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Systemic Immune Modulation Alters Local Bone Regeneration in a Delayed Treatment Composite Model of Non-Union Extremity Trauma
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Bone non-unions resulting from severe traumatic injuries pose significant clinical challenges, and the biological factors that drive progression towards and healing from these injuries are still not well understood. Recently, a dysregulated systemic immune response following musculoskeletal trauma has been identified as a contributing factor for poor outcomes and complications such as infections. In particular, myeloid-derived suppressor cells (MDSCs), immunosuppressive myeloid-lineage cells that expand in response to traumatic injury, have been highlighted as a potential therapeutic target to restore systemic immune homeostasis and ultimately improve functional bone regeneration. Previously, we have developed a novel immunomodulatory therapeutic strategy to deplete MDSCs using Janus gold nanoparticles that mimic the structure and function of antibodies. Here, in a preclinical delayed treatment composite injury model of bone and muscle trauma, we investigate the effects of these nanoparticles on circulating MDSCs, systemic immune profiles, and functional bone regeneration. Unexpectedly, treatment with the nanoparticles resulted in depletion of the high side scatter subset of MDSCs and an increase in the low side scatter subset of MDSCs, resulting in an overall increase in total MDSCs. This overall increase correlated with a decrease in bone volume (P = 0.057) at 6 weeks post-treatment and a significant decrease in mechanical strength at 12 weeks post-treatment compared to untreated rats. Furthermore, MDSCs correlated negatively with endpoint bone healing at multiple timepoints. Single cell RNA sequencing of circulating immune cells revealed differing gene expression of the SNAb target molecule S100A8/A9 in MDSC sub-populations, highlighting a potential need for more targeted approaches to MDSC immunomodulatory treatment following trauma. These results provide further insights on the role of systemic immune dysregulation for severe trauma outcomes in the case of non-unions and composite injuries and suggest the need for additional studies on targeted immunomodulatory interventions to enhance healing.
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INTRODUCTION

Despite the significant clinical challenge posed by fracture non-unions, the mechanisms and biology underlying non-unions are still poorly understood. Non-unions occur in approximately 1.9%–4.9% of fractures worldwide; however, the presence of concomitant soft tissue damage or infection drastically increases this risk (1, 2). Because of this, patients with composite injuries often face multiple interventions, extended rehabilitation time, increased treatment costs, and even amputation or significant long-term disability (3–5). Improved treatment strategies with foundations in the biology and mechanisms of non-union will be essential to improve patient outcomes, especially in challenging bone healing scenarios like composite tissue injuries.

The advent of osteoimmunology resulted in an increased focus on the local relationship between the immune system and functional bone regeneration (6). More recently, the role of the systemic immune response has been highlighted as a contributing factor to poor outcomes and increased susceptibility to complications, such as infections, following severe musculoskeletal injury (7, 8). Traumatic injury, especially for open fractures, results in a large increase in damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) (9). This subsequently sparks a large-scale systemic inflammatory response, often termed the systemic inflammatory response syndrome (SIRS), resulting in an increase of inflammatory cells and mediators (ex: T cells, IL-1, IL-6, TNFa). Left unchecked, this response can result in tissue damage, leading to multiple organ failure or even death. To protect against this, a concurrent, systemic anti-inflammatory response, termed the compensatory anti-inflammatory response syndrome (CARS), results in upregulation of anti-inflammatory cells and mediators (ex: MDSCs, Tregs, IL-10, TGFb). In patients with uncomplicated outcomes, these two systemic responses balance each other out and systemic immune homeostasis is restored (10, 11). However, in patients who experience complications, such as non-unions, the CARS response often overwhelms the SIRS response, leading to systemic immune dysregulation and immunosuppression, marked by mediators such as myeloid-derived suppressor cells (MDSCs) and interleukin-10 (IL-10) (12, 13).

MDSCs are a heterogeneous and immature population of immunosuppressive myeloid-lineage cells that dramatically expand in response to traumatic injury during emergency myelopoiesis (12, 14). MDSCs potently suppress immune function, in particular T cells, through factors such as arginase, IL-10, TGFb, and reactive oxygen and nitrogen species (ROS/RNS) (14, 15). MDSCs have also been shown to promote expansion and activity of regulatory T cells, another immunosuppressive cell population, creating a feedforward mechanism to maintain immunosuppression (16). Recent work in multiple rat trauma models has demonstrated a relationship between systemic levels of MDSCs and bone healing outcomes. For example, in a rat non-union model, elevated blood levels of MDSCs and IL-10 negatively correlated with endpoint bone regeneration at multiple timepoints, including as early as 1-week post-treatment (17, 18). These data were further supported in another study using the same rat non-union model and a rat composite trauma model in which circulating blood MDSCs negatively correlated with defect bone volumes and the rats with the highest defect bone volumes had significantly lower MDSCs compared to rats with the lowest defect bone volumes (19). Lastly, in a rat model of infected trauma, infected rats exhibited significantly higher circulating MDSCs, significantly decreased circulating T cells, and a dysregulated cytokine response compared to uncomplicated non-infected fracture (20). These studies together suggest that systemic immune dysregulation and immunosuppression play an important role in uncomplicated healing outcomes and that MDSCs could be a therapeutic target to restore systemic immune homeostasis, create a permissive and pro-regenerative immune environment, and ultimately improve bone healing outcomes in conjunction with a local treatment strategy.

