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Objective: To compare in vivo, the acute anti-inflammatory effects of a lysate derived from human umbilical perivascular
mesenchymal cells with the cells themselves in both an established hind-paw model of carrageenan-induced inflammation and also
in the inflamed temporomandibular joint.

Study Design: Human umbilical cord perivascular cells were harvested and cultured in xeno- and serum-free conditions to P3. In addition,
P3 cells were used to prepare a proprietary 0.22 micron filtered lysate. First, CD1 immunocompetent mice underwent unilateral hind-paw
injections of carrageenan for induction of inflammation, followed immediately by treatment with saline (negative control), 1% cell lysate, or
viable cells. The contralateral paw remained un-injected with carrageenan. Paw circumference was measured prior to injections and 48 hr
later and myeloperoxidase and TNF-alpha concentrations were measured post-sacrifice in excised tissue. Second, immunocompetent Male
Wistar rats underwent unilateral intra-articular temporomandibular (TMJ) injections from the same treatment groups and were sacrificed at 4
and 48 hr post-injection. The contralateral TMJ remained un-injected with carrageenan. Articular tissue and synovial aspirates, from the
treated TMJ were obtained for histologic and leukocyte infiltration analyses.

Results: The lysate and cell-treated hind-paw demonstrated reduced tissue edema, and significantly lower concentrations of
myeloperoxidase and TNF-alpha at 48 hr compared to untreated controls. Treated TMJs demonstrated lower concentrations of
leukocytes in the synovium compared to controls and histologic evidence, in the peri-articular tissue, of reduced inflammation.
Conclusion: In this preliminary study, both the human umbilical perivascular cells and a highly diluted lysate produced therefrom
were anti-inflammatory.
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Introduction
Degenerative diseases that affect the temporomandibular joint (TMJ) are characterized by loss of articular fibrocartilage, bone
remodeling, and synovitis." Although the etiopathogenesis of TMJ osteoarthritis (TMJ-OA) is not fully understood, pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF-alpha) have been associated with progression and severity
of TMJ degeneration.” Myeloperoxidase (MPO), an enzyme stored in polymorphonuclear leukocytes (PMNs) and used to
assess neutrophil infiltration and inflammation, is also elevated in the synovial fluid of patients with progressive TMJ-OA.>
To alleviate symptoms associated with TMJ-OA, corticosteroids, hyaluronic acid (HA), and recently, platelet-rich plasma
(PRP) injections have been used as intra-articular therapies.* Corticosteroid injections have traditionally been the preferred
therapeutic intervention for TMJ intra-articular supplementation; a practice adopted from its long-standing use in managing
arthritis in various joints for more than 50 years, originally employed to alleviate symptoms in patients with rheumatoid

arthritis.” However, the administration of corticosteroids into joints can expedite the advancement of degenerative arthritis
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through the suppression of synthesis and deposition of chondroitin sulfate in cartilage, leading to chondrocyte degeneration,’
and by triggering chondrocyte apoptosis.® In response, some practitioners have shifted towards using hyaluronic acid (HA) as
an alternative intra-articular therapeutic to restore lost viscoelastic properties such as cushioning and lubrication in progressive
TMJ degeneration.” However, the off-label use of HA remains controversial due to conflicting evidence and a lack of
consistent randomized clinical trials demonstrating these benefits.® A recent meta-analysis has shown that adjuvant TMJ PRP
injections following arthroscopy or arthrocentesis significantly reduce pain levels in TMJ-OA patients compared to HA or
saline.” However, the efficacy of PRP TMJ injections versus other treatments such as HA remains inconclusive due to
variations in preparation methods, clinical outcomes, administration procedures, and follow-up periods across studies.'
Measuring the effectiveness of PRP is also challenging since its therapeutic advantages depend on the release of endogenous
growth factors, which is influenced by platelet concentration and activation methods. Currently, different preparation
protocols, patient sex, and natural biologic variation all affect the final platelet concentration in PRP, making it difficult to
establish conclusive evidence regarding its superiority over other treatment modalities for TMJ-OA.'°

Mesenchymal stromal/stem cell (MSC) therapy has been utilized for treatment of pro-inflammatory conditions such
Crohn’s disease, graft-versus-host disease, and post-cardiac infarction,'' and has also shown to be promising in the treatment
of OA due to the multipotent differentiation capacity and immune modulatory phenotype of the cells,'? and their lack of
negative side-effects even after relatively long 5—137 months (mean 75 months) follow-up in the knee joints of patients."?

