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Abstract

Objective: Human and in vivo animal research implicates inflammation following articular 

fracture as contributing to post-traumatic arthritis. However, relevant immune cell subsets present 

following injury are currently undefined. Immunophenotyping human and murine synovial fluid 

may help to identify immune cell populations that play key roles in the response to articular 

fracture.

Methods: Immunophenotyping by polychromatic flow cytometry was performed on human and 

mouse synovial fluid following articular fracture. Specimens were collected in patients with closed 

ankle fracture at the time of surgical fixation and from C57BL/6 mice with closed articular knee 

fracture. Immune cells were collected from injured and uninjured joints in mice via a novel cell 

isolation method. Whole blood samples were also collected. Immunohistochemistry (IHC) was 

performed on mouse synovial tissue to assess for macrophages and T cells.

Results: Following intra-articular fracture, the prominent human synovial fluid immune cell 

subset was CD3+ T cells, containing both CD4+ and CD8+ T cells. In mice, infiltration of CD45+ 

immune cells in synovial fluid of the fractured limb was dominated by CD19+ B cells and CD3+ 

T cells at 7 days after intra-articular fracture. We also detected adaptive immune cells, including 

macrophages, NK cells, dendritic cells and monocytes. Macrophage and T cell findings were 

supported by IHC of murine synovial tissue.
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Conclusions: Determining specific cell populations that mediate the immune response is 

essential to elucidating the chain of events initiated after injury and may be an important step 

in identifying potential immune signatures predictive of PTA susceptibility or potential therapeutic 

targets.
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Introduction:

Traumatic injuries of articular joints are common and can lead to the progression of post

traumatic arthritis (PTA) [1]. A spectrum of articular injuries have the potential to develop 

into PTA, including soft tissue strains and tears, ligament partial tears and rupture, and 

articular fractures [1–3]. Articular fractures, which often occur in younger patients, are 

particularly problematic in that even with current treatment of surgical restoration of the 

articular surface PTA can develop within a year of injury resulting in joint dysfunction, pain, 

and long-term disability [1, 4–6]. There are no mitigating therapies for PTA in these injuries. 

Unfortunately, the mechanism of PTA development following articular fracture is not fully 

elucidated.

Inflammation is recognized both as a normal aspect of the biologic response to articular 

injury and as a pathologic mechanism linked to the development of arthritis. Acutely 

following trauma to articular joints, pro-inflammatory cytokines and chemokines are 

elevated in synovial fluid and synovium [7–10]. Recently, modulation of this inflammatory 

response has been explored as a therapeutic strategy to mitigate the severity of PTA. In vivo 
work demonstrated that early intra-articular inhibition of IL-1 signaling using IL-1 receptor 

antagonist (IL-1Ra) prevented the development of PTA in a murine closed articular fracture 

model [11–13]. Clinically, use of IL-1Ra (anakinra) for treatment of rheumatoid arthritis 

(RA) has demonstrated both decreased cellular migration and altered T cell differentiation in 

the synovium [14–16], and inhibition of IL-1 in a mouse model of systemic sclerosis altered 

T cell and macrophage phenotypes [17]. Elevated pro-inflammatory cytokines are found in 

synovial fluid of human patients within 24 hours after an articular fracture [7, 10]. However, 

the immune cells contributing to early inflammation and the development of PTA have not 

been characterized in human or murine models. It may be important to identify which cell 

subsets are involved to develop potential therapeutic targets and identify immune signatures 

that are predictive of PTA susceptibility. Techniques to identify immune cells following 

articular fractures can be problematic, as bleeding into the joint space, or hemarthrosis, 

can lead to technical challenges in isolating immune cells. Identifying the cellular subsets 

of immune cells after acute articular fracture is crucial to understanding the biological 

consequences of fracture, but immunophenotyping of synovial fluid cells following articular 

fracture has not been reported.

The objective of this study was to assess the feasibility of human and mouse synovial fluid 

immunophenotyping via polychromatic flow cytometry following intra-articular fracture to 

define both innate and adaptive immune cell populations that may play key roles in the 
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response to articular fracture and PTA development. For this purpose, we implemented novel 

cell isolation methods from synovial fluid in the human ankle and mouse knee following 

articular fracture. With additional histologic assessment of immune cells in mouse synovial 

tissue, we compared human and murine immune signatures after fracture. We hypothesized 

that similar phenotypes of immune cells are present in human and murine synovial fluid 

following intra-articular fracture.