The Roy lab has previously fabricated bifunctional Janus gold nanoparticles that mimic the structure and function of antibodies, containing an Fc-mimicking peptide on one half of the particle surface and an MDSC-targeting peptide on the other half of the particle surface. These particles were used in a mouse tumor model and shown to systemically deplete MDSCs, resulting in increased T and NK cell infiltration into the tumor environment (21). The MDSC-targeting peptide was found via phage display screening to target S100A8/A9, a calcium binding protein that has been shown to impair neutrophil and leukocyte function, reduce cytokine secretion, and inhibit antigen presentation on antigen-presenting cells (22–26). S100A8/A9 is known to be highly present on myeloid-lineage cells following inflammation, such as MDSCs (27). Based on their efficacy in the cancer model (21), these MDSC-targeting nanoparticles could be a useful immunomodulatory therapeutic in conjunction with a local treatment strategy to improve healing outcomes following musculoskeletal trauma.

Therefore, the objective of this study was to use a novel, non-surgical nanoparticle approach targeting the systemic immune response to investigate how immunomodulation of MDSCs impacts regenerative outcomes following delayed treatment in a model of composite musculoskeletal trauma containing both a critically sized bone defect and a volumetric muscle injury. While the composite trauma model has been previously established and investigated, here an additional component of delayed treatment was added, representing the clinical delay in treatment of a non-union defect and the biological changes that occur during that period. Along with a systemic immunomodulatory treatment, we utilized local administration of bone morphogenetic protein-2 (BMP-2), an osteoinductive protein with FDA approval for use in treating spinal defects. We hypothesized that the MDSC-targeting Janus nanoparticles in conjunction with a local BMP-2 treatment strategy would decrease systemic levels of MDSCs, resulting in improved bone regeneration compared to BMP-2 treatment alone. We also longitudinally monitored cytokine and immune cell populations systemically from the blood to identify predictive biomarkers of treatment outcomes and to characterize the immunological factors that contribute to the development of non-unions and poor healing. Single cell RNA sequencing was also conducted to better understand the role of the immunosuppressive MDSC populations in a model of composite trauma. A better understanding of the immunological markers associated with non-union progression and poor healing could be essential for facilitating patient-specific immunomodulatory care that optimizes and improves the current standard of care.



MATERIALS AND METHODS


Nanofiber Mesh and Alginate BMP-2 Preparation

Nanofiber mesh and alginate hydrogel constructs were prepared as previously described (28). Briefly, to make the polycaprolactone (PCL) nanofiber meshes, a 90:10 solution of 1,1,1,3,3,3-Hexafluoro-2-propanol, 99+% (HFP; Sigma Aldrich) and N,N-Dimethylformamide, anhydrous, 99.8% (DMF; Sigma Aldrich) was prepared. PCL was added to a concentration of 12% w/v in the 90:10 solution of HFP:DMF and allowed to dissolve overnight. Meshes were then electrospun to an approximate thickness of 500 µM and a laser cutter was used to create 0.7 mm diameter perforations throughout the mesh. UV cure adhesive (DYMAX) was used to glue the meshes to a rolled inner diameter of 4.5 mm and a length of 12 mm. Meshes were then sterilized by Ethylene Oxide and then stored in alpha-MEM at 4°C until use. To make the alginate hydrogel constructs, a 3% w/v alginate solution was created by dissolving RGD-functionalized alginate (FMC Biopolymer) into sterile alpha-MEM (Corning). The solution was then mixed with 0.1% rat serum albumin (RSA) in 4 mM HCl containing 2.5 µg of BMP-2 per defect and cross-linked in an excess of calcium sulfate by thorough mixing. The alginate gels were stored in syringes at 4°C until use.



Fabrication of MDSC-Depleting Nanoparticles

Synthetic nanoparticle antibodies (SNAbs) targeting MDSCs were prepared as previously described using a solid phase synthesis method (21). Briefly, aminomethyl ChemMatrix resin (SigmaAldrich) was hydrated and then reacted with a disulfide NHS biotin-functionalized crosslinker (sulfo-NHS-SS-biotin, ThermoFisher Scientific). After washing off unbound crosslinker, 30 nm gold Janus nanoparticles (Nanohybrids) were reacted overnight. Following particle binding, reaction vessels were again washed to remove unbound particles and then reacted with Tris(2-carboxyethyl)phosphine (TCEP, ThermoFisher Scientific) overnight to cleave particles from the resin at the disulfide within the crosslinker. Janus particles were then dialyzed against phosphate buffer to remove excess TCEP. A biotin-functionalized MDSC targeting peptide (G3-Biotin, WGWSLSHGYQVK(K-Biotin)) and an SMCC- functionalized Fc-mimicking peptide (Pep33-SMCC, AQVNSCLLLPNLLGCGDDK-(K-SMCC)) were reacted with the Janus particles sequentially overnight at 4°C with washing in between peptide additions. Final particles were collected via centrifugation, sterile filtered, and resuspended in 1X sterile PBS until injection.