TMIJ-OA has also been the target of MSC therapy,” although the majority of studies have focused on the regeneration
of TMI tissues, especially cartilage and sub-chondral bone, and how tissue source and cell culture conditions can affect
regenerative potential.'* In pre-clinical studies, human stem cells have been employed in both immune competent

21413 1617 although they have not yet been reported in human clinical trials.'® However, as

rodents, and lagomorphs,
has been known for intravenous delivery of MSCs, which become trapped in the lung microvasculature within minutes
and cannot be found days later,'® the dwell time of MSC in OA joints is also thought to be transient.%® This has led to the
belief that paracrine effects, or phagocytosis of released cell particulates by host resident macrophages, result in MSC
administration being an indirect therapy termed a “hit-and-run” effect.?' Indeed, various derivatives of MSCs, such as
micro-particles, extracellular matrix vesicles, and exosomes, may be equally immunotherapeutic as live cells, in some
circumstances, and have resulted in the coining of the term “the necrobiology of mesenchymal stromal cells.”** Such

findings prompted the promising work of Kim et al**

who, while exploring the mechanism of action of human MSC
therapy in the TMJ of immune competent rabbits, showed that lysates of their human umbilical cord cells contained
interleukin-1 receptor antagonist, which has been associated with exosome secretion.”* Exosomes have been
a therapeutic target for both inflammatory diseases in general,”® and TMJ-OA in particular,*® Thus, exploring the
immunotherapeutic properties of MSCs, and their derivatives, in the setting of TMJ-OA could yield novel therapies.

Human MSCs have been isolated from bone marrow, adipose tissue, and placenta, but human umbilical cord mesenchymal
cells can be harvested easily from an otherwise discarded tissue, producing high cell yields while having potent immunomo-
dulatory capabilities compared to other MSC sources.”’ >’ However, in contrast to the approach of Kim et al who reported the
anti-inflammatory effect of MSCs as comparable to 0.5mg/mL of dexamethasone,”® we wished to test the hypothesis that
a mesenchymal cell lysate (CL) would be equally effective as a viable cell population in abrogating acute TMJ inflammation
and could thus provide a putative novel biologic therapeutic. To address our hypothesis, we first produced a CL by micronizing
a human umbilical cord perivascular (HUCPVC) mesenchymal cell population in saline. The result is a complex mixture of
molecules in solution, cell membrane particles <220 nm in size, and includes exosomes and other small membrane-bound
bodies. By comparing the CFU-frequency of whole cord®® compared to the perivascular region,’' the latter represents a richer
source of such MSCs than that employed by Kim et al** as discussed in more detail elsewhere.?’~*

In this preliminary study, to demonstrate that a CL would reflect the anti-inflammatory properties of the cells
themselves, we chose to test both cells and lysate in the classical hind-paw edema model described by DiRosa and
Willoughby,** which has been employed to test anti-inflammatory drug for decades,** and also in the TMJ.* This
allowed us to reasonably associate potential acute changes in the TMJ with the demonstrated anti-inflammatory proper-
ties of this novel MSC-derived CL. Thus, the aim of our study was to compare the acute (over 48 hr) anti-inflammatory
properties of CL-derived from HUCPVCs with the viable cell population itself in abrogating carrageenan-induced
inflammation in the rat TMJ.
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Materials and Methods
HUCPVC Source

Human umbilical cord perivascular cells were isolated and expanded as described previously.>® Human umbilical cords
were collected, with informed written consent, under a protocol approved by both the Health Sciences Research Ethics
Board of the University of Toronto and the Research Ethics Board of Mount Sinai Hospital, Toronto (#s 28546 and
13-0066-E respectively). Human umbilical cord perivascular cells (HUCPVCs) were isolated using a proprietary serum
and xeno-free process of Tissue Regeneration Therapeutics, Inc., Toronto, Canada. In brief, the primary cell harvest was
seeded at a density of 2000 cells/cm? and incubated at 37°C in a humidified 5% CO, atmosphere. Cells were expanded to
passage 3 (P3) using RoosterNourish-MSC (RoosterBio, Cat. KT-001) complete medium and enzymatically dissociated
from the flask at 90% confluency using TrypLE Select CTS (Invitrogen Cat. A12859-01). These HUCPVC populations
were employed for the mouse and rat experiments detailed herein under protocols approved by the Local Animal Care
Committee of the Faculty of Medicine, University of Toronto (#20012308 and #20012455 respectively).

