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Impaired fracture healing is associated with callus chondro-osseous junction abnormalities in periostin-null and osteopontin-null mice
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Abstract
Periostin and osteopontin are matricellular proteins abundantly expressed in bone fracture callus. Null mutation of either the periostin (Postn) gene or the osteopontin (Spp1) gene can impair bone fracture healing. However, the cell and molecular pathways affected by loss of POSTN or SPP1 which lead to impaired fracture healing are not well understood. To identify potential pathways, a detailed radiological, histological, and immunohistochemical analysis of femur fracture healing in Postn-null (PostnKO), Spp1-null (Spp1KO), and normal (WT) mice was performed. Apparent changes in specific protein levels identified by immunohistochemistry were confirmed by mRNA quantitation. Comparisons between the PostnKO and Spp1KO fracture calluses were confounded by interactions between the two genes; loss of Postn reduced Spp1 expression and loss of Spp1 reduced Postn expression. Consequently, alterations in fracture healing between mice heterozygous for the Postn-null allele (PostnHET) as well as the PostnKO and Spp1KO mice were similar. Calluses from PostnHET, PostnKO, and Spp1KO mice all had dysmorphic chondro-osseous junctions and reduced numbers of osteoclasts. The dysmorphic chondro-osseous junctions in the PostnHET, PostnKO, and Spp1KO calluses were associated with reduced numbers of MMP-13 expressing hypertrophic chondrocytes, consistent with delayed cartilage resolution. Unlike collagen X expressing callus chondrocytes, chondrocytes only expressed MMP-13 when localized to the chondro-osseous junction or after traversing the chondro-osseous junction. Cyclooxygenase-2 (COX-2) expression also appeared to be reduced in osteoclasts from the PostnHET, PostnKO, and Spp1KO calluses, including in those osteoclasts localized at the chondro-osseous junction. The results indicate that POSTN and SPP1 are necessary for normal chondro-osseous junction formation and that signaling from the chondro-osseous junction, possibly from COX-2 expressing osteoclasts, regulates callus vasculogenesis and chondrocyte hypertrophy necessary for endochondral ossification during fracture healing.
Keywords: periostin, osteopontin, endochondral ossification, chondro-osseous junction, fracture healing, osteoclast, cyclooxygenase-2
IMPACT STATEMENT
Impaired healing in Postn-null and Spp1-null mice provided evidence for a regulatory role of the callus chondro-osseous junction in bone fracture healing. Delayed callus cartilage resolution and reduced callus vasculogenesis in Postn-null and Spp1-null calluses were associated with abnormal chondro-osseous junction morphology, reduced transition of chondrocytes into MMP13 expressing hypertrophic chondrocytes, and reduced COX-2 expression in chondro-osseous junction osteoclasts. The results indicate that the chondro-osseous junction is not just the site at which callus cartilage is resorbed prior to bone formation but that the chondro-osseous junction has a critical regulatory role in endochondral ossification. Loss of Postn or Spp1 reduced expression of the other gene, suggesting that expression of these matricellular proteins is coordinated during fracture healing and that Postn and Spp1 are important for normal chondro-osseous functioning. The results advance our understanding of matricellular proteins in bone regeneration and identify new roles for the chondro-osseous junction in endochondral ossification.
INTRODUCTION
Bone fractures normally heal through tissue regeneration [1]. Immediately after fracture, a hematoma forms at the site which is accompanied by local tissue hypoxia as factors are released from degranulating platelets and from damaged nerves located on or within the bone [2–4]. An inflammatory response quickly follows and the fracture site is rapidly populated with myeloid and other cells that have migrated to or proliferated at the fracture site to form the presumptive callus [5]. New bone is then directly made by periosteal cells to form buttresses of bone ringing the external, peripheral edges of the callus. Within the now well-defined external callus, cells differentiate into chondrocytes and a chondro-osseous junction is formed between the bony peripheral edges of the callus and callus chondrocytes. Osteoclasts localize at the chondro-osseous junction to form a margin at which endochondral bone formation initiates [6].