Surgical Procedures


Infection Model

All animal care and experimental procedures were approved by the Veterans Affairs Institutional Animal Care and Use Committee (IACUC) and carried out according to the guidelines. The infection model is used as a source of MDSCs for in vitro experiments. This established, published trauma model has been shown to result in a large, sustained increase in MDSCs that can be isolated repeatedly and easily through blood draws. Surgical procedures were carried out as previously described (20). Briefly, unilateral 2.5 mm segmental defects were created in the mid-diaphysis of the femur using 12-week old female Sprague Dawley rats (Charles River Labs) using a Gigli wire saw (RISystem). Twelve-week-old rats were selected because they are skeletally mature and because approximately12–15 weeks is when female Sprague Dawley rats reach their maximum growth in weight and femur size. Defects were then stabilized with an internal modular fixation plate. A collagen sponge inoculated with 107 CFU of Staphylococcal aureus was then placed in the defect site. The 107 CFU was selected based off of prior work showing that at this dosage there is sustained, elevated levels of MDSCs and a local infection is maintained with minimal hardware failure or abscess formation through 8 weeks (20). The incision site was sutured closed with absorbable 4-0 sutures and wound clips. Subcutaneous administration of slow-release buprenorphine (0.03 mg/kg; 1 ml/kg) was used as an analgesic.



Composite Trauma Model

All animal care and experimental procedures were approved by the University of Oregon IACUC and carried out according to the guidelines. Surgical procedures were carried out as previously described (19). Briefly, unilateral 8 mm femoral segmental defects with 8 mm diameter, full-thickness quadriceps muscle defects were created in 14-week-old female Sprague Dawley rats (Charles River Laboratories) using an oscillating saw and a biopsy punch. Fourteen-week-old rats were selected because they are skeletally mature and because approximately 12–15 weeks is when female Sprague Dawley rats reach their maximum growth in weight and femur size. Defects were stabilized with a polysulfone, radiotranslucent internal fixation plate and left untreated for 8 weeks at which point animals underwent an additional surgery to treat the bone defect, representing the clinical delay in treatment of a non-union. The bone defect site was cleared and 2.5 µg of BMP-2 (Pfizer) was added via the nanofiber mesh alginate hybrid delivery system. The muscle defects were left untreated. At 9 weeks post-injury, a subset of animals received no synthetic nanoparticle antibodies (SNAbs) (n = 11), and another subset of animals received arterial injections of a single (n = 5) or double dose (n = 5) (1x SNAb or 2x SNAb) of SNAbs. Animals were euthanized at 20 weeks post-injury. Histology was conducted on a subset of rats (no SNAbs, n = 2; 1x SNAb, n = 1; 2x SNAb, n = 1), and mechanical testing was conducted on the remaining rats (no SNAbs, n = 9; 1x SNAb, n = 6, 2x SNAb, n = 4). Supplementary Figure S1 shows a timeline of the study for the SNAb and non-SNAb treated groups.




Immune Characterization

Blood was drawn from the tail artery of rats via Vacuette blood collection needles (Greiner Bio-One) at various timepoints post-injury and treatment including Day 3, Weeks 1, 4, 7, Week 8 Day 5, Week 9 Days 1 and 2, Weeks 10, 12, 16, and 20 to monitor immune cell populations and chemokine and cytokine levels over time. The Day 3 timepoint was selected to observe the early immune response to injury, whereas the Week 8 Day 5 response was selected to observe immune function prior to SNAb treatment at Week 9. Approximately 300 µL of blood was collected into Microtainer lithium-heparin coated tubes (BD) for FACS analysis and approximately 150 µL of blood was collected into Microvette serum collection tubes (Kent Scientific) for serum analysis. For whole blood analysis, red blood cells were lysed using 1X RBC lysis buffer (eBioscience) according to manufacturer's instructions. Cells were then fixed and resuspended in FACS buffer containing 2% FBS in PBS. Cells were first incubated with anti-rat CD32 to prevent non-specific antibody binding and then stained for various immune cells including T cells (CD3+), cytotoxic T cells (CD3 + CD8+), helper T cells (CD3 + CD4 + FoxP3−), regulatory T cells (Tregs, CD3 + CD4 + FoxP3+), B cells (B220+), monocytes (CD11b + CD68+), and MDSCs (CD11b + His48+). Data were collected using a BD Accuri C6 flow cytometer and analyzed with FlowJo software with gates set based on FMO controls allowing <1% noise. The gating strategy can be found in Supplementary Figure S2, and a list of antibodies and dilutions can be found in Supplementary Table S1. For cytokine and chemokine analysis, serum was collected after allowing blood to clot for approximately 2.5 h at 4°C and then spinning down samples at 1,000 g for 10 min. The supernatant was collected and stored at −20°C until multiplexed chemokine and cytokine analysis (Luminex) was conducted using Milliplex MAP Rat Cytokine and Chemokine Magnetic kits (Millipore Sigma). Data was collected on the MAGPIX Luminex instrument and analyzed with the median fluorescent intensity values with background subtracted.



Bone Regeneration

Longitudinal bone regeneration was qualitatively assessed with radiographic imaging using an UltraFocus digital radiography system (Faxitron), and quantitatively assessed with micro-computed tomography using the vivaCT80 (Scanco Medical) both in vivo at six weeks post-BMP-2 treatment and ex vivo at twelve weeks post-BMP-2 treatment. The middle region of the defect was analyzed (∼6.5 mm) with a 55-kVp voltage and a 145-µA current, and the voxel size was set to 48.5 µm for in vivo scans and 24 µm for ex vivo scans. Newly regenerated bone was segmented using a threshold corresponding to 50% of the average bone mineral density of native cortical bone. Functional bone regeneration was also assessed quantitatively using biomechanical testing to evaluate torsional stiffness and failure strength. Femurs were excised and potted in Wood's metal and then tested to failure in torsion at a rotation rate of 3 degrees per second using the ELF3200 testing system (TA Instruments). Failure strength was determined as the peak torque within the first 90 degrees of rotation and torsional stiffness was calculated by finding the slope of the linear region before failure in the torque-rotation plot.