Lysate Production

The P3 cells derived as described above were grown to 90% confluency, the spent medium was aspirated, and the cells
were rinsed twice with PBS (Life Technologies Cat. 14190) then incubated for 24 hr using RoosterBasal-MSC basal
medium. To produce the lysate, cells were manually detached, by scraping, and the cell suspension, together with the
PBS, was collected in a 50 mL polypropylene tube (BD, Cat. 352070) for micronization using the Mini-Beadbeater-16
(Biospec, Cat. 607) homogenizer for a total of 1.5 min in 30-s intervals. This solution was centrifuged at 290g at 4°C for
15 min and the resulting supernatant volume was adjusted using 0.9% saline to provide 1 million cells/mL (50,000 cells
in 50 pL injection volume). The final cell lysate solution was filtered through a 0.22 micron syringe filter, and aliquots of
dilutions of 10x (10%) and 100x (1%) of the original concentration (containing ~1 million cells/mL) were then prepared
and stored at —80°C until further use. Information regarding the composition of the lysate can be found in Table S1.

Animal Experimentation

Animal experiments were performed in accordance with Canadian Council on Animal Care and the University of Toronto
Animal Care Committee under protocol numbers 20012308 and 20012455. For the hind-paw study, 38 ten-week-old
female CD1 mice were acclimatized for 1 week prior to animal studies. Mice were divided at random into the five
experimental groups (Table 1) with a sample size of n=8 per experimental group and n=6 for controls. For the TMJ-OA
study, 64 six-week-old male Wistar rats (180-200 g) were housed for 7 days prior to experiments for acclimatization.
Rats were divided at random into eight experimental groups with a sample size of n=8 per group (Table 2). Both mice
and rats were fed standard chow and had access to water ad-libitum during acclimatization and during the study. No

animal deaths or animals were excluded from this study from adverse experimental effects.

Table | Outline of Experimental Group Allocation for the Mouse Hindpaw Experiments. All Treatments Were Administered
Prior to Injection of 50 pL of 1% w/v Carrageenan to Induce Inflammation

Experimental Group Treatment
Control (n = 6) 50 pL of 0.9% saline
HUCPVC (n = 8) 5 x 10* Passage 3 Human umbsilical cord perivascular cells in 50 uL of 0.9% saline
100% lysate (n = 8) Lysate derived from 5%10* Passage 3 Human umbilical cord perivascular cells in 50 pL of 0.9% saline
10% lysate (n = 8) 100% lysate diluted to 10% in 0.9% saline
1% lysate (n = 8) 100% lysate diluted to 1% in 0.9% saline
Journal of Inflammation Research 2023:16 https: 4289
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Table 2 Outline of Experimental Group Allocation for the Rat TMJ Inflammatory Experiments. All Treatments Were
Administered Prior to Injection of 50 uL of 1% w/v Carrageenan to Induce Inflammation

Experimental Group Treatment
4-hr Control (n = 8) 50 pL of 0.9% saline
4-hr HUCPVC (n = 8) 5 x 10* Passage 3 Human umbilical cord perivascular cells in 50 uL of 0.9% saline

4-hr 100% lysate (n = 8) | Lysate derived from 5x10* Passage 3 Human umbilical cord perivascular cells in 50 L of 0.9% saline

4-hr 10% lysate (n = 8) 100% lysate diluted to 10% in 0.9% saline

4-hr 1% lysate (n = 8) 100% lysate diluted to 1% in 0.9% saline

48-hr Control (n = 8) 50 pL of 0.9% saline

48-hr HUCPVC (n = 8) 5 x 10* Passage 3 Human umbilical cord perivascular cells in 50 uL of 0.9% saline