Materials and Methods:

Human Articular Fracture Synovial Fluid.

Under an IRB-approved protocol, synovial fluid was obtained from 6 patients (mean age 40; 

ranging from 18–65 years of age) with closed intra-articular ankle fractures (Figure 1A). All 

aspirations were performed at the time of surgery after tourniquet inflation. We utilized a 

variation of a technique described by Adams et al. to measures cytokines in synovial fluid 

after intra-articular fracture [8]. Using a standard anteromedial arthroscopy portal approach, 

a 16-gauge needle attached to a 10cc syringe was inserted into the joint under fluoroscopic 

guidance. The contents of the joint were aspirated and transferred to Eppendorf tubes.

The synovial fluid samples were then centrifuged at room temperature for 15 mins at 

a speed of 3500 rpm to remove particulate matter, followed by a red blood cell lysis 

using BD PharmLyse, an ammonium chloride based lysing buffer (BD; San Jose, CA). 

The supernatant was removed and stored at −80°C for future analyses [18]. The cells 

isolated from the cell pellet were transferred to a 96 well round-bottom plate and stained 

using a panel of fluorescent antibodies [19]. Briefly, synovial-fluid derived cells were first 

incubated with a viability dye to detect dying cells followed by a surface stain with an 

antibody cocktail that includes markers for innate and adaptive cell subsets (Figure 1B). The 

unbound antibodies were washed out by centrifugation and stained cells were fixed with 1% 

paraformaldehyde prior to acquisition on a BD LSRII flow cytometer (BD; San Jose, CA).

Mouse Articular Fracture Model.

An established mouse model of articular fracture of the knee was used to assess the immune 

cell response in a preclinical model (Figure 2A). All procedures were performed under 

an IACUC approved protocol. Twenty-two adult male C57BL/6 mice (10 months of age, 

Charles River Laboratories) were subjected to a moderate closed articular fracture of the left 

hind limb, as previously reported [20, 21]. Eleven mice received a single, 6μL intra-articular 

injection of IL-1Ra (900 μg, anakinra, Kineret®, Swedish Orphan Biovitrum (SOBI)) in 

the injured knee only immediately following fracture (fx). The control group received no 

treatment (n=11), so that the natural response to fracture, including the presence of immune 

cells with the intra-articular environment could be assessed and compared to the human 

samples. Three mice from no treatment or IL-1Ra treatment were sacrificed 7 days post

fracture for initial assessment, and subsequently 8 mice from each group were sacrificed 

at 14 days post-fracture (Figure 2B). Hind limbs were scanned by microCT (VivaCT 80, 

Scanco, 19.5μm resolution), followed by processing for histology. Formalin-fixed paraffin 

embedded knee joints were sectioned at 8μm thickness. Sections were stained with H&E 

Furman et al. Page 3

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for assessment of synovitis [21, 22], and immunohistochemistry (IHC) was used to quantify 

immune cells in the synovium, including macrophages, CD4 T cells, and CD8 T cells.

Mouse synovial fluid (SF) was collected at the time of sacrifice using a previously reported 

technique of swabbing the joint with a 2mm punch of an alginate pad [23] with modification 

of the digestion buffer to maintain cell viability. Briefly, each target joint was opened by 

suprapatellar tenotomy under magnification using a dual-head operating microscope (custom 

dual-view Olympus SZ61 stereomicroscopes with motorized focus; Olympus, Waltham, 

MA). The quadriceps tendon was transected proximal to the patella, and the patella was 

translated anteriorly, opening the joint space allowing the joint cavity to be swabbed with 

the 2mm punch (Supplement S1). For this study, the pad was dissolved in 100μl of PBS 

with 50μM trisodium citrate and 1mM disodium EDTA for 5 mins at room temperature 

followed by 5 mins at 37°C. The isolated cells were then pelleted by centrifugation at 1200 

rpm at room temperature for 5 minutes and the supernatant was removed without disturbing 

the cell pellet. The digestion buffer was replaced with 100μl of RPMI + 10% FBS media. 