In Vitro Co-Culture Assay

SNAbs were tested in vitro in a co-culture assay containing MDSCs (target cells) and macrophages (effector cells). The SNAbs require the presence of both target and effector cells, similar to antibodies, in order to elicit specific killing of the target cells (MDSCs). The MDSCs were enriched from the blood of infected trauma rats. Blood was drawn via the rat tail artery and collected into Microtainer lithium-heparin coated tubes (BD). Blood was pooled and then red blood cells were lysed using 1X RBC lysis buffer (eBioscience). MDSCs were then enriched using magnetic activated cell sorting (Miltenyi) according to the manufacturer's instructions with His48 as the sorting marker. Cells were then washed, counted, and resuspended in RPMI 1,640 media. One week prior to MDSC isolation, macrophages were isolated from the bone marrow of one naïve, healthy female Sprague Dawley rat. The femur and tibia from both legs were excised and a syringe and 20G needle were used to flush the bone marrow cavities with 1X PBS. Cells were then run through a 40 µM cell strainer and red blood cells were lysed using 1X RBC lysis buffer (eBioscience). Cells were then washed, counted, resuspended in RPMI 1,640 media, and plated at 5e5 cells/ml in a petri dish with 20 ng/ml recombinant rat macrophage colony stimulating factor (M-CSF, Peprotech). Cells were cultured for 7 days with media changes on Days 3 and 6 and flow cytometry was used to confirm successful differentiation on Day 7 (Supplementary Figure S3). Cells were plated at a 1:10 ratio of MDSCs to macrophages in a 96 well plate with 500,000 cells per well. In SNAb treated wells, 1e10 SNAbs were added in 50 µL of 1X PBS. 50 µL of 1X PBS was added to untreated, control wells. Following a 24-hour co-culture period, cells were collected and single cell RNA sequencing was conducted on SNAb-treated cells enriched for MDSCs to better understand the impacts of SNAb treatment on rat MDSCs. Untreated, pre-SNAb treated cells were used as a control.



Single Cell RNA Sequencing

Rat PBMCs were isolated from both naïve rats (n = 3) and composite trauma model rats (n = 3) via the tail artery using Vacuette blood collection needles (Greiner Bio-One). Blood was isolated from the composite trauma model rats at Day 5 post-injury and pooled together for subsequent analyses. Cell number and viability was confirmed to achieve the target 5,000 barcoded cells. Single cell RNA sequencing (scRNAseq) was performed using 10X Genomics Single Cell 3′ Solution (version 3.1), according to the manufacturer's instructions (protocol rev C). Libraries were sequenced on Nextseq500 (Illumina) and data were de-multiplexed, aligned, and counted using Cell Ranger version 3.1.0 (10X Genomics). Data were analyzed using the R package Seurat (https://satijalab.org/seurat/) developed by the Satija Lab and is specifically designed for quality control, analysis, and exploration of single cell RNA sequencing data. The package utilizes Louvain clustering which modularly optimizes large networks to detect communities using an unsupervised algorithm. These clusters can then be visualized using uniform manifold approximation and projection (UMAP) which dimensionally reduces the data into 2 dimensions, UMAP-1 and UMAP-2, or using t-distributed stochastic neighbor embedding (t-SNE) which dimensionally reduced the data into two dimensions, tSNE-1 and tSNE-2. Quality control metrics were utilized and excluded cells with mitochondrial gene percentage greater than 20% or cells with feature counts below 200 or above 2,500.



Statistical Analysis

Statistical significance for quantitative results was determined using appropriate parametric or non-parametric statistical tests and significance was determined by p values less than 0.05. Statistical analyses were performed using GraphPad Prism 9.0 software (La Jolla, CA, USA).




RESULTS


MDSC Depletion in Vitro from Rat Trauma-Derived Cells

Initial experiments were conducted using MDSCs derived from a rat segmental defect model containing a biomaterial-based Staphylococcus aureus infection. This model was selected due to previous work showing high levels of MDSCs as early as 3 days post-surgery which stay elevated for several weeks post-injury (20). The high levels of MDSCs derived from this model allows for in vitro evaluation of MDSC depletion using the synthetic nanoparticle antibodies (SNAbs). The SNAbs are 30 nm gold Janus nanoparticles which contain MDSC-targeting peptides conjugated to one domain and Fc-mimicking peptides conjugated to the other domain, allowing the nanoparticles to mimic the structure and function of antibodies, resulting in antibody-mediated killing of the MDSC target cells. Previous work has confirmed the ability of SNAbs to deplete MDSCs systemically in a mouse tumor model (21); however, reduction of MDSC levels by SNAbs in rats has not previously been evaluated.

SNAbs were tested in vitro in a co-culture assay containing MDSCs and macrophages. The MDSCs were enriched from the blood of infected trauma rats using magnetic activated cell sorting and the macrophages were differentiated from the bone marrow of healthy, naïve rats using M-CSF stimulation. Following a 24-hour co-culture period, single cell RNA sequencing was conducted on SNAb-treated cells enriched for MDSCs to better understand the impacts of SNAb treatment on rat MDSCs. Untreated, pre-SNAb treated cells were used as a control. Integration and clustering of both the treated and untreated groups shows the presence of MDSCs, macrophages, and neutrophils (Figure 1A). An integrated overlay of tSNE projections from the SNAb treated and untreated groups shows depletion of the MDSC clusters (Figure 1B), which was also confirmed via flow cytometry (21). In addition, expression of immunosuppressive gene markers known to be highly expressed in MDSCs, including S100a9, IL1b, Arg1 (arginase 1), and Junb (a transcription factor), are all significantly decreased post-SNAb treatment (Figure 1C). The presence of the macrophage clusters resulting from the co-culture assay are confirmed with the expression of macrophage gene markers, including CD68 and Adgre1 (Figure 1D). These results demonstrate that SNAbs are capable of functionally depleting MDSCs, both in cell numbers and via decreased immunosuppressive gene expression.


