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Introduction: Multiple biological therapies for orthopedic injuries are marketed to

veterinarians, despite a lack of rigorous comparative biological activity data to guide

informed decisions in selecting amost e�ective compound. Therefore, the goal of this

study was to use relevant bioassay systems to directly compare the anti-inflammatory

and immunomodulatory activity of three commonly used orthobiological therapies

(OTs): mesenchymal stromal cells (MSC), autologous conditioned serum (ACS), and

platelet rich plasma (PRP).

Methods: Equine monocyte-derived macrophages were used as the readout system

to compare therapies, including cytokine production and transcriptomic responses.

Macrophages were stimulated with IL-1ß and treated 24h with OTs, washed and

cultured an additional 24h to generate supernatants. Secreted cytokines were

measured by multiplex immunoassay and ELISA. To assess global transcriptomic

responses to treatments, RNA was extracted from macrophages and subjected

to full RNA sequencing, using an Illumina-based platform. Data analysis included

comparison of di�erentially expressed genes and pathway analysis in treated vs.

untreated macrophages.

Results: All treatments reduced production of IL-1ß by macrophages. Secretion of

IL-10was highest inMSC-CM treatedmacrophages, while PRP lysate and ACS resulted

in greater downregulation of IL-6 and IP-10. Transcriptomic analysis revealed that ACS

triggered multiple inflammatory response pathways in macrophages based on GSEA,

while MSC generated significant downregulation of inflammatory pathways, and

PRP lysate induced a mixed immune response profile. Key downregulated genes in

MSC-treated cultures included type 1 and type 2 interferon response, TNF-α and IL-6.

PRP lysate cultures demonstrated downregulation of inflammation-related genes

IL-1RA, SLAMF9, ENSECAG00000022247 but concurrent upregulation of TNF-α, IL-2

signaling, and Myc targets. ACS induced upregulation of inflammatory IL-2 signaling,

TNFα and KRAS signaling and hypoxia, but downregulation of MTOR signaling and

type 1 interferon signaling.

Discussion: These findings, representing the first comprehensive look at immune

response pathways for popular equine OTs, reveal distinct di�erences between

therapies. These studies address a critical gap in our understanding of the relative

immunomodulatory properties of regenerative therapies commonly used in equine
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FIGURE 5

Di�erential gene expression and pathway analysis of MSC supernatant conditioned macrophages compared to IL-1ß stimulated. (A) Volcano plot of MSC

treatment vs. IL-1ß. X-axis shows fold change and y-axis shows unadjusted adjusted p-value. Significance defined as p-value ≤ 0.05 fold change ≥ 2 or ≤

−2. (B) List of genes, description, *unadjusted p-value and fold change of top 15 upregulated and downregulated genes in di�erential analysis results

from MSC supernatant treated vs. IL-1ß stimulated samples. (C) GSEA results using normalized counts from n = 3 MSC supernatant treated vs. IL-1ß

stimulated macrophages. Legend shown in box to right.

“M1 dn”. Macrophages treated with orthobiologics also showed

mixed expression of “leukocyte activation genes” which would be

important for modulation of the in vivo inflamed joint environment.

Looking at a more condensed gene list of commonly known

macrophage phenotyping genes (dot plots, Supplemental material 6),

for example IFNG is downregulated in IL1b and MSC groups, IL6 is

downregulated in PRP and ACS groups. Whereas IL13 and IL4 (M2

gene) is upregulated in PRP and ACS group.
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FIGURE 6

Di�erential gene expression and pathway analysis of PRP treated macrophages compared to IL-1ß stimulated. (A) Volcano plot of PRP treated vs. IL-1ß.

X-axis shows fold change and y-axis shows unadjusted adjusted p-value. Significance defined as FDR adjusted p-value ≤ 0.05 fold change ≥ 2 or ≤ −2.

(B) List of genes, description, FDR, and fold change of top 15 upregulated and downregulated genes in di�erential analysis results from PRP treated vs.

IL-1ß stimulated samples. (C) GSEA results using normalized counts from n = 3 PRP treated vs. IL-1ß stimulated macrophages.
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FIGURE 7

Di�erential gene expression and pathway analysis of ACS treated macrophages compared to IL-1ß stimulated. (A) Volcano plot of ACS treated vs. IL-1ß.

X-axis shows fold change and y-axis shows unadjusted adjusted p-value. Significance defined as FDR adjusted p-value ≤ 0.05 fold change ≥ 2 or ≤ −2.

(B) List of genes, description, FDR, and fold change of top 15 upregulated and downregulated genes in di�erential analysis results from ACS vs. IL-1ß

stimulated samples. (C) GSEA results using normalized counts from n = 3 ACS treated vs. IL-1ß stimulated macrophages. Blue bars show ES, green FDR

significant values, and nominal p-values shown in red.