For the first pilot experiment at Day 7 post-fx, all fractured (n=3) and contralateral control 

(n=3) SF samples were combined for both treatment groups in an attempt to ensure adequate 

cell numbers (n=1 pooled SF sample per group) (Figure 2B). For the subsequent collection 

of samples at Day 14, sample sizes were increased (Figure 2B) with SF samples from 

4 fractured limbs for both treatment groups being pooled again in an attempt to ensure 

adequate cell numbers (n=2 pooled SF samples per group). Prior to cell surface staining, 

red blood cells were lysed from all mouse synovial fluid samples using BD PharmLyse, an 

ammonium chloride based lysing buffer (BD; San Jose, CA).

Whole blood was collected in heparinized tubes. To isolate peripheral blood mononuclear 

cells (PBMCs), blood was overlaid on Ficoll, with PBMCs separated by density gradient 

centrifugation. After transferring the PBMCs to a new tube, the cells were washed twice 

with HBSS and saved for cell staining. Both synovial fluid cells and PBMCs were stained as 

described above using a panel of fluorescent antibodies that includes markers for innate and 

adaptive cell subsets, including monocytes, macrophages, dendritic cells, neutrophils, B and 

T cells (Figure 3B).

Using paraffin sections of knee joints, macrophages were stained using a general murine 

macrophage marker, F4/80. Antigen retrieval was performed using 0.01% proteinase 

K (Sigma-Aldrich P2308) for 5 minutes at 37°C, followed by endogenous peroxidase 

quenching with 3% H2O2 in methanol for 60 minutes. Sections were then incubated with 

the rat anti-mouse monoclonal antibody against a surface marker of macrophages (F4/80, 

Serotec MCA497G) at a 1:150 dilution (conc. 3.3μg/μl) for 1 hour at room temperature. T 

cells were stained with either CD4 or CD8 antibody. Antigen retrieval was performed using 

tris-EDTA buffer, pH 9.0 (Abcam ab93684) for CD4 and citrate buffer, pH 6.0 (Vector Labs 

H-3300) for CD8 at 95°C for 15 minutes, followed by endogenous peroxidase quenching 

with 3% H2O2 in methanol for 30 minutes. Sections were then incubated with a rabbit 

anti-mouse CD4a monoclonal antibody (Abcam ab183685) or a rabbit anti-mouse CD8a 

monoclonal antibody (Abcam ab209775) at a 1:100 dilution (conc. 6.95μg/μl for CD4a and 

6.3μg/μl for CD8a) at 4°C overnight. Antibodies were diluted in blocking serum matched to 

appropriate species-specific IgG detection kits with negative controls receiving serum only.

Furman et al. Page 4

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Following incubation, appropriate polymer detection kits were utilized (for F4/80, 

ImmPRESS HRP goat anti-rat, mouse adsorbed IgG kit MP-7444; for CD4 and CD8 

ImmPRESS HRP horse anti-rabbit IgG kit MP-7401, Vector laboratories), followed by DAB 

substrate (SK-4100, Vector laboratories) for chromogenic detection and hematoxylin counter 

stain (H-3494, Vector laboratories). Digital images of the joint tissue were obtained (BX53 

with DP73 camera, cellSens software, Olympus, Center Valley, PA) for stained and negative 

control sections. Positive cells within four regions of the synovium (regions adjacent to the 

medial and lateral femoral condyles and tibial plateau) for each antibody were counted by 

two blinded graders for all joints, and the average cell count reported.

All statistical analyses were performed using Statistica software (TIBCO, Palo Alto, CA). 

Non-parametric analyses were performed to assess differences between untreated and 

IL-1Ra treated mice in synovitis, immune cells quantified from IHC, and whole blood 

immune cell subsets, with significance reported at the 95% confidence level. Wilcoxon’s 

matched pairs test was used to compare differences between control and fractured limbs at 

each time point for each treatment independently. The Mann-Whitney U test was used to 

compare differences between treatments and between day 7 and day 14 independently.

Results:

Human Articular Fracture Synovial Fluid Samples.