Endochondral ossification is characterized by chondrocyte hypertrophy adjacent to the chondro-osseous junction, destruction of the hypertrophic chondrocytes and associated extra-cellular matrix, vasculogenesis, and osteoblast-mediated bone formation [7, 8]. Vasculogenesis is necessary for endochondral ossification during fetal bone development, bone growth, and fracture healing [9, 10]. The osteoclasts at the chondro-osseous junction, sometimes called chondroclasts, are thought to destroy the hypertrophic cartilage matrix and enable vasculogenesis necessary for fracture healing [11]. As healing progresses, the two chondro-osseous junctions, one proximal and one distal to the fracture, advance from the callus peripheries as endochondral ossification continues. Eventually, the chondro-osseous junctions converge to bridge the fracture with new bone. Bony bridging of the fracture results in a significant increase in bone structural mechanics. The external callus decreases in size as woven bone within the callus undergoes osteoclast-mediated remodeling into more mechanically stable lamellar bone until the fracture is fully healed.
The molecules and mechanisms necessary to regulate the temporal and spatially overlapping physiological, cellular, and molecular processes governing fracture healing are not well defined [12–14]. While the roles of certain cytokines, lipid mediators, and growth factors in fracture healing have been studied extensively [13], the roles of non-structural extracellular matrix proteins, or matricellular proteins, in bone fracture healing are less clear. Matricellular proteins interact with other extracellular matrix components, growth factors, and cell surface receptors to affect cell signaling, cell-cell interactions, and the local tissue environment [15, 16]. As such, matricellular proteins may act to coordinate the cellular and molecular processes involved in fracture healing.
Periostin (POSTN) and osteopontin (SPP1) are matricellular proteins expressed in the fracture callus and loss of Spp1 or Postn in mice leads to fracture healing deficits [17–20]. Mice that are homozygous for a targeted null mutation of Postn are viable and fertile, though with notable phenotypes including reduced bone quality [21]. Mice that are homozygous for a targeted null mutation of Spp1 are also viable and fertile [22]. Postn and Spp1 are associated with multiple physiological processes that can affect fracture healing including inflammation, chondrogenesis, osteogenesis, vasculogenesis, and osteoclastogenesis [19, 23–29].
Spp1 mRNA and POSTN are localized in hypertrophic chondrocytes at the callus chondro-osseous junction and SPP1 and POSTN are integrin αvß3 ligands [20, 30–32]. Osteoclasts abundantly express integrin αvß3 and are localized at the callus chondro-osseous junction [33, 34]. The proximity of hypertrophic chondrocytes expressing SPP1 and POSTN and osteoclasts expressing integrin αvß3 at the callus chondro-osseous junction suggests that Spp1 or Postn can affect fracture healing by regulating events at the chondro-osseous junction. To test this hypothesis, we undertook a detailed analysis of the morphological events that occur during femur fracture healing in normal mice and mice deficient in Postn or Spp1. Our analysis indicates that Postn and Spp1 are necessary for formation of a normal callus chondro-osseous junction and that reductions in callus vasculogenesis and chondrocyte hypertrophy in Postn or Spp1 deficient mice are associated with reduced osteoclast cyclooxygenase-2 (COX-2) expression.
MATERIALS AND METHODS
Animal models
Mice with a targeted null mutation in the periostin gene (Postntm1.1(KOMP)Vlcg) were purchased from Jackson Laboratory (Stock #024186, Bar Harbor, ME). Homozygous Postntm1.1(KOMP)Vlcg null mice (PostnKO) are viable and fertile but with reduced mechanical integrity in connective tissues [35, 36]. The Postntm1.1(KOMP)Vlcg mice were bred with C57BL/6 mice to produce normal (WT), Postntm1.1(KOMP)Vlcg heterozygous (PostnHET), and PostnKO mice.
Mice with a targeted null mutation in the osteopontin gene (Spp1tm1Blh) were purchased from Jackson Laboratory (Stock #004936, Bar Harbor, ME) [22]. The Spp1tm1Blh null mice (Spp1KO) have a C57BL/6 genetic background and were maintained by homozygous null breeding to produce Spp1KO mice. Mice were genotyped via allele-specific PCR amplification of DNA extracted from tail clip biopsies (Table 1). Immunohistochemistry was conducted to confirm loss of Postn and Spp1 protein expression in the fracture calluses of homozygous null mice. Six to fourteen mice were used for each genotype at each time point of which at least 3 were males. All animal procedures were approved by the Rutgers-New Jersey Medical School Institutional Animal Care and Use Committee (IACUC; protocol #201800006).