Discussion

Orthobiologics have been increasingly used in the treatment of

equine musculoskeletal disease in recent years, and it is therefore

important to understand how these new treatments modulate joint

inflammatory responses mechanistically (15, 16, 24, 28). Therefore,

the primary goal of this study was to elucidate mechanisms of action

of three commonly used biologic therapies on macrophage function

and polarization, as synovial macrophages are recognized as one

of the most immunologically active cells within the joint and in

the progression of OA. Improved understanding of the effects of

biologic therapies on key immune effector cells within the joint is

fundamental to further designing trials with the correct biomarker

endpoints to determine relative biological effects of treatments,
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including cytokines in synovial fluid or sequencing of synovial

fluid or tissue biopsies. Key findings of this study were that all

treatments reduced levels of IL-1ß, while MSC-CM induced the

greatest increase in anti-inflammatory IL-10 levels, and both PRP

lysate and ACS induced lower levels of IL-6 and IP-10 relative to

MSC-CM. These findings demonstrate potential beneficial effects of

all treatments assessed relative to OA progression, albeit through

different mechanisms. RNA sequencing revealed that MSC-CM

downregulated inflammatory gene expression while PRP lysate and

ACS directed a mixed response with upregulation of both pro- and

anti-inflammatory gene pathways and mixed M1/M2 macrophage

polarization. This study is the first to report the relative effects of

three commonly used orthobiologic formulations in the modification

of inflammation induced in macrophages, simulating conditions

experienced in inflamed osteoarthritic joints. These findings will

inform future studies examining the potential benefits of regenerative

therapies in vivo in various models of OA in horses.

Multiple cytokines that were differentially secreted by

macrophages following treatment with orthobiologics have

been implicated to play a role or have prognostic value in assessing

the severity of OA. Disruption of the cytokine balance toward a

pro-inflammatory state in the pathogenesis of OA has been described

to propagate a “vicious cycle” activating catabolic enzymes and

contributing to further damage to cartilage, synovium, and intra-

articular soft tissue structures (43). IL-1ß has been cited as one of the

primary pro-inflammatory cytokines involved in the pathogenesis of

OA, among other disease conditions (43), inducing catabolic events

including cartilage degradation through mitogen-activated protein

kinase (MAPK) signaling, reducing cartilage extracellular matrix via

ERK activation, and inhibiting collagen synthesis through SOX-9

expression (47, 48). As noted, in this study, IL-1ß secretion was

downregulated by all three orthobiologics assessed. Furthermore,

concentrations of PGE-2 in synovial fluid have been evaluated to

determine degree of joint inflammation as they are consistently

elevated in naturally occurring (49) and experimental models of

equine OA (50) and lameness in horses in general (51). While

PGE-2 was not induced to a significantly greater extent in the IL-1ß

stimulated macrophages vs. control, PGE-2 levels were found to

be lowest in the MSC and ACS treated groups and were actually

significantly upregulated in the PRP lysate group, consistent with the

mixed induction of some pro-inflammatory pathways seen with PRP

lysate on RNA sequencing analysis.

Interleukin-6 (IL-6) has historically been characterized as pro-

inflammatory (52, 53) and documented to be upregulated in joints

with osteoarthritis (54, 55), although more recent work has suggested

that it may play a more immunomodulatory and not strictly a pro-

inflammatory role (56–58). In humans undergoing knee arthroscopy,

IL-6 and MCP-1 concentrations have been correlated to higher

(worse) intraoperative International Cartilage Repair Society (ICRS)

scores, were the greatest predictors of more severe cartilage lesions,

and were associated with more prolonged pain postoperatively (59).

Both IL-6 and IP-10 were further associated with greater hip OA

pain and were detected in both the synovial fluid (IL-6 and IP-10)

and synovium (IP-10) of OA vs. healthy patients, indicating distinct

inflammatory processes may drive OA in specific joints or at specific

time points in disease progression (60). In this study, IL-6 and IP-10

secretion were downregulated by PRP lysate and ACS in comparison

to IL-1ß stimulated macrophages. Given the conflicting reports on

the relative catabolic vs. pro-chondrogenic effects of IL-6 to equine

cartilage, further studies on the global role of IL-6 in equine OA

are warranted.

Interleukin-10 (IL-10) is broadly considered to be an anti-

inflammatory cytokine through multiple pathways and is primarily

synthesized by immune cells and to a lesser extent by chondrocytes

within the joint, where it plays a role in cartilage extracellular matrix

turnover (61). In this study, MSC-CM maintained levels of IL-10

close to those of the positive control and to significantly higher

levels than that induced by treatment with PRP lysate or ACS.