In this pilot study, we tested the feasibility of immune phenotyping synovial fluid-derived 

cells from patients with intra-articular fracture with the potential complications of hematoma 

and tissue fragments within the joint. Approximately 1 ml of synovial fluid was obtained 

from 6 patients (2 males, 4 females) with an ankle fracture from 1 to 14 days after injury 

(Figure 1A). Red blood cell pellets were visible in all samples during processing and 

treated with lysis buffer. All samples were successfully processed for immune phenotyping 

and viable CD45+ counts reported (Figure 1C). As a preliminary analysis of immune cell 

subsets to confirm feasibility in the ankle synovial fluid, we performed flow cytometry by 

staining for pan-markers: CD19, CD3, and CD14, which distinguish B cells, T cells, and 

monocytes, respectively (Figure 1B). The percent cell subsets of each cell type are reported 

in Figure 1D. Gated on CD45+ cells, the majority of the cells were adaptive immune cells, 

dominated by CD3+ T cells (63.68% ± 8.66%) and CD19+ B cells (9.96% ± 8.78%) with 

a minimal number of CD14+ monocytes (0.08% ± 0.12%) (Figure 1C). Within the CD3+ 

population, we observed both CD4 T cells (48.90% ± 16.73%) and CD8 T cells (35.80% ± 

7.90%) (Figure 1E). This study demonstrates the feasibility of immune profiling of human 

ankle-derived synovial fluid and the need for an in-depth analysis of the CD4 and CD8 T 

cell subsets that home to the site of injury.

Mouse Articular Fracture Model.

Synovial fluid was evaluated at Day 7 and Day 14 days after articular fracture, as joints 

showed maximal synovitis in the synovial tissue at these time points in previous experiments 

[21, 24]. Additional post-injury characterization of immune cells was assessed via whole 

blood immune cell phenotyping and immune cell-specific IHC in synovial tissue for the 

mouse study.
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Day 7 Synovial Fluid and Whole Blood Immune Cell Phenotyping.—Murine 

synovial fluid cells were successfully isolated from fractured and contralateral non-fractured 

control limbs at Day 7 post-fracture. Cell viability of the pooled synovial fluid samples 

was as follows: 99.1% for fractured limbs and 65.0% for contralateral control limbs of 

the untreated groups; 99.0% for fractured limbs and 82.5% for contralateral control limbs 

of the IL-1Ra treated group. As demonstrated by flow cytometry, CD45+ leukocytes were 

present in significant numbers in synovial fluid from fractured, but not control limbs (Figure 

3B, Table 1). Subset analysis was not performed on contralateral control synovial fluid due 

to the small number of cells (Table 1). Gated on CD45+ cells (Figure 3C), immune cells 

frequencies in pooled synovial fluid from fractured limbs of both untreated and IL-1Ra 

treated mice included adaptive CD19+ B cells (untreated 34.7%, IL-1Ra 28.1%) and CD3+ 

T cells (untreated 13.2%, IL-1Ra 16.3%) and innate cell subsets gated on non-T cells 

and B cells, including of NK cells, macrophages, dendritic cells, and monocytes (Figure 

3D, Supplement Table S1). At Day 7 after injury, the immune cell subsets in synovial 

fluid in B6 mice were similar to those in human synovial fluid, with the presence of 

adaptive immune cells, including T cells and B cells, and low frequencies of monocytes. 

Comparison of immune cell frequencies in whole blood compared to pooled synovial fluid 

at Day 7 are shown in Figure 3D. Macrophages showed the greatest enrichment in synovial 

fluid (untreated 30.6%, IL-1Ra 34.5%) compared to whole blood (untreated 6.0 ± 2.2%, 

IL-1Ra 5.4 ± 2.7%) at 7 days post-fracture. Whole blood immune cell frequencies were 

not significantly different between untreated and IL-1Ra treatment at Day 7 post-fracture 

(Figure 3D, Supplemental Table S1).

Day 14 Synovial Fluid and Whole Blood Immune Cell Phenotyping.—
Contralateral control limb synovial fluid was not analyzed via flow cytometry at Day 14 

due to the findings at Day 7, in which detectable viable cells were too low to perform cell 

subset analysis. For fractured limbs at Day 14 post-fracture, synovial fluid samples pooled 

from 4 limbs (n=2 per group) of both untreated and IL-1Ra treated groups had insufficient 

cell counts for flow cytometric analysis (Table 1). Consequently, fourteen days after fracture 

the synovial fluid immune cell subsets in B6 mice could not be compared with human 

samples.