48-hr 100% lysate (n = 8) | Lysate derived from 5% 10* Passage 3 Human umbilical cord perivascular cells in 50 L of 0.9% saline

48-hr 10% lysate (n = 8) 100% lysate diluted to 10% in 0.9% saline

48-hr 1% lysate (n = 8) 100% lysate diluted to 1% in 0.9% saline

Abbreviations: TM), temporomandibular joint; OA, osteoarthritis; MSC, mesenchymal stromal (stem) cell; Cl, cell lysate; HUCPVC, human umbilical
cord perivascular cell; PBS, phosphate-buffered saline; MPO, myeloperoxidase; TNF, tumor necrosis factor; ELISA, enzyme-linked immunosorbent assay,
EDTA, ethylenediaminetetraacetic acid; ANOVA, Analysis of variance.

Carrageenan Induction in the Mice Hind-Paw and Treatment Delivery

Mice were anesthetized with isoflurane and oxygen (3—5% induction, 2% for maintenance). Fifty microliters of 1% w/v
Carrageenan (Sigma, Cat. 22049) solution in 0.9% saline was preloaded into a 30-gauge 0.3cc insulin syringe (Exel Int.
26014) for subcutaneous delivery into the plantar region of the right hind-paw,>* 50 pL of CL or cells (preloaded at
a density of 50,000 cells in 0.9% saline) were delivered in a caudal direction lateral to the Achilles tendon using a 0.3cc
insulin syringe immediately prior to induction of inflammation. Edema was measured by wrapping a 2-ply cotton thread
360° around the paw from the first metatarsophalangeal joint to the fifth, prior to injections (0 hr) and 48 hr later

(Figure 1A). Circumference measurements were used as a metric of edema.

Tissue Collection, Protein Isolation, and Purification

Following final hind-paw measurements, the right hind-paw was excised post-sacrifice, frozen in liquid nitrogen and
ground into powder using a mortar and pestle. Cell lysis buffer supplemented with Benzonase Nuclease and Protease
Inhibitor solution (Qiagen, Cat. 37901) was added to the powder (I mL/40 mg of frozen tissue powder), followed by

Figure | Paw circumference measurement and physical signs of edema 4 hours after carrageenan injection in the mouse and rat models. (A) The black line surrounding the
mouse paw demonstrates position of edema measurement (360° around the paw) from the |st metatarsophalangeal joint to 5th metatarsophalangeal for measurement of
paw circumference. (B) A Wistar rat with a shaved right pre-auricular region (arrow) prior to carrageenan injection and (C) with observable edema in the pre-auricular and
peri-orbital regions (chevrons) 4 hours after carrageenan injection.
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homogenization using ceramic beads (Omni International, Cat. 19—646) and a Mini-BeadBeater (MIDSCI, Cat. 607) for
a total of 2 min (30-s intervals). Samples were centrifuged to remove all tissue debris, and the supernatant was aliquoted
and stored at —80°C until further use.

Elisa Quantification

Supernatants were tested for MPO using MPO ELISA kit (Hycult Biotech, Cat HK210) and TNF-alpha using TNF-
alpha Quantikine ELISA kit (R&D Systems, Cat. MTAO0O0B). Total protein was measured to normalize values using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Cat. 23225). A standard curve for each cytokine was
generated using the protein standard provided in individual kits. All samples were measured in duplicate. Sample
absorbance was measured at 450 nm using a plate reader (Molecular Devices, SpectraMax i3x Multi-Mode Detection
Platform).