[image: Figure 1]
FIGURE 1 | Single cell RNA sequencing of MDSC depletion in vitro. (A) Clustering of integrated tSNE plots from the SNAb-treated and untreated cells enriched for MDSCs. (B) Overlay of tSNE plots from SNAb-treated and untreated groups showing differences in cell populations. (C) Gene expression for immunosuppressive MDSCs gene markers (S100a9, IL1b, Arg1, and Junb) pre- and post-SNAb treatment. (D) Gene expression for macrophage gene markers (CD68 and Adgre1) pre- and post-SNAb treatment.




Systemic Immune Cell Populations are Altered in Response to Injury and SNAb Treatment

Blood was collected at the baseline (prior to injury) and at various timepoints post-injury, post-BMP-2 treatment, and post-SNAb treatment to assess the systemic immune response. At day 3 post-injury, MDSCs and monocytes were significantly elevated while T cells and T helper cells were significantly depressed in the composite defect group compared to naïve controls (Figure 2). T cells and T helper cells were also significantly decreased following BMP-2 treatment at week 8 day 5, although other immune cells did not show significant changes at that timepoint, in particular MDSCs, in contrast to observations made in previous studies and cohorts (18, 19). In fact, in this study, the MDSC levels were back to pre-trauma levels at the time of SNAb treatment.


[image: Figure 2]
FIGURE 2 | Characterization of circulating immune cells after injury (Day 0) and treatment (Week 8). (A–G) Significant changes in immune cell populations were observed in rats after injury. T cells, T helper cells, and cytotoxic T cells were significantly decreased in injured rats (A–C), while MDSCs and monocytes were significantly elevated (E,G). Data are mean ± SEM, n = 7 to 13 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 as indicated.


At 1 and 2 days post-SNAb treatment (Week 9 Days 1 and 2), both SNAb-treated groups (both the single and double dose groups) showed significantly elevated levels of MDSCs compared to the BMP-2 only and naïve groups (Figure 3). However, looking at the MDSC population via flow cytometry reveals two distinct MDSC sub-populations – a high side scatter population and a low side scatter population (Figure 4A). MDSCs are known to have both monocytic and granulocytic subsets in humans and mice (29), and the observed MDSC sub-populations in this rat data likely parallel these known subsets in other species. The two MDSC sub-populations respond differently to SNAb treatment. On one hand, the high side scatter MDSCs were significantly decreased at 24 h post-treatment in both SNAb-treated groups, whereas low side scatter MDSCs were significantly increased at 24 h post-treatment in both SNAb-treated groups (Figure 4C). However, despite a significant decrease in the high side scatter MDSCs following SNAb treatment, there is still an overall increase in total MDSCs (Figure 4B) due to the larger size of the low side scatter MDSC sub-population. In addition to changes in the MDSC populations post-SNAb treatment, significant differences in T cells, T helper cells, cytotoxic T cells, and cytokine levels were also observed at Week 9 Days 1 and 2 post-treatment, demonstrating the wide-ranging effects of SNAbs on the systemic immune response (Figure 3, Supplementary Figure S4). Notably, T cells and the T helper cell and cytotoxic T cell subsets were significantly decreased at Days 1 and 2 post-SNAb treatment (Figure 3).


[image: Figure 3]
FIGURE 3 | Characterization of circulating immune cells after treatment with synthetic nanoparticle antibodies (SNAbs). (A–G) Significant changes in immune cell populations were observed in rats at multiple timepoints after SNAb injections. T cells, T helper cells, and cytotoxic T cells were significantly decreased in SNAb-injected rats (A–C), while MDSCs and monocytes were significantly elevated (E,G). Data are mean ± SEM, n = 7 to 13 per group. 1,2 correspond to significant differences between the naive group and the 1x SNAbs group (1) or the 2x SNAbs group (2), with P < 0.05.



[image: Figure 4]
FIGURE 4 | MDSCs at 24 h post-SNAb treatment in the composite trauma model. (A) Flow cytometry dot plots showing two MDSC sub-populations. Systemic levels of total MDSCs (B) and the two MDSC subsets (C) at 24 h post-SNAb treatment in the composite trauma model. Significance was determined using a one-way ANOVA. ***P < 0.001; ****P < 0.0001 as indicated; n = 5 to 11 per group.




SNAb Treatment Results in Decreased Functional Bone Regeneration

Functional bone regeneration was assessed by radiographic imaging and micro-computed tomography (uCT) at six weeks (Week 14) and twelve weeks (Week 20) post-BMP-2 treatment as well as biomechanical testing twelve weeks post-BMP-2 treatment. No significant differences were observed in the bone volume or mechanical properties between the BMP-2 only group and either SNAb-treated group individually (Figure 5). However, when comparing the mechanical strength of the femurs treated with BMP-2 only to all SNAb-treated femurs, the BMP-2 only group had significantly increased failure strength compared to the SNAb-treated rats (Figure 5C). Furthermore, the BMP-2 only group (no SNAbs) had higher peak bone volume and higher peak mechanical properties compared to any of the SNAb-treated groups (Figures 5A, C, D). Although not statistically significant, the average bone volume, failure strength, and torsional stiffness all decrease with each increasing dose of SNAbs. These data are further supported by representative 3D reconstructions and histology of the defect sites (Supplementary Figure S5). Further studies with increased power are needed to identify if there is a dose-dependent response to SNAbs that results in decreased functional bone regeneration.