TABLE 1 | Study oligodeoxynucleotide primers.
[image: Table 1]Fracture procedure and radiography
Male and female mice aged 15 weeks were anesthetized by intraperitoneal injection of ketamine and xylazine (0.1 and 0.01 mg/g body weight, respectively) prior to retrograde insertion of 0.01-inch diameter stainless steel pin in the right femoral canal to stabilize the impending fracture. At 16 weeks of age, the mice were anesthetized again and underwent a closed, diaphyseal fracture of the right femur using a custom-made, three-point controlled impact device (BBC Specialty Automotive Center, Linden, NJ) as described previously [37]. For all genotypes, male mice weighed significantly more than the females.
C57BL/6 and Spp1KO mice had significantly higher body weights than PostnKO mice. C57BL/6 mice weighed 23.17 ± 3.70 g (mean ± SD), Spp1KO 24.42 ± 3.23 g (mean ± SD), PostnKO 21.28 ± 3.19 g (mean ± SD) and PostnHET 22.47 ± 3.89 g (mean ± SD). Ventral-dorsal radiographs of the mice were made using an XPERT80 digital radiography cabinet (KUBTEC, Stratford, CT) with exposure settings of 65 kV, 90 µA, and 8 s immediately after fracture and then at 7, 10, 14, 21, and 28 days after fracture (dpf) or until the endpoint (see Supplementary Figure S1). Fixed femurs (see below) were stored in 70% ethanol prior to high-resolution computerized tomography (µCT) scanning. Specimens were scanned using a Bruker Skyscan 1275 system (Micro Photonics Inc., Allentown, PA) at 73 kVp, with an intensity of 133 µA, a voxel size of 12 μm isotropic, and with a 0.5 mm aluminum filter. Scanner images were reconstructed (NRecon), analyzed (CTan), and viewed (CTvol) using software from the manufacturer (Bruker, Kontich, Belgium). A detailed description of the method used to measure fracture callus volume and fracture callus bone (calcified tissue) volume can be found in the Supplementary Material (see Supplementary Figure S2).
Histology
After euthanasia, femurs were resected and then fixed in an aqueous solution of bronopol (3% w/v), diazolidinyl urea (3% w/v), zinc sulfate hepta-hydrate (1.2% w/v), sodium citrate (0.29% w/v), ascorbic acid (0.025% w/v), and 20% (v/v) ethanol for 2 days at room temperature. The specimens were then either immediately decalcified in 0.5 M disodium EDTA for 2 weeks at 4°C or analyzed by µCT before decalcification. The decalcified specimens were embedded in paraffin, cut into 5 µm thick longitudinal sections parallel to the intramedullary canal in the dorsal-ventral plane, and mounted onto TruBond 380 glass slides (Newcomer Supply, Middleton, WI). Mounted sections were deparaffinized using three changes of xylene and rehydrated in a graded ethanol series. Osteoclasts were detected by tartrate-resistant acid phosphatase (TRAP) staining with a hematoxylin counterstain. Cartilage was visualized by safranin-O staining with fast green and hematoxylin counterstaining. Bone was visualized using aniline blue staining with Biebrich scarlet-acid fuchsin and hematoxylin counterstaining (Masson’s trichrome staining). Sections were cover-slipped with Cytoseal mounting medium (Fisher Scientific, Waltham, MA). Unless otherwise indicated, stains and reagents were from Sigma-Aldrich (St. Louis, MO).