Induction of TMJ-Inflammation in the TMJ-OA Rat Model and Experimental Design

Rats were anesthetized with isoflurane (3—5% for induction and 2% for maintenance), and oxygen for a total flow rate of
1 L/min. The pre-auricular region was then shaved to better localize the right TMJ. Rats were first injected with 50 pL of
either 0.9% saline (control), HUCPVCs, or a 1% CL solution. These were followed by an injection of 50 pL 1% w/v
carrageenan (Sigma; Cat. No. 22049) in 0.9% saline for induction of inflammation (Figures 1B and C). All solutions
were pre-loaded in 0.3 cc 30-gauge needle insulin syringes (Exel Int. 26014). Localization of the TMJ was carried out

using a technique described by Fuentes et al.*’

Animal Sacrifice and Tissue Harvesting

Rats were euthanized using CO, followed by cervical dislocation in accordance with standard operating protocols.
TMJ synovial fluid and peri-articular tissue collection occurred immediately after sacrifice of the rats at 4 and 48-hr
post-induction of inflammation. Overlying skin and temporalis muscle was dissected superficially until the articular
capsule was visualized. Synovial fluid was collected by inserting a 0.3 cc 30-gauge insulin syringe (Exel Int. 26014)
and depositing 100 pL of 10 mM ethylenediaminetetraacetic acid (EDTA) in a phosphate buffer solution (PBS) into
the superior joint space and aspirating the fluid lavage. This synovial lavage was then stored at —80°C until
analyzed. The TMJ joint capsule, associated peri-articular tissue, and mandibular condyle were dissected for further
processing.

Histological Analysis

TMJ samples were fixed in 4% paraformaldehyde in PBS for 24 hr, followed by demineralization in 10% EDTA for 2
weeks. Tissues were dehydrated using ascending concentrations of ethanol (70%, 95%, 100%), for 2 hours in each
solution. Tissue samples were placed in toluene for clearing for 12 hr. Tissue infiltration and embedding was carried out
using paraffin wax heated for 1 hr at 58°C, followed by two 1-hr cycles of paraffin wax infiltration at 58°C under
vacuum. Embedded samples were cooled using a cooling plate. All samples were oriented by identifying the root of the
zygomatic arch overlying the joint capsule and sectioned along the sagittal plane into 5 pm slices. Tissue sections were
mounted onto glass slides, with 1-2 sections per slide. Qualitative histological analysis by light microscopy and
photomicrography were carried out using a digital camera (Zeiss Axiocam ICc 5, Germany) coupled to a Leitz
Aristoplan microscope (Leica, Germany). Acquired images were then formatted and saved using Zeiss Zen 2.3 lite
(Carl Zeiss Microscopy GmbH, Germany).

Synovial Aspirate Cell Counts

Synovial fluid aspirate, collected from the articular capsule of the TMJ, was diluted with PBS (5uL:95uL). Cell counts
were determined using an automated cell counter (Vi-cell XR, Beckman Coulter Life Sciences) with cell-size parameters
set at 8—12 pm, based on the average size distribution of leukocytes found in rats.>® Lavage was performed at selected
timepoints since carrageenan is known to produce a biphasic inflammatory response peaking at 4 hr, followed by
a second peak in inflammatory response, at low administrative doses at 48 hr.
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Statistical Analysis

MPO, TNF-alpha, and paw edema measurement data are presented as a mean = standard deviation (SD) with 95%
confidence interval (CI) after a one-way ANOVA followed by a post-hoc Tukey’s test for pairwise comparisons between
means of groups. Paw edema and MPO measurement data were analyzed as is, but TNF-alpha results were transformed
by taking the cube root of the measurements. Statistical analysis was performed using 36 GraphPad Prism 8 (GraphPad
Software Inc., La Jolla, CA, USA). Statistical analysis of the cell counts were conducted in R (R Core Team, 2017) using
linear modeling and were transformed using y’ = log(y). The significance level of 5% was utilized for all statistical
analyses. Cell count graphs were produced using IBM SPSS Statistics (IBM Corp. Released 2019. IBM SPSS Statistics
for Macintosh, Version 26.0.0.0 Armonk, NY: IBM Corp). Data transformations were determined using Box-Cox
transformations, normality of residuals was checked by using the Shapiro—Wilk test, and equality of variances between
groups was verified using Bartlett’s test. A p value of <0.05 was considered significant.