[image: Figure 5]
FIGURE 5 | Functional regeneration may be impaired following treatment with synthetic nanoparticle antibodies (SNAbs). (A,B) Total bone volume (A) and bone mineral density (B) of newly formed bone, as quantified by in vivo µCT at week 14 and ex vivo µCT at week 20. (C,D) Mechanical strength (C) and stiffness (D) of regenerated femurs as quantified by ex vivo torsional testing to failure at week 20. The dotted lines indicate mechanical properties of intact bone. *P < 0.05 as indicated.




Systemic Immune Cell Populations Correlate with Bone Regeneration

Linear regression analyses revealed correlations between systemic immune cell populations and endpoint bone volume of SNAb-treated rats in the single dose SNAb-treated group (Figure 6, Supplementary Table S2). Specifically, T cells, T helper cells, and cytotoxic T cells measured 48 h after SNAb injections (Week 9 Day 2) and at the endpoint (Week 20) were found to correlate positively with healing (Figures 7A–C), while MDSCs and monocytes measured 48 h after SNAb injections (Week 9 Day 2) and MDSCs measured at the endpoint (Week 20) were found to correlate negatively with healing (Figures 6D, E). In addition, when looking at all rats, MDSCs negatively correlated with endpoint bone volume at Week 9 Days 1 and 2 and T cells, T helper cells, and cytotoxic T cells all positively correlated with endpoint bone volume at Week 9 Days 1 and 2 (Supplementary Figure S6). These results agree with observations made in our previous studies of bone-only injury models, where T cells and T helper cells correlated positively with healing and MDSCs and monocytes correlated negatively (18).


[image: Figure 6]
FIGURE 6 | Circulating immune cells correlate with bone regeneration in rats treated with synthetic nanoparticle antibodies (SNAbs). (A–E) Immune cell populations from peripheral blood at multiple timepoints significantly correlate with week 20 bone volumes as measured by ex vivo µCT. T cells, T helper cells, and cytotoxic T cells were positively correlated with bone regeneration (A–C), while MDSCs and monocytes were negatively correlated (D,E). Pearson correlation analyses performed, n = 7–8 per time point, slope of linear regression significantly nonzero for all data shown (P < 0.05).
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FIGURE 7 | Single cell RNA sequencing in the composite trauma model. (A) Integrated clustering of PBMCs from naïve and composite trauma rats at 5 days post-injury. (B) Gene expression of MDSC gene markers. (C) MDSC clusters identified in (A) were re-integrated and re-clustered for more in-depth analysis. Three subclusters were identified. (D) Comparison of MDSC percentages for clusters 0, 1, and 2 in composite trauma model rats versus naïve rats. (E) Density plots (top) and violin plots (bottom) of S100a8 expression (left) and S100a9 expression (right).




Single Cell RNA Sequencing Reveals Differing MDSC Gene Expression Patterns

In order to better understand why the SNAbs only targeted one subset of MDSCs, we conducted single-cell RNA sequencing (scRNAseq) on PBMCs isolated from the composite trauma model rats at 5 days post-injury. PBMCs from naïve rats were also isolated and data from both the composite trauma and naïve rats were integrated, clustered, and analyzed (Figure 7A). Clusters were identified with marker genes for each immune cell type. Gene expression of MDSC gene markers, including Arg2, Il1b, Pla2g7, Srgn, Entpd1, and Csf3r, was elevated in the two clusters marked MDSCs (Figures 7A, B). To further analyze the MDSC populations, these clusters were isolated, re-integrated, and re-clustered, resulting in 3 MDSC sub-clusters (Figure 7C). Cluster 0 accounts for the highest percentage of MDSCs, followed by Cluster 1, and lastly by Cluster 2. Comparing the percentages of MDSCs in the composite trauma rats versus the naïve rats shows an increase in MDSCs in Clusters 0 and 2 only in the composite trauma rats (Figure 7D). Because these two clusters exhibit a marked increase in MDSCs compared to naïve rats, these are likely the two most important clusters to target with the SNAbs. In addition, because Cluster 0 accounts for a much higher percentage of MDSCs than Cluster 2, Cluster 0 may be the most important target in order to achieve a therapeutic effect. The MDSC-depleting SNAbs target S100A8/A9 on the surface of MDSCs, so we next investigated S100A8/A9 expression by looking at the genes for these proteins, S100a8 and S100a9. Please note that S100A8/A9 will be used to refer to the protein, whereas S100a8/a9 will be used to refer to the gene. S100a8 and S100a9 gene expression is highest in Cluster 2, with some expression in Cluster 1, and minimal expression in Cluster 0 (Figure 7E). While gene expression levels are not necessarily equivalent to protein levels, these differences in S100a8 and S100a9 gene expression could account for the MDSC depletion differences observed in the two different MDSC sub-populations via flow cytometry. Improved markers are needed in order to ensure successful targeting of all MDSC subsets in the composite trauma model.




