL-1p neutralizing effects
of ANA on the rest of the six monitored genes were similar to those observed in anti-TNF-a
neutralization efficiencies of ADA, ETA or IFX. These effects were also confirmed at the
protein level.

Small differences in the effects of ADA, ETA and IFX can be attributed to the differences in
their structures and binding affinities.# Superior efficacy of ADA over ETA and IFX was
found in a previous study of Hu et al., where correlation between their molecular structures
and efficacies was also considered.” The primary effect of ADA or IFX as monoclonal
antibodies binding to the soluble form of TNF-a is the prevention of its interaction with
TNF-a receptor, while ETA is an engineered fusion protein that functions as a decoy
receptor for soluble TNF-a.# At the molecular level, ADA has been reported to bind TNF-a
with a relatively higher affinity (Kd = 7.05x10711) than ETA (Kd = 2.35x10711) and IFX
(Kd = 1.17x10710),74.75

According to our criterion, a given biological drug would be classified as statistically more
efficient in comparison to another if it would cause a = 2-fold decrease in a particular gene
expression. However, this was not the case when testing ADA, ETA or IFX. Therefore we
assume that the efficacies of all three anti-TNF-a biologicals were comparable in both
microspehroid tissue models using either OACs or chondrogenically differentiated MSCs
and conclude, that both cell types can be used for their in vitro efficacy testing.
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Although ETA was significantly more efficient than IFX in our previous study, where 2D
monolayer culture of OACs was used as a testing model, 19 in the 3D microspheroid chondral
tissue model the differences between these two biologicals were not statistically significant.
We believe that this is due to different drug diffusion conditions within the two models.
Diffusion is slower in case of 3D chondral microspheroids, but this model better resembles
the /in vivo conditions. Therefore, monolayer cultures may be useful for gaining preliminary
information about anti-inflammatory effects of a particular drug, while the 3D cell/tissue
culture model enables insights in drug-tissue interactions and the possible /n vivo scenarios.
This was actually shown in our 3D microspheroid chondral tissue model, where the
efficacies of all three tested anti-TNF-a biological drugs were comparable to the results in

clinical studies,”® which was not the case when the 2D monolayer culture model was used.
10

5. CONCLUSION

Although the mechanisms of action of anti-TNF-a biologicals are well documented,
4,23,24,28,73,74,78-81 the existing /n vitro models for assessing their anti-inflammatory
efficacies do not have sufficient physiological relevance. In this regard, we report a new
approach to /n vitro functional testing of anti-TNF-a biological drugs (ADA, ETA and IFX).
We created 3D chondral microspheroids made of only 10,000 osteoarthritic chondrocytes
(OACs) or chondrogenically differentiated mesenchymal stem cells (MSCs), and
macrospheroids made using 100,000 cells of the same types. Early quantitative changes in
inflammation-related gene expressions were successfully assessed and evaluated following
their exposure to different pro-inflammatory factors either alone or combined with the tested
biological. The main advantages of our approach are the use of small amounts of cells and
cytokines of human origin, the possibility of personalized testing approach, and automated
operation. Moreover, our model can be used for /n vitro functional evaluation of anti-
inflammatory biologicals with different mechanisms of action, which was successfully
proved by testing the effects of TNF-a (ADA, ETA and IFX) and IL-1B (ANA) antagonists.
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Figure 2. Cell viability
a) Impacts of different concentrations of MCMp, g and MCMggs on cell viability after 24 h

incubation of microspheroids prepared from p ch 2 (h.s. = human serum; F = fetal bovine
serum (FBS); h.s. @ or Fg = % chondrogenic medium + % THP-1 medium supplemented
with h.s. or FBS). b) Viability of microspheroids made of p chl and ¢c) MSC1 after 24 h
incubation with cytokine(s) and tested drugs. (@ - chondrogenic medium; TNF - 1 ng/mL
TNF-a; MCMg - % chondrogenic medium + % THP-1 medium; MCM - working conc. of
MCMy,s.. ADA - adalimumab; IFX - infliximab; ETA - etanercept; ANA - anakinra). Data
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shown as averages of 3 measurements/treatment £ SEM; One-way ANOVA,; *, ** and ***
indicate statistical significance at p<0.05, p< 0.01 and p<0.001, respectively.

Biotechnol Prog. Author manuscript; available in PMC 2019 July 01.



Page 27

Zigon-Branc et al.

MCP1
EETS
*

(<]

?—

v.