Results

Reduction of Edema and Inflammatory Cytokines in the Mouse Paw

Edema was recorded as a change in circumference from the original size of the paw prior to injection (Figure 2). Paw
circumference of control mice increased by 5.3 mm on average (n = 6) throughout the 48 hr, contrary to the significant
edema reduction seen in all treated paws. There were no statistical differences between the different treatments. However,
the lowest values belonged to the cell and the 1% CL groups at a 1.9 mm and 2.1 mm increase from baseline,
respectively. Both MPO and TNF-alpha were highest in control mice, with an average of 1.8x10™* mg/mL and
7.7x10"® mg/mL, respectively (Figures 3 and 4). Analysis of transformed TNF-alpha concentrations (determined by Box-
Cox transformations) demonstrated statistically significant reductions in TNF-alpha concentrations in all groups treated
with cell lysate, although no significant difference was seen comparing the control group to viable cells (Figure 4). When
analyzing raw TNF-alpha concentrations, treatment with 100% cell lysate resulted in a 65% reduction compared to the
control, with an average of 9.4x107> mg/mL, whereas viable cells exhibited the poorest performance amongst the 4
treatments with only a 43% reduction. Both the 100% and 1% CL reduced MPO by 48% compared to control. However,
treatment with viable cells demonstrated a 53% MPO reduction compared to the control mice (Figure 3).

Reductions in Synovial Fluid Aspirate Cell Counts in the Rat TM]
Cell counts were highest in the control group at 4 hr (18.91x10° cells/mL) followed by the control group at 48 hr (8.13x10°
cells/mL) (Figure 5). 1% cell lysate-treated joints (3.20x10° cells/mL) and cell-treated joints (3.73x10° cells/mL)
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Figure 2 Circumference measurements at 48 hours post-induction of inflammation. Data for each paw was normalized using baseline measurements taken at 0 hours (prior
to any injections) (n=6 for controls, n=8 for all other groups). Displayed as mean * SD for each group. **p<0.001, ****p<0.0001.
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Figure 4 Logarithmic transformation of TNF-alpha activity normalized using total protein in the inflamed paw: y’ =v/Y. TNF-alpha levels were measured 48 hours post-

induction of inflammation and normalized using total protein (n=6 for control, n=8 for all other groups). ELISA sensitivity = 10.9 to 700 pg/mL. *p<0.05. **p<0.0l.
*#%p<0.001. Data is displayed as mean + SD. TNF-alpha data derived from same mouse hind-paw recorded in edema measurements.

demonstrated significantly lower cell counts compared to the control at 4 hr. Although both treatments lowered cell counts
compared to the control, no significant differences were detected at 48 hr. Overall, total cell counts decreased over time
between the 4-hr and 48-hr measurements.

Histologic Findings of Inflammatory Changes in the TM)

Controls treated with injections of normal saline (NS) and carrageenan exhibited histologic signs consistent with TMJ
inflammation (Figures 6-8). In the 4-hr control specimen, early signs of inflammation, such as the presence of numerous
capillaries dispersed throughout the loose fibrous connective tissue in the retrodiscal region and subsynovial lining, were
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Clustered Boxplot of Log Cell (million/mL) by Timepoint
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Figure 5 Boxplot representing logarithmic transformation: y’ = log(y) of cell counts (8—12 pym in diameter) isolated from lavages of the TMJs at the indicated timepoints.
(n=8 for each sample).

observed (Figure 7). At 48 hr, control specimens demonstrated focal regions of dense lymphocytic cell infiltration in the
superior joint space, increased cell density along the synovium and within the subsynovium, and the formation of villous-
like projections secondary to infolding of the synovial membrane (Figure 8). These characteristics were not observed in
the 1% CL and cell-treated TMJ specimens (Figures 6 and 7).

Discussion
The goal of this preliminary study was to compare the acute anti-inflammatory effects of a lysate derived from
HUCPVCs with the cells themselves in both a standard drug-testing inflammation model**-*° and the inflamed TMJ.
The choice of two immune competent rodent species was predicated on the established mouse hind-paw model and the
increased size of the rat, and its similar structural and histological characteristics compared to the human TMJ, which
facilitated administering intra-articular injections in comparison to mice.*’

The use of carrageenan, as a phlogistic agent to produce edema in the rodent hind paw, was first described as
a method to screen the anti-inflammatory drugs hydrocortisone, phenylbutazone, and acetylsalicylic acid by Winter et al
in 1962.*' They described swelling that peaked within 3—5 hr. By 2013 Morris, who confirmed the early 5-hr maximal
edema, had described the method as a widely used, well-established, and highly reproducible test for the screening of