Immunohistochemistry (IHC)
Antibodies used are listed in Table 2. Tissue sections were deparaffinized and rehydrated as described above before antigen retrieval in 10 mM sodium citrate pH 6.0 buffer (70–80°C, 1 h) for COX-2, CD31, POSTN, SPP1, F4/80 and Cathepsin K (CTSK) detection, or in phosphate-buffered saline (PBS) with 25 mg/mL testicular hyaluronidase (37°C for 1 h; Worthington Biochemical Corporation, Lakewood, NJ) for MMP-13 and Collagen X detection. Endogenous peroxidases were quenched with 3% H2O2 in PBS (30 min at room temperature) followed by non-specific epitope blocking with SuperBlock (room temperature for 1 h; ThermoFisher, Waltham, MA). After washing with PBS, 150 µL of primary antibody diluted in Antibody Diluent pH7.4 (IHC World, Woodstock, MD) was applied to each histological section and incubated overnight in a humidified chamber at 4°C. See Table 2 for antibody dilutions. Following several washes in PBS, sections were incubated in POLINK-2 Plus Rabbit polymeric HRP secondary antibody per the manufacturer’s instructions (IHC World) and then washed with PBS before colorimetric detection using diaminobenzidine (GBI Labs, Bothell, WA). Sections were counterstained with methyl green to detect cell nuclei.
TABLE 2 | Study rabbit antibodies.
[image: Table 2]Histology and immunohistochemistry image collection and analysis
Digital images of callus fracture sections were captured using an Olympus BX53 microscope and DP73 camera (Olympus Corporation of America, Center Valley, PA). Cartilage and bone areas were measured for each specimen using OsteoMeasure Software (OsteoMetrics Inc., Decatur, GA) from safranin-O and trichrome stained sections, respectively, and normalized as a percentage of total callus area. TRAP positive cells were manually counted using OsteoMeasure and divided by callus area to generate the density of TRAP positive cells per mm2. Similar procedures for image collection and analysis were conducted with the IHC samples to determine COX-2, Cathepsin K (CTSK), MMP-13, CD31, Collagen X (COL10A1), and F4/80 positive areas or cell numbers in the callus. Examples showing how MMP-13 expressing chondrocytes and vascular lumens surrounded by CD31 expressing cells were counted are shown in Supplementary Figure S3. A comparison between using TRAP staining and IHC detection of CTSK to count callus osteoclasts showed a high degree of correlation (R2 = 0.91, see Supplementary Figure S4).
Fracture callus RNA isolation, cDNA synthesis, and qPCR
Fracture calluses were resected at 14 days after fracture (dpf) from at least 3 male and 3 female mice of each genotype. Calluses were flash-frozen in liquid nitrogen and stored at −80°C until RNA extraction [38]. Briefly, each callus was homogenized in Trizol Reagent (1 mL per 50 to 100 mg callus weight) using a Precellys 24 Omni Bead Homogenizer (Bertin Technologies SAS; Montigny-le-Bretonneux, France). After Trizol extraction, the RNA was further purified using a Qiagen RNeasy mini kit as per the manufacturer’s instructions (Qiagen, Hilden, Germany). RNA concentration and integrity were determined by absorbance and agarose gel electrophoresis, respectively.
Target mRNA levels were measured using RT-qPCR as follows. cDNA was prepared from each RNA preparation using an Applied Biosystems High-Capacity cDNA kit (Waltham, MA). The cDNA from 0.1 µg of total RNA along with 1 µM of each primer were used in each 25 µL qPCR reaction (SYBR Green PCR Master Mix, Applied Biosystems 4309155). Amplifications were performed using a Bio-Rad Laboratories CFX96 Real-Time System (Hercules, CA). At least 3 qPCR reactions were performed with each cDNA preparation for every target mRNA and the mean threshold cycle (Ct) value was used for further comparisons. At least 6 callus RNA preparations (3 male and 3 female) were measured for each genotype and for each target mRNA. Target mRNA levels were normalized to corresponding β-actin mRNA Ct values. Relative gene expression was determined using the 2−ΔΔCT method [39].
Statistical analyses
Statistical analyses were performed using OriginPro 2022b (OriginLab Corp., Northhampton, MA). Callus histomorphometry data, including the number of TRAP positive+ cells, cartilage area, bone area, and all immunohistochemistry gene quantifications were analyzed by 3-way ANOVA using genotype, days post-fracture (dpf) and gender as independent variables. Post-hoc tests utilized Tukey or Holm-Sidak corrections to identify significant differences between groups. Detailed information regarding the statistical analyses is shown in the Supplementary Material.