For whole blood immune cell phenotyping at Day 14, IL-1Ra treatment did not have a 

statistically significant effect on immune cell frequencies (Figure 3F, Supplemental Table 

S1). In comparing Day 14 to Day 7 for whole blood, both treatment groups had an increase 

in percentages of macrophages (p≤0.02) and modest increase in monocytes (p=0.02) from 

Day 7 to Day 14 (Figure 3E, 3F, Supplemental Table S1). Treatment with IL-1Ra also 

resulted in increases in percent cell subsets of NK cells (p=0.01) and dendritic cells (p=0.01) 

from Day 7 to Day 14 that was not found without treatment (Figure 3E, 3F, Supplemental 

Table S1).

Synovitis Histopathology.—At both Day 7 and 14 post-fx, fractured limbs had 

significantly greater synovitis scores compared to contralateral control limbs (p≤0.03). 

However, synovitis scores were not significantly different with IL-1Ra treatment at Day 
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7 post-fracture (untreated 10.0 ± 7.0, IL-1Ra 15.7 ± 6.1, p=0.38) or Day 14 post-fracture 

(untreated 8.3 ± 4.3, IL-1Ra 12.2 ± 7.7, p=0.33).

Immunohistochemistry.—Immune cells in the synovial tissue of control and fractured 

limbs were quantified via IHC (Figure 4B and Supplemental Figure S2). The quantity of 

F4/80+ macrophage cells was not significantly different between contralateral control and 

fractured limbs or between untreated and IL-1Ra at Day 7. However, at Day 14, F4/80+ 

macrophages in fractured limbs for groups with and without IL-1Ra were significantly 

elevated compared to contralateral control limbs (untreated, p=0.01; IL-1Ra, p=0.017, 

Figure 4C). Similar trends were observed for CD4+ T cells in the synovium, with fractured 

limbs showing greater numbers of positive cells compared to contralateral control limbs 

at Day 14 only (untreated, p=0.06; IL-1Ra, p=0.06, Figure 4D). CD8+ T cells were not 

significantly different between fractured and contralateral control limbs for either treatment 

at either time point. IL-1Ra treatment resulted in significantly lower CD8+ T cells compared 

to no treatment (p=0.03) in the contralateral control limbs at Day 14, (Figure 4E). However, 

there were still significantly more CD8+ T cells in both fractured and control limbs at Day 

14 compared Day 7 post-fracture (p<0.019), suggesting a systemic change as opposed to a 

local effect of the injury.

Discussion:

This study describes a novel method to isolate viable cells from synovial fluid in the human 

and murine models following intra-articular fracture. These techniques demonstrate the 

feasibility of phenotyping immune cell subsets via polychromatic flow cytometry from a 

small volume of synovial fluid in patients and mice with closed articular fracture. While 

the presence of pro-inflammatory cytokines in synovial fluid after intra-articular fracture is 

well documented, the phenotypes of immune cells in the synovial fluid following articular 

fracture have not been characterized. This work describes techniques that can be used to 

identify immune cells that are present in synovial fluid following articular fracture.

Immune cell phenotyping in synovial fluid has been reported for inflammatory arthritis, 

most commonly for rheumatoid arthritis (RA) patients, and with end-stage OA in patients 

receiving total joint replacements. Penatti et al. compared synovial fluid samples from 

both RA patients and OA patients with active synovitis and reported finding different 

immune cell signatures, as characterized by different T cell frequencies and cytokine profiles 

[25]. With respect to joint injury, alterations in the balance of T cell subsets quantified in 

synovial fluid has also been associated with increased knee joint laxity following allograft 

reconstruction from ACL injury in the knee [26]. Although characterized in long bone 

fracture callus [27], immune cell profiling in synovial fluid following articular fracture 

has not been reported. Future studies will expand upon our investigation into cellular 

populations with the synovial fluid using high-dimensional flow cytometry and an expanded 

panel of markers.