DISCUSSION

Despite significant advances in trauma care and management, orthopedic surgeons still need improved strategies to address complicated musculoskeletal trauma, especially for more challenging cases, such as non-unions, concomitant volumetric muscle loss, or bone infections. Prior work in our lab has highlighted the role of systemic immune dysregulation and immunosuppression following trauma as a negative predictor of local healing outcomes in both non-union and composite trauma models (18, 19). Most notably, in the non-union model, an inverse correlation at 1-week post-treatment was observed between circulating MDSC levels and endpoint bone volume (18), suggesting that immunomodulatory therapeutics that target and deplete MDSCs could potentially improve healing outcomes. This study seeks to address this question by evaluating the ability of MDSC-targeting synthetic nanoparticle antibodies (SNAbs) to deplete MDSCS, restore systemic immune homeostasis, and alter the local healing environment to improve functional bone regeneration. The relationship between the systemic and the local immune response has been well established, but more recently, there has been more work done investigating the therapeutic relationship between these two environments. For example, one study in cancer immunotherapy demonstrated that systemic immunity is required for successful anti-tumor immune therapy, and another study showed that systemic immune homeostasis is altered by local biomaterial scaffolds for local tissue regeneration (30, 31). Based on the association between the local and systemic immune environments, we posit that consideration of immune homeostasis and a permissive, pro-healing immune environment at both the local and systemic levels is necessary for regenerative medicine strategies to reach their full potential.

Prior to a full investigation of the impact of SNAb treatment on healing in a composite trauma model, in vitro investigations of SNAbs were conducted using MDSCs derived from an infected trauma model. In vitro, SNAbs resulted in a decrease in MDSCs as well as a decrease in immunosuppressive gene expression, including S100a9, Il1b, Arg1 (arginase), and Junb. S100a9 is of particular interest because the S100A9 protein is upregulated on the surface of MDSCs, secreted by MDSCs, and is one of the target proteins of the MDSC-targeting peptide on the SNAbs. Along with arginase (Arg1), S100A9 plays a role in T cell immunosuppression. S100A9 induces upregulation of PD-1/PD-L1, leading to T cell exhaustion and apoptosis (25). Arginase on the other hand suppresses T cell functions by depleting L- arginine, an essential amino acid for T cell receptor (TCR) signaling (32). Il-1b (IL1b) is another important MDSC-associated cytokine which recruits and activates MDSCs through the IL-1R/NF-kB pathway, resulting in further accumulation of MDSCs (33, 34). Lastly, Junb (Junb), a transcription factor in the activating protein (AP-1) family, is another marker of aberrant immune cell responses and is involved in the immune cell activation program in MDSCs (35). Significant reduction in expression of these immunosuppressive and MDSC- associated genes shows promise that SNAbs can be utilized to successfully alter an immunosuppressive environment by targeted killing of MDSCs.

Given these positive preliminary results, the impact of SNAbs on the systemic immune response and functional bone regeneration was investigated in a composite trauma model. This study demonstrated multiple changes to systemic immune cell populations in response to both composite injury and immunomodulation treatment. The elevated levels of MDSCs and monocytes coupled with depressed T cells, T helper cells, and cytotoxic T cells observed after injury indicated the development of trauma-induced systemic immune dysregulation and immunosuppression. Furthermore, depressed levels of T cells and T helper cells were observed following revision surgeries to treat with BMP-2, similarly to the response following the initial injury surgery. These results also agree with observations made in previous studies and models including a delayed treatment non-union model and composite trauma model (18, 19). Following the injury surgery, a decrease in T cells and an increase in MDSCs was observed. However, following BMP-treatment (revision) surgery, only a decrease in T cell levels was observed with no increase in MDSCs, which was an unexpected result. MDSCs were only significantly elevated at day 3 post-injury surgery, so a similar spike in MDSCs at day 3 post-revision surgery may have occurred but was not able to be observed at the 5-day post-revision surgery timepoint used in this study.

Although MDSC depletion was observed in vitro, SNAb treatment in the pre-clinical composite trauma model resulted in an overall increase in total MDSCs. Two distinct sub-populations of MDSCs were observed that made up the total number of MDSCs – a high side scatter population and a low side scatter population. It was noted that while MDSCs significantly increased in the larger sub-population of low side scatter MDSCs, MDSCs actually significantly decreased in the much smaller high side scatter sub-population. These two observed MDSC sub-populations likely mirror monocytic and granulocytic MDSC sub-populations that have been observed in humans and mice (29). Single cell RNA sequencing analysis revealed differences in S100a8/a9 gene expression, which is the gene responsible for producing the target molecule of the MDSC-targeting peptide used on the SNAbs. S100A8/A9 is a calcium-binding protein that participates in cytoskeleton rearrangement and is released during inflammation to stimulate leukocyte recruitment and induce cytokine secretion (27, 36). Despite its role in inflammation, S100A8/A9 is also known to play a significant immunosuppressive role including by impairing neutrophil infiltration, reducing cytokine secretion, inhibiting antigen presentation on antigen presenting cells, and suppressing leukocyte adhesion and migration (22–26). While S100A8/A9 is known to be highly expressed on myeloid-lineage cells following inflammation, such as MDSCs, it is also highly expressed in neutrophils, making up approximately 45% of cytoplasmic proteins (27). Based on the wide and varied roles of S100A8/A9, expression and secretion can change during inflammation and may vary widely in differing causes of inflammation, such as that caused by composite trauma versus infection or cancer. S100a8/a9 gene expression was highest in the smallest MDSC sub-cluster and lowest in the largest MDSC sub-cluster, suggesting that effective targeting may only have occurred for the smallest MDSC sub-cluster. This is supported by flow cytometry data showing successful depletion of the smaller, high side scatter MDSC sub-population. An improved understanding of S100A8/A9 and how the inflammatory and anti-inflammatory duality impact the systemic immune response over time in different cases of inflammation will be essential for robust and consistent SNAb targeting of immunosuppressive MDSCs. In addition, an improved understanding of MDSC sub-populations and identification of new surface targets that are highly expressed in all MDSC sub-populations could drastically improve MDSC targeting and depletion.