1** had shown in 1987 that the response was biphasic with a second

anti-inflammatory drugs,*? although Henriques et a
peak at low drug administrative doses at 48 hr.
Indeed, the relevance of testing over this short 48-hr time-frame was also demonstrated by Radhakrishnan et al** who showed
that rats exhibited spontaneous pain behaviours for 2448 hr after carrageenan injection into knee joints, which was not seen after
48 hr. Carrageenan is therefore employed in short-term studies monitoring the anti-inflammatory properties of drugs such as that
of Loram et al who tracked changes for up to 72 h after carrageenan injection and showed that Tumour Necrosis Factor alpha
(TNF-a) and Interleukin-1p (IL-1B) were significantly elevated in the hind paw after 6 hr, and that IL-1 B, Interleukin-6 (IL-6)
and Cytokine-induced neutrophil chemoattractant 1 (CINC-1) peaked at 2 days and decreased thereafter.**** Thus, in accord
with these studies, we chose 48 hr as our maximum time point. Of course, whether the physical and biochemical changes we have
observed can be translated into longer term beneficial outcomes would have to be the subject of future experiments. However, as
with others who have employed these carrageenan models, we believe that abrogating an acute inflammatory response may

reduce the probability of more chronic sequelae.
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Figure 6 Photomicrographs of H&E stains of the peri-articular tissues of the control specimens compared to the 1% cell lysate and the HUCPVC-treated specimens at the
4-hour and 48-hour timepoints. White arrows indicate the anterior (left arrows in photomicrographs) discal attachments and the retrodiscal tissues (right arrows in
photomicrographs) where increases in cell density in the synovial lining were observed in the controls and not the treated specimens. These regions are shown in higher
magnification in Figures 7 and 8. Scale bar = 200 pm.

An additional rationale for limiting the current experiments to only 48 hr was the xenogeneic use of human cells and
a human cell lysate. We, and others, have shown that the delivery of human cells into immune competent rodents results
in the delivered cell number reducing, in vivo, to zero as a result of the host immune system within 5-7 days,*>*® so at 48
hr we could be reasonably assured that the delivered human cells were both present and viable in the host.*’

In all metrics recorded, both cell lysate and viable cells demonstrated a reduction in acute inflammation compared to
negative controls. Given the numerous publications attesting to the immune modulatory phenotype of MSCs, our
observed anti-inflammatory effects of viable MSCs were to be expected, and corroborate the findings of others.>'*
However, it was of interest to note that viable cells exhibited the poorest performance with respect to TNF-alpha
reduction but the greatest reduction of MPO, possibly indicating different underlying mechanisms. Furthermore, given

the key observation of Kim et al*®

that a lysate produced from their human umbilical cord cells contained at least one
known anti-inflammatory mediator and the plethora of data attesting to the immune modulatory effects of exosomes, we
reasonably expect our lysate to have a similar effect.

However, it was surprising that a highly diluted form of lysate (produced to contain the same number of cells as

employed in the viable cell injectates, but then diluted to 1% of this original concentration) was equally effective as the
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Figure 7 Photomicrographs of H&E stains of the anterior discal attachments and synovial lining of the control specimens compared to the 1% cell lysate and the HUCPVC-
treated specimens at the 4-hour and 48-hour timepoints. The white arrow in the top left photomicrograph demonstrates a region of capillaries that were dispersed
throughout the underlying loose connective tissue below the synovial lining in the 4-hour control. The 48-hour control specimen demonstrates increased cell density (white
arrow) in the synovial lining and the formation of villous-like projections secondary to infolding of the synovial lining that was not observed in the lysate and HUCPVC-
treated specimens. Scale bar = 200 um for 1% cell lysate and HUCPVC-treated groups, 100 pm for control.

cells themselves in reducing mouse edema, MPO and TNF-alpha levels, and rat TMJ synovial fluid leukocyte count, and
histological evidence of inflammatory peri-articular tissue in the latter compared to the controls. Interestingly, Kim et al**
had also found that inflammatory cytokines were reduced in all three concentrations of viable MSCs they delivered (1, 5
and 10x10° cells in 200uL saline) although they reported only one sacrifice time point of 4 weeks, at which time the cells
would no longer be viable in an immune competent lagomorph. A similar lack of dose-dependence has also been reported
by others.*” However, to our knowledge, our results are the first to demonstrate that a lysate derived from umbilical cord
MSCs can produce a similar therapeutic anti-inflammatory effect compared to their viable cell counterparts. Indeed, the
1% CL was also greater at reducing TMJ cell counts compared to the 10% CL derivative.