A limitation of this pilot study was that cellular immune profiling of mouse synovial fluid 

required pooling from multiple mice. At 7 days post-fracture, 3 murine synovial fluid 

samples were pooled to yield sufficient cell numbers for profiling, thereby demonstrating 
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feasibility of this approach of utilizing pooled samples at early time point post-injury. These 

data are valuable for powering future studies (Supplement S3). Subsequently, we pooled 

samples from four animals at 14 days post-fracture but were unable to obtain a sufficient 

number of immune cells for phenotyping via polychromatic flow cytometry, suggesting an 

acute increase in synovial fluid cellularity in the injured mouse joint during the first 7 days 

post-fracture that was markedly reduced by 14 days post-fracture. A collagenase-induced 

model of OA in mice reported a return of cellularity to basal levels at 7 days based on 

analyses of pooled synovial fluid acquired by washout pooled from 7 animals [28]. It is 

interesting to note that the cell counts in the human synovial fluid samples also decreased 

with time since injury (Figure 1C), similar to the decrease of cells in mouse synovial fluid. 

Moving forward, cellular profiling will be necessary to determine the kinetics of immune 

cell infiltration into the synovial fluid after articular fracture.

The limited number of immune cells at 14 days following intra-articular fracture in the 

murine model does raise questions about the value of synovial fluid aspiration to detect 

immune cells involved in the response to intra-articular fracture over time. Biomarker 

analysis of mouse synovial fluid following fracture similarly revealed that inflammatory 

cytokine concentrations were greatest within 1–2 days of injury and dropped significantly by 

day 7 [29]. Interestingly, immunohistochemistry demonstrated a significant cellular infiltrate 

in the synovium including immune cells at both 7 and 14 days, in contrast to the limited 

number of cells present in synovial fluid at 14 days after fracture. 56 days are required 

for B6 mice to develop well-established PTA, while humans can develop end stage PTA in 

18–24 months after intra-articular fracture [20, 30, 31]. Given this the time point of 14 days 

after fracture in B6 mice may be equivalent to a time point of two to three months after 

fracture in humans. Further work is needed to determine if these differences in immune cell 

subsets between synovial fluid and synovium are reproducible in mice as well as humans. 

In clinical situations involving acute processes such as infection or acute inflammatory 

arthritis, synovial fluid analysis is often very revealing [32]. With idiopathic OA, immune 

cell infiltration in synovial tissue has been reported [33–35]. However, there is little evidence 

comparing immune cell subsets in synovial fluid and synovial tissue in humans or mice for 

specific conditions, specifically following articular fracture. Whether synovial biopsy will 

ultimately be more revealing than simple synovial fluid aspiration is unknown. We were 

unable to establish if inhibiting IL-1 following fracture altered the immune cell phenotypes 

in synovial fluid immune cells at the time points evaluated, but differences were identified in 

CD8+ T cells in synovial tissue with IL-1Ra treatment. Future work will require a combined 

approach of synovial fluid, whole blood and tissue phenotyping of immune cell subsets from 

the acute phase to the early development of PTA.

The comparison of human and murine immune cells is limited to synovial fluid in this 

work. However, this limited data set offers the opportunity to compare and contrast immune 

cells profiles of synovial fluid from humans and mice following articular fracture to 

begin to characterize the immune response to injury. Further work is needed to determine 

immune cell subsets in whole blood in both humans and mice following intra-articular 

fracture to assess whether the changes in whole blood after intra-articular fracture are 

similar. This work suggests that this methodology for synovial fluid immune phenotyping 

in combination with whole blood analysis in patients with articular fractures may assist 
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in identifying a cellular profile that is pathogenic versus non-pathogenic and promotes 

healing. Future investigations using in vivo models could aid in unlocking the mechanisms 

of disease pathogenesis in patients and identifying immune factors of articular fracture that 

are predictive of PTA susceptibility to establish immunomodulatory therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Immune cells in human ankle-derived synovial fluid following articular fracture. A) Patient 

demographics for synovial fluid samples (n=6). B) Panel of antibodies for immune cell 

phenotyping in human synovial fluid. C) Viable CD45+ count in each sample. D) Percent 

cell subsets of immune cells for all human synovial fluid samples (mean ± st dev). E) Flow 

cytometry analysis of a representative patient to identify B cells, T cells, and monocytes. 