SNAb treatment resulted in a significant increase in MDSCs at Week 9 Days 1 and 2 post-treatment as well as a significant decrease in immune effector cells, including T cells and the T helper cell and cytotoxic T cell subsets. In addition to these cellular changes, multiple significant differences in cytokine levels were observed at both Week 9 Days 1 and 2. These data suggest that SNAbs have the capability to significantly alter multiple aspects of the systemic immune response on both a cellular and protein level. While these cellular and protein differences were not sustained past Week 9 Day 2, we still observed significant correlations between multiple immune cell types at Week 20 and endpoint bone volume in the SNAb treated rats. This suggests that the temporal changes in immune cell populations and cytokine levels at 24- and 48- hours post-SNAb treatment may still have had long-term effects, even 11 weeks later. Further studies are needed to better understand the mechanisms of SNAb treatment on the systemic immune response and if multiple SNAb treatments are needed in order to achieve more robust responses.

SNAb depletion of only the high side scatter MDSC subset in the composite trauma model did not improve local healing, likely due to the significant increase in total MDSCs that overshadowed the depletion in the high side scatter sub-population. SNAb treatment appeared to worsen bone repair; however, because SNAb treatment resulted in an increase in total MDSCs, this is consistent with our previous data showing a negative correlation between MDSCs and healing. When comparing all SNAb treated rats to rats that did not receive SNAbs, the failure strength in torsion was significantly decreased, suggesting poor functional regeneration. Due to aberrant SNAb targeting and the large increase in the low side scatter MDSCs following SNAb treatment, it is not surprising to see negative effects on bone regeneration. This is further supported by linear regression analyses which demonstrated multiple immune cell populations in SNAb-treated rats that correlated either positively or negatively with healing just 48 h after treatment. These correlations mirror those found in previous studies of segmental defect injuries treated with BMP-2 only (18), suggesting that the detrimental effects of the SNAbs on healing in this study were likely immune-mediated. Of note, monocytes also correlated negatively with endpoint bone volume, similar to MDSCs. MDSCs and monocytes are both myeloid-lineage cells, and therefore may share similar surface markers, such as the target molecule of the SNAbs. Further work is needed to understand how MDSC-depleting SNAbs interact specifically with monocytes and macrophages, and why monocytes also negatively correlate with endpoint bone volumes. In addition, improved MDSC targeting may be necessary to achieve robust depletion of both subsets of MDSCs to restore immune homeostasis and positively impact regeneration.

It should be addressed that this study included no unmodified particles or scrambled peptide modified particles as controls due to animal limitations and limitations with reagent scale-up. A large sample size was needed to account for the non-responders and responders within each treatment group, and at n = 10 per group, multiple control groups were not physically feasible. However, previous work with SNAbs in a murine cancer model did utilize irrelevant peptide and unmodified particles as controls, and these did not elicit similar responses to the MDSC-targeting SNAbs (21). It should also be addressed that BMP-2 has been shown to have immunomodulatory effects, including macrophage stimulation and upregulation of cytokines important for cell recruitment and angiogenesis (37). Because of this, all rats were treated with BMP-2 to eliminate any potential confounding factor due to local immunological changes. It is not expected that systemic MDSC-depleting SNAbs alone can alter local bone healing, and therefore, this necessitates a local treatment strategy, which in this case utilizes BMP-2. We posit that that consideration of immune homeostasis and a permissive, pro-healing environment at both the local and systemic levels is necessary for regenerative medicine strategies to reach their full potential. BMP-2 was selected as the local treatment strategy because it is a potent osteoinductive growth factor with FDA approval in select applications including spinal fusions and some tibia fractures (38). In addition, pre-clinical and clinical studies over the past decade have shown significant promise for BMP-2 treatment in long bone fractures (39).

In conclusion, this study examined the effects of a novel, non-surgical nanoparticle approach for modulating MDSCs and the systemic immune response in a composite injury model of trauma. This approach was successful in depleting MDSCs and associated immunosuppressive genes in vitro using cells derived from an infected trauma model. Although total MDSCs were elevated following SNAb treatment in the composite trauma model, closer analysis revealed that a subset of high side scatter MDSCs were depleted successfully. Single-cell RNA sequencing results suggest that the unexpected effects of SNAbs in the composite trauma model may be related to varied gene expression patterns of S100a8/a9 in MDSC subsets. Elevated levels of systemic MDSCs and monocytes after SNAb treatment inversely correlated to healing while T cells, T helper cells, and cytotoxic T cells positively correlated, even just 48 h post-treatment. These correlations provide insight into why rats treated with SNAbs and BMP-2 may have demonstrated worse healing than rats treated with BMP-2 only. Altogether, these results provide further evidence in support of the role of systemic immune dysregulation and specifically MDSCs in impairing bone repair outcomes and suggest the need for further studies on these cells and their subsets to improve targeted immunomodulatory interventions and enhance healing.
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