This finding of equivalence of viable cells and a 1% lysate remains intriguing.

It is now well established that, upon intravenous administration of MSCs, they become rapidly trapped in the lung
microvasculature,'” are degraded and that as a result their degradation products are phagocytosed by lung macrophages*®
that undergo polarization from an M1 to M2 phenotype.**~® These findings have been a stimulant to the burgeoning field

of extracellular vesicle (EV),”" and particularly exosome, therapy as cell-free drug delivery systems.’”> Exosomes are
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Figure 8 Photographs of H&E stains of a control specimen at 48 hours demonstrating focal regions of dense lymphocytic cellular infiltrate in the superior joint space. (a, top
arrow and c), the formation of villous-like projections within the synovial lining and the proliferation of loose fibrous connective tissue in the retrodiscal attachment (a,
middle arrow and b), and increased cellular density along the synovial lining (a, inferior arrow 7 d). These signs of inflammation were not observed in specimens from the
treatment groups. Scale bar = 200 ym for (a), 100 pm for (b) and (d), and 20 um for (c).

produced by live cells; different types can be produced by the same cell, and they represent an important means of
cellular communication for many cell types,’® and have been shown to contain proteins, miRNAs, and lipids.”* MSC-
exosomes are also heterogeneous and are thought to act through multiple mechanisms to effect a therapeutic
response.”*>> To reduce such variability and focus the mechanism of action of exosomes on particular constituents,
and also in part to address regulatory challenges, exosomes have been engineered with specific contents, so-called
“designer exosomes” for specific applications,”® which has resulted in increasingly challenging production methods.”’
However, as mentioned earlier,22 several sources of both live and dead cell microparticles have been shown to have
immunotherapeutic properties, but little is currently known about the mechanisms of action of such disparate micro-
particle factions.

Clearly, the cell lysate employed herein differs from an exosome population since it contains the complete contents of the
cell including cell membrane particles from both plasma and other cell membrane-bound organelles and cytoplasmic content
in addition to the secretome produced during the final 24 hr of cell culture. The resultant lysate is therefore highly complex in
both range of particle sizes (below the 0.22 micron filter cut-off) and molecular composition (see Figure S1), although our
purpose herein was to show that the far simpler cell processing approach, of whole-cell micronization, can create a complex
lysate that has potent anti-inflammatory effects rather than exploring its mechanisms of action.

If, as hypothesized, the mode of action of MSCs relies, in part, on subcellular particles released from them that provide the
effector function in inflammatory in vivo environments,”* then administering a cell lysate comprising nanometer size-ranged
cell particles, which is facile to produce compared to exosomes, may be a more efficient delivery of the bioeffector than the
cells themselves. However, we should caution that preliminary observations (unpublished) have shown that lysate contains
particles of varying size and morphology, two important parameters that have been shown to effect immune responses.’’
Furthermore, despite the ease of production of such a lysate, and its evident efficacy as demonstrated herein, considerable
analysis will be required to isolate the roles of its various constituents. Indeed, such a product would face many of the same
regulatory challenges of characterization as have already been described for exosomes.’® Nevertheless, we believe our study
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contributes to a growing body of evidence that demonstrates that MSC derivatives are therapeutic and that a localized
injection, either via deep subcutaneous delivery as in the hind-paw model or via intra-articular injection, can produce an anti-
inflammatory effect.

Conclusion

The administration of viable human umbilical cord perivascular cells or a 1% CL derived therefrom were able to abrogate
inflammation in both the hind-paw and TMJ models employed herein. These results suggest that a lysate derived from
human umbilical-cord derived perivascular cells could be developed as a putative therapeutic for TMJ-OA.
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