K\
@\

4,03

ﬁ _ﬁv

T L
© W< N
-

(ou)zbol

2
44 L

r
<
-

124

IL6
5,08
0
8
o

(ou)zbol

! 1,
NS

et I

00 I T %

-] L

............ I B
g L
....... LS S N A
vﬂ | Fa

<,
I oy

u
-

v.

x

T 1 T T T 1 1 17T
NO®WOwTNON YT ©
- - h

(ou)zbol

144

wele -
o+ ° B
TEEEEREXET]
(ou)zbo)
. Woo“ - A
{ 4,
MRR | T
| >
O S
< i
SR
L I K
............ - S Y
of q F by
. D - 5%
||||||||||||||| bel| 7 %
> - b
T <>
| < AW 8 .
¥ m._H * &
Toapat |
w..m,n.nv&&bo_.mm..h:w
(ou)zbol

MSCs

-2
X

b) primary chondrocytes

MMP1

MMP1

14+

SR K
4_.-. [ %™,
8 - (>)
U a8, (e
g o S x\N\Q\V
AA“ §« T % O\V
||||||||||||||| 3[4
by AN
m_”_-f- b7
“Lie L 5P
IIIIIIIIIIIIII %IIIII V\ XV\
e
VOVM L .\/Vx
8| o .7
= LH%._”A_“ i V.Oxo“N.\\
il Ty
STEsIdaTe ¢

(ou)zbol

IL-1B or MCMy, 5. working solution and anti-inflammatory biological drugs adalimumab (ADA),

Figure 3. a) Gene expression profiles following the addition of inflammatory mediators TNF-a.,
infliximab (IFX), etanercept (ETA) and anakinra (ANA)

Blue and green dots represent values obtained in microspheroid chondral tissues made of

(green). Mean RQ values of three biological samples are shown for OAC- and MSC-derived

MSCs and OACs (3 donors), respectively. Statistically significant changes, i.e. log>(RQ) = 1
microspheroids. Value 0 represents total inhibition of gene expression.

and < -1 have been outlined; median values of all groups are also shown. b) Radar graphs
representing anti-TNF-a neutralization efficacies of ADA (blue), IFX (red) and ETA
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Figure 4. Cytokine secretion by chondral microspheroids after their exposure to inflammatory
factors and anti-inflammatory biological drugs

Quantities of IL-6, IL-8 and MCP-1 (ng/mL) detected in supernatants of microspheroid
chondral tissues formed from human OACs (p chl, p ch2 and p ch3) following their 24 h
exposure to TNF-a, MCM, s working solution or IL-1p alone or combined with individual
anti-inflammatory biological drugs, adalimumab (ADA), infliximab (IFX), etanercept (ETA)
or anakinra (ANA). Single measurements were carried out in pooled supernants of each
differently treated microspheroid group. Please, note differences in scales.
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Figure 5. Biological drug testing data
Differences in diameters and GAG contents of macrospheroids made of 100,000 OACs,

which were cultured for 3 weeks in the presence of either TNF-a, IL-1f or working
solutions of MCMy, 5. (a) or MCME (b) alone, and combined with tested biological drugs.
Diameter measurement results in (a) n=8 and (b) n=6, as well as GAG concentrations (n=3)
were compared by one-way ANOVA; p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
Legend: g- chondrogenic medium (control 1); MCM g - % chondrogenic medium + %
THP-1 medium (control 2); MCMy, 5. or MCMg - MCM supplemented with human serum or
FBS; TNF -TNF-a (1 ng/mL, if not specified otherwise); IL - IL1p (1 ng/mL) ; ADA =
adalimumab (1 pg/mL); IFX = infliximab (1 pg/mL); ETA = etanercept (1 ug/mL); ANA =
anakinra (1 pg/mL).
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Table 1
Primers used in gRT-PCR experiments
Gene Gene name Accession Forward sequence (5’—>3’)
symbol number
Reverse sequence (5'—>3’)
GAPDH Glycarldehyde-3-phosphate dehydrogenase NM_002046.5 | AAGGTGAAGGTCGGAGTCAAC
GGGGTCATTGATGGCAACAATA
MMP1 Matrix metallopeptidase 1 (interstitial collagenase) | NM_002421.3 | GGTGTGGTGTCTCACAGCTT
GTCCCGATGATCTCCCCTGA
MMP13 Matrix metallopeptidase 13 (collagenase 3) NM_002427.3 | CCCCAGGCATCACCATTCAA
CAGGTAGCGCTCTGCAAACT
MCP1 Chemokine (C-C motif) ligand 2 NM_002982.3 | GCTCATAGCAGCCACCTTCATTC
GGACACTTGCTGCTGGTGATTC
L6 Interleukin 6 (interferon, beta 2) NM_000600.3 | ACTCACCTCTTCAGAACGAATTG
CCATCTTTGGAAGGTTCAGGTTG
L8 Interleukin 8 NM_000584.3 | ACTGAGAGTGATTGAGAGTGGAC
AACCCTCTGCACCCAGTTTTC
VCAM1 Vascular cell adhesion molecule 1 NM_001078.3 | CATGGAATTCGAACCCAAACA
GACCAAGACGGTTGTATCTCTGG
ACAN Aggrecan NM_001135.3 | CCCCTGCTATTTCATCGACCC
GACACACGGCTCCACTTGAT
SOX9 SRY (sex determining region Y)-box 9 NM_000346.3 | AGCGAACGCACATCAAGAC
CTGTAGGCGATCTGTTGGGG
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