In addition, RANTES (regulated upon activation, normal T cell

expressed and secreted) has further been associated with recruitment

of macrophages and PGE-2 generation following injection in

rodent models and reported as a mediator of acute and chronic

inflammation (59). In humans, RANTES levels were among the

strongest predictors, along with platelet-derived growth factor and

vascular endothelial growth factor, of postoperative improvement

regardless of initial injury or degree of cartilage degradation at the

time of surgery (59). This is interesting in the context that, of the

treatments assessed, MSC-CM upregulated RANTES most, resulting

in greater secretion of RANTES by macrophages compared to PRP

lysate, although no treatment was significantly different from the

positive or negative control. These findings shed some light on the

relative effects of orthobiologic agents in the context of IL-1ß induced

inflammation and highlight the concept that the pathogenesis of OA

involves activation of signaling pathways by multiple cytokines (43).

This study represents the first in-depth look at how equine

macrophages respond to IL-1ß, a relevant inflammatory cytokine

in osteoarthritis progression, quantified via transcriptomic analysis.

Macrophages were co-cultured with recombinant IL-1ß to model

the inflammatory synovial environment that impairs healing

and exacerbates OA progression, as IL-1ß has been commonly

associated with the osteoarthritic synovial environment as a pro-

inflammatory cytokine, in addition to IL-6 and TNF-α (43).

In response to IL-1ß stimulus, the ROS pathway, and several

key leukocyte activation genes such as TLR1, TLR9, TLR2,

IL4, IFNGR1, IL-13 etc. (GO:0045321), were upregulated in IL-

1ß treated macrophages compared to the control unstimulated

macrophages. Overall, the most upregulated genes were related to

inflammatory immune system (SLAMF9, PPBP, TRIB3, GPR84, and

DDIT4) and metabolic processes (CHAC1, PSAT1, PEAK3, and

CEBPD). Simultaneously, downregulated genes mapped to categories

including impaired cell signaling and biological regulation of cellular

adhesion and differentiation. Thus, the transcriptomic analysis

techniques employed here provided previously unreported insights

into how equine macrophages respond to activation by relevant

joint inflammatory cytokines, with relevance to the interaction and

response of joint cells to orthobiologic treatments in osteoarthritis.

Macrophage polarization states are key in regulation of

inflammation in the osteoarthritic joint (62–64). The upregulation

of anti-inflammatory genes demonstrated following MSC-CM

treatment represents a polarization toward an M2 macrophage

phenotype and is consistent with previous reports discussing the

importance of MSC-macrophage crosstalk in the maintenance

of homeostasis in inflammatory microenvironments and the role

of macrophage phenotype switching from M1 to M2 in tissue

repair (62, 63) (Supplementary materials 5–7). Published datasets

of gene expression include key patterns (65) seen in polarized

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2023.1109473
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Pezzanite et al. 10.3389/fvets.2023.1109473

macrophages in vitro that define the transcriptomic response beyond

the dichotomy of M1 and M2 (66). While it is recognized that

the findings of this study may not be directly compared to human

data sets on resting macrophages given species differences and

the induced IL-1ß inflammation modeled here, these previous

reports provide a baseline from which initial comparisons may be

drawn. In this study, the IL-1ß treated macrophages co-cultured

with PRP upregulated many genes previously classified as M1 or

pro-inflammatory oriented; for example, 41% of the M1 genes

found in GSE5099 and several of the “leukocyte activation genes”

found in GO:0002269 (leukocyte activation involved in inflammatory

response) such as IFN-γ, IL-13, and IL-4, were upregulated,

suggesting that PRP lysate polarized macrophages toward an M1

profile in these pathways (Supplementary material 2). Transcriptome

abundance, a more sensitive measure than protein levels, further

indicated upregulation of TNF-α; of note, these outcomes may lack

correlation if protein levels were not high enough to detect via

multiplex assay or if the stimulus was not sufficient to trigger release

but was strong enough to alter transcript abundance. However,

overall pathway analysis for PRP lysate-treated samples revealed

a global transcriptome that points to a downregulation of the

immune response, type I and II interferon pathways, complement

and ROS pathways, indicating (as with MSC-CM) the potential

utility of PRP lysate to resolve chronic inflammation during OA

pathogenesis. Finally, PRP treatment also resulted in the largest

number of “uniquely” differentially expressed genes (207 as seen

on VENN diagram, Supplementary material 3) of orthobiologic

therapies assessed, some of which mapped to angiogenesis, integrin

signaling, TGF-ß, and other pathways that produce downstream

effects that could potentially contribute to the amelioration of tissue

damage and inflammatory cell infiltrate. These results highlight

the importance of the non-biased approach used here to analyze

transcriptomic response to therapy and investigate the mechanisms

of action by which orthobiologic therapies exert an effect.