Gated CD45+ T cells are shown in the first two plots and the CD4/CD8 T cell plot is derived 

from CD3 T cells. F) Composite data from individual patients showing the frequency of 

CD3 T cells (gated on CD45+ cells) and CD4 and CD8 T cells (gated on CD3 T cells). T 

cells constitute the majority of immune cells in human ankle-derived synovial fluid.
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Figure 2. 
Experimental Design. (A) Schematic of experimental design. (B) Timeline of experiments. 

Mice received no treatment following closed articular fracture of the knee or a single intra

articular (IA) injection of IL-1Ra immediately following fracture. At 7 days post-fracture, 

synovial fluid (SF) collected and pooled from 3 fractured and 3 control limbs per group, 

and whole blood (WB) collected for n=3 per group. At 14 days post-fracture, synovial fluid 

collected and pooled from 4 fractured limbs for n=2 per group, and whole blood (WB) 

collected for n=8 per group. Hind limbs collected from all mice for microCT and histology.
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Figure 3. 
Immune cell phenotyping in synovial fluid and whole blood from mouse model of closed 

articular fracture via polychromatic flow cytometry A) Panel of antibodies for immune cell 

phenotyping. B) Comparison of CD45+ leukocytes in pooled synovial fluid from 3 joints 

at 7 days post-fracture of fractured (74,677 events) and control (851 events) limbs with no 

treatment. C) Representative example of detection of B cells, T cells, NK cells, macrophages 

and dendritic cells (DC) in the synovial fluid from untreated fractured limbs, gated on 

CD45+ for T cells and B cells and *Non-B and T cells for remaining cell subsets. D) 
Immune cell subsets at Day 7 post-fracture in synovial fluid (SF) and whole blood (WB) 

for both no treatment and IL-1Ra treatment (mean ± 95% CI). E) Immune cell subsets at 

Day 14 post-fracture in whole blood (mean ± 95% CI). Synovial fluid data Not Available 

(N/A) from pooled synovial fluid from 4 joints (n=2 per group) as cell count, determined by 

detectable events, was too low for subset analysis.
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Figure 4. 
Closed articular fracture in the mouse knee and quantification of immune cells in mouse 

synovial tissue following fracture. A) MicroCT images of fractured knee joints for both 

no treatment and IL-1Ra treatment at Day 7 and Day 14 post-fracture. B) Representative 

images of positive IHC staining in synovium at Day 14 in contralateral control and 

fractured limbs (brown=F4/80+ stain, blue=hematoxylin counter stain). C) Quantification 

of macrophages via F4/80+ cells in synovial tissue via IHC staining (Day 14, control vs 

fractured limb *p≤0.017). D) Quantification of CD4+ T cells in synovial tissue via IHC 

staining (Day 14, control vs fractured limb #p=0.063). E) Quantification of CD8+ T cells in 

synovial tissue via IHC staining (Day 14 control limb, no treatment vs IL-1Ra **p=0.031; 

for both limbs in both groups, Day 14 vs Day 7 ***p≤0.019).
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Table 1.
Samples collected for immune cell phenotyping in mouse knee-derived synovial fluid (SF) 
following articular fracture.

Comparison of detectable events in pooled synovial fluid with and without intra-articular IL-1Ra treatment 

(Tx); --- indicates sample not analyzed, as previous cell count, as determined by detectable events, was too low 
for subset analysis.

Group Time post-fx (days) SF (n) Pooled SF NonFx Limb detectable 
events

Pooled SF Fx Limb detectable 
events

No Tx
No Tx
No Tx

7
7
7

n=1 (3 pooled) 851 74,677

IL-1Ra
IL-1Ra
IL-1Ra

7
7
7

n=1 (3 pooled) 2,001 84,118

No Tx
No Tx
No Tx
No Tx

14
14
14
14 n=2

(4 pooled per sample)
---
---

43
247No Tx

No Tx
No Tx
No Tx

14
14
14
14

IL-1Ra
IL-1Ra
IL-1Ra
IL-1Ra

14
14
14
14

n=2 (4 pooled per sample) ---
---

117
494IL-1Ra

IL-1Ra
IL-1Ra
IL-1Ra

14
14
14
14
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