RESULTS
Loss of Postn or Spp1 affects fracture callus formation and remodeling
µCT was performed on femurs resected at 14, 21, and 28 days post-fracture (dpf) to visualize and quantify morphological differences in the facture calluses between wild type (WT), PostnHET, PostnKO, and Spp1KO genotypes (see Supplementary Figure S1 for digital radiographs). Longitudinal sections from reconstructed µCT volumes are shown for each time point and genotype in Figure 1. Healing appeared to proceed normally in the WT control C57BL/6 mice (Figures 1A–C) with apparent bridging at 14 dpf, definitive bridging by 21 dpf, and callus remodeling evident at 28 dpf [37]. Healing also appeared to proceed reasonably well in the PostnHET mice with definitive bridging by 21 dpf and evident callus remodeling at 28 dpf, though at 14 dpf less calcified tissue was evident in the external callus (Figures 1D–F). The external fracture callus in the PostnKO and Spp1KO mice at 14 dpf appeared to have central areas devoid of calcified tissue (Figures 1G, J). By 21 dpf, the PostnKO and Spp1KO calluses appeared to bridge the fracture (Figures 1H, K). Callus remodeling was evident at 28 dpf in the PostnKO and Spp1KO mouse fracture calluses (Figures 1I, L). However, less bone was evident in the 28 dpf PostnKO callus and the extent of callus remodeling appeared reduced for both genotypes.
[image: Figure 1]FIGURE 1 | µCT Analysis of Fracture Callus Bone in Postn and Spp1 Deficient Mice. Fractured mouse femurs were collected from C57BL/6 (WT), Postn+/− (PostnHET), Postn −/− (PostnKO), and Spp1−/− (Spp1KO) mice and imaged by µCT scanning. Shown are representative images from the reconstructed fractured femur scans at 14, 21, and 28 dpf for WT (A–C), PostnHET (D–F), PostnKO (G–I), and Spp1KO mice (J–L), respectively. Callus total volume [TV, panel (M)], bone volume [BV, panel (N)] and normalized bone volume [BV/TV, panel (O)] were determined from µCT imaging data collected from at least three female and three male mice of each genotype and at each time point. The effects of time after fracture, gender, and genotype were determined by 3-way ANOVA and P-values are reported [insets, panels (M–O)]. Significant differences between genotypes (p < 0.05) are noted in each graph.
The µCT data were also used to quantify total callus volume (TV) and callus bone (calcified tissue) volume (BV). As expected, TV, BV, and BV/TV varied with time after fracture for all genotypes showing a general pattern of decreasing callus TV (means of 39, 27, and 18 mm3 at 14, 21, and 28 dpf) and BV (means of 11, 10, and 6.5 mm3 at 14, 21, and 28 dpf) but increasing BV/TV from 14 dpf (means of 32, 41, and 39% at 14, 21, and 28 dpf; Figures 1M–O). In addition, male mice also had significantly larger calluses (TV; means of 37 vs. 19 mm3) and more callus bone (BV; means of 11.5 vs. 7.4 mm3), though normalized callus bone volume (BV/TV) was in general greater in the female mice (means of 34% vs. 41%; see Supplementary Material). Across all time points and both genders, callus TV was significantly greater in the PostnHET (33.1 mm3) and Spp1KO (34.3 mm3) as compared to the WT (22.4 mm3) and PostnKO (25.1 mm3) mice. Consistent with the overall callus volume, BV was significantly greater in the Spp1KO mice (12.5 mm3) and lowest in the PostnKO mice (7.8 mm3), though differences between WT (8.6 mm3), PostnHET (9.4 mm3), and PostnKO were not significant. In contrast, BV/TV across all time points and both genders was significantly lower in the PostnHET (34.9%) and PostnKO (35.1%) mice as compared to the WT mice (40.8%), though no statistical difference was detected for the Spp1KO mice (39.2%).
SPP1 and POSTN expression in normal, Postn-deficient, and Spp1-deficient fracture calluses
Immunohistochemistry was performed on 10 dpf calluses to confirm normal expression of POSTN and SPP1 in WT mice and loss of POSTN and SPP1 expression in PostnKO and Spp1KO mice, respectively (Figure 2).
[image: Figure 2]FIGURE 2 | Immunohistochemical Detection of POSTN and SPP1 in normal and Postn or Spp1 deficient mouse femur fracture calluses. Mouse femurs collected at 10 dpf were used to detect POSTN (A–D) or SPP1 (E–H) in WT (A, E), PostnHET (B, F), PostnKO (C, G) or Spp1KO (D, H) calluses. The images show approximately one-quarter of the fracture callus and are oriented with the femur cortical bone at the bottom and fracture site in the bottom right corner. Muscle (m), cartilage (ca), cortical bone (cb), and areas of apparent new bone formation (eo) are labeled. POSTN and SPP1 were readily detected in the WT mouse calluses [(A, E), respectively]. POSTN expression appeared reduced in the PostnHET callus (B), while SPP1 expression appeared to be near normal levels (F). POSTN expression was not detected in the PostnKO callus (C) which also appeared to have reduced levels of SPP1 though with some expression evident in callus chondrocytes (G). POSTN appeared less abundant in the Spp1KO callus (D) as compared to WT (A) but was still readily detected. As expected, SPP1 was not detected in the Spp1KO callus (H). RTqPCR quantitation of control ß2 microglobulin [B2m; (I)], osteocalcin [Bglap; (J)], Postn (K), and Spp1 (L) mRNA levels in callus RNA prepared from three male and three female WT, PostnKO, or Spp1KO mice at 14 dpf paralleled the immunohistochemical detection results. Postn and Spp1 mRNA levels appeared absent from their corresponding KO callus RNA preparations. Postn mRNA was also significantly reduced in the Spp1KO callus RNA while Spp1 mRNA was significantly reduced in the PostnKO callus RNA. ANOVA and post-hoc P values are shown in (I, J, K, L). Scale bar equals 100 µm (A).
POSTN was broadly expressed throughout the WT callus (Figure 2A). POSTN levels appeared higher in osteoblast-rich areas and along the chondro-osseous junction with apparent lower levels in callus chondrocytes. POSTN expression levels appeared to be reduced in the PostnHET callus with POSTN localization limited to fibroblasts and newly differentiated chondrocytes at the center of the callus and to chondrocytes near the chondro-osseous junction (Figure 2B). As expected, POSTN was absent in the PostnKO callus (Figure 2C). POSTN expression was detected in the Spp1KO callus though at an apparent reduced level as compared to WT (Figure 2D).
SPP1 was also broadly expressed throughout the WT fracture callus with SPP1 localized in callus osteoblasts and chondrocytes (Figure 2E). As expected, SPP1 expression appeared absent in the Spp1KO callus (Figure 2H). SPP1 levels appeared reduced in the PostnHET callus with expression in osteoblasts and in a subset of chondrocytes at or near the chondro-osseous junction (Figure 2F). SPP1 expression in the PostnKO callus appeared to be even further reduced as compared to the PostnHET callus (Figure 2G).
Postn and Spp1 mRNA levels were measured in total RNA prepared from 14 dpf WT, PostnKO, and Spp1KO calluses by RTqPCR. As expected, ß-2-microglobulin (B2m) mRNA levels were similar between calluses from all genotypes (Figure 2I), while Postn and Spp1 mRNA levels were significantly reduced in the PostnKO and Spp1KO calluses, respectively (Figures 2K, L). Similar to the IHC results, Spp1 mRNA and Postn mRNA levels were significantly lower than WT levels in the PostnKO and Spp1KO calluses, respectively. We also noted that osteocalcin (Bglap) mRNA levels were reduced in the PostnKO mouse calluses (Figure 2J), which was consistent with the reduced callus BV/TV (Figure 1O) and reduced callus bone area (Figure 3J) in Postn deficient mice.
[image: Figure 3]FIGURE 3 | Histomorphometric Analysis of Postn and Spp1 Deficient Mouse Fracture Calluses. Longitudinal sections from 14 dpf mouse femur fracture calluses stained with Masson’s trichrome (A, C, E, G) or for tartrate resistant acid phosphatase (TRAP) activity (B, D, F, H) are shown from WT (A, B), PostnHET (C, D), PostnKO (E, F), and Spp11KO mice (G, H). The images show approximately one-quarter of the fracture callus and are oriented with the femur cortical bone at the bottom and fracture site in the bottom right corner. Muscle (m), cartilage (ca), and areas of apparent new bone formation (eo) are labeled. The chondro-osseous junction is highlighted with a dashed line in panels (B, D, F, H). Femur fracture calluses were used to measure callus area (I), normalized callus bone area (J), and normalized callus cartilage area (K) at 7, 10, 14, and 21 dpf. Cartilage was identified by safranin-O staining (not shown). Tartrate resistant acid phosphatase (TRAP) staining was used to identify and count callus TRAP+ cells at 10, 14, and 21 dpf (L). The effect of time after fracture, gender, and genotype were determined by 3-way ANOVA and P-values are noted [insets, (I, J, K, L)]. Differences between genotypes are noted in each graph. Scale bar equals 100 µm (H).
Loss of Postn or Spp1 affects fracture callus morphology
Masson’s trichrome staining was performed on tissue sections of fracture calluses collected at 7, 10, 14, and 21 dpf to visualize morphological differences between mouse genotypes during the healing process. Images from one quadrant of the external fracture callus of a WT, PostnHET, PostnKO, and Spp1KO mouse at 14 dpf are shown in Figures 3A, C, E, G, respectively. External callus bone tissue and cartilage were identified based on staining and morphology and quantified at each time point as shown in Figures 3I–K. Similarly, TRAP staining was performed on serial sections to identify osteoclasts in the fracture calluses (Figures 3B, D, F, H). At 14 dpf, the external callus of the WT mouse has apparent newly formed bone, is highly cellularized, and has a clearly demarcated chondro-osseous junction that is lined with osteoclasts (TRAP+ cells; Figures 3A, B). While the 14 dpf PostnHET callus also appears to have a considerable amount of new bone and is highly cellularized, the chondro-osseous junction is neither distinct nor abundantly populated with osteoclasts (Figures 3C, D). The PostnKO mouse callus appears to have less new bone, more cartilage, and a poorly defined chondro-osseous junction (Figure 3E, F). The Spp1KO mouse callus appears to have amounts of new bone and cartilage that are comparable to the WT callus (Figures 3G, H).
Similar to the PostnHET and PostnKO chondro-osseous junctions though, the Spp1KO chondro-osseous junction also appears to have fewer osteoclasts and displays an abnormal morphology.
Callus area, percent bone area, percent cartilage area, and density of TRAP+ cells were quantified at each time point and for each genotype as shown in Figures 3I–L. As expected, callus area was dependent upon time after fracture and gender but was not dependent upon genotype.
For all genotypes, callus percent bone area increased with time after fracture (Figure 3J) while callus percent cartilage area peaked at 10 dpf before declining (Figure 3K). Callus percent bone area was dependent upon time after fracture, gender, and genotype with WT significantly different from all other genotypes and Spp1KO different from PostnHET and PostnKO. In contrast, callus percent cartilage area was only dependent upon on time after fracture and not gender or genotype. The density of osteoclasts (TRAP+ cells/mm2) was dependent upon time after fracture and genotype, but not gender (Figure 3L). Osteoclast density rapidly increased between 10 and 14 dpf for all genotypes but overall osteoclast density was greater in the WT mouse fracture calluses than in the PostnHET, PostnKO, or Spp1KO mouse calluses.
Loss of Postn or Spp1 alters chondrocyte hypertrophy
The effects of Postn and Spp1 null mutations on callus chondrocyte hypertrophy were assessed by immunohistochemical (IHC) detection and quantification of Collagen X (COL10A1) and Matrix Metallopeptidase-13 (MMP13). Serial sections from mouse fracture calluses collected at 7, 10, or 14 dpf were stained with Safranin-O to detect cartilage (Figures 4A, D, G, J, see also Figure 3K) or used for IHC detection of collagen X (Figures 4B, E, H, K) or MMP-13 (Figures 4C, F, I, L). Safranin-O stained areas appeared to roughly correlate with callus areas expressing collagen X. In contrast, callus cells expressing MMP-13 were generally not evident in callus cartilage areas stained with Safanin-O. Instead, cells expressing MMP-13 also appeared to express collagen X and were localized in areas of