Treatment of macrophages with ACS also created an apparent

shift in the macrophage transcriptome, and, similarly to that seen

with PRP lysate treatment, downregulated several inflammatory

pathways including ROS, oxidative phosphorylation, and the type

II interferon response. The 153 genes unique to the ACS treatment

(Figure 3) present sets of genes that, although inflammatory, could be

beneficial to recruit innate immune cells to the site of inflammation

(toll like receptor (TLR) signaling, Wnt signaling, integrin, glycolysis,

DNA replication, and EGF receptor), which may further contribute

to the initial phase of tissue repair in traumatic injury. In contrast

to MSC-CM, ACS treatment also upregulated several inflammatory

pathways (TNF-α, IL-2, Stat 5 signaling, and apoptosis), along with

multiple M1 leukocyte activation genes (TNF-α, IFN- γ, IL4, and

FOXP1). Similarly to PRP lysate-treatedmacrophages, approximately

44% of M1-associated genes (GSE5099) were upregulated compared

to the 62%M1-associated upregulated genes in the IL-1ß alone group

(Supplementary Figure S2). Despite the upregulation of multiple M1

genes, it has been previously reported that the M2 macrophage

response encompasses a dynamic spectrum of transcriptomic states

ranging from the classic M2 tissue resident macrophage to M2a,

b, c and d subtypes depending on which receptor(s) are activated

(IL-4, TGF-ß, or glucocorticoids) and their respective downstream

effects (67). For example, the M2a phenotype has been found

to upregulate peroxisome proliferator-activated receptor (PPAR),

STAT6 and STAT3 pathway genes, which were all upregulated

in the ACS group. These transcriptomic shifts and plasticity

of macrophage polarization further highlight the advantages of

using an impartial approach (i.e., bulk RNA sequencing) to

investigate cell product derived therapeutics for the treatment of

joint diseases.

Caveats to study design include small donor horse sample

size, inherent variability in orthobiologic composition between

individual donors and products available, and assessment of cytokine

concentrations and differential gene expression at a single time

point. Different donor horses were used to develop orthobiologic

treatments vs. monocyte-derived macrophage cultures simply due

to availability at the time the studies were performed. It is

further acknowledged that the model employed is not proposed

to represent the spectrum of conditions encompassing OA, and

likely did not fully capture the chronic inflammatory response seen

in longstanding degenerative joint disease nor the potential for

orthobiologic agents to exert a longer-term effect in mitigation of

disease progression as culture media and macrophages were only

assessed at a single time point. The peripheral blood monocyte-

derived macrophage model employed is recognized to not fully

represent the complexity and spectrum of synovial macrophage

phenotypes. In addition, activation of macrophages in this model

may have been enhanced through combined stimulation using both

IL-1ß and TNF-α, both cytokines found to be elevated in OA, as

has been recently described (68). Interpretation of transcriptomic

data cannot be used to predict net outcomes in comparing

OT treatments but does give us the most in-depth evaluation

possible as to what processes are invoked through OT treatment

with emphasis on overall pathways, rather than individual genes.

Finally, it is acknowledged that substantial variability exists between

preparation and composition of orthobiologic therapies, including

differences between manufacturers, culture techniques such as serum

source and media components for mesenchymal stromal cells, and

individual donor factors including the health, time of day and

environment of the donor prior to tissue donation (69, 70). For

example, the PRP lysate product used (Arthrex ACP) represents

a relatively low platelet concentrate with lower levels of platelet

derived growth factor (PDGF) and other related growth factors

than other commercially available products; it is recognized that

other formulations with higher platelet concentrations may have

yielded different results. Furthermore, characterization of the PRP

lysate and ACS products used here were not supplied, which is

recognized as a limitation. Finally, cultures were performed with

conditionedmedia fromMSC rather than cells themselves, which was

done in an attempt to standardize comparisons between products

as much as possible, and it is hypothesized that co-culture with

cells would have only accentuated the findings reported. While this

study represents an initial comparison of three treatments that are

currently commonly employed in equine practice, but it is further

acknowledged that multiple others (e.g., alpha-2 macroglobulin,

autologous protein solution, adipose derived MSC or MSC-CM,

amnion, and urinary bladder matrix) exist, in addition to other

formulations of the products investigated here, and that comparison

of effect andmechanism of action in future in vitro and in vivo studies

is warranted.

In summary, these findings indicate that commonly used

equine orthobiologic therapies exert their actions through various

mechanisms including induction of differential cytokine production

and gene expression from resident joint tissues that may be beneficial
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in treatment of osteoarthritis, and further highlight the benefits of

employing a non-biased approach to transcriptomic and cytokine

analysis to investigate mechanisms of action of these treatments.

These studies begin to address a critical gap in our understanding of

the relative immunomodulatory properties of regenerative therapies

commonly used in equine practice to treat musculoskeletal disease

and will serve as a platform from which further in vivo comparisons

of orthobiologic therapies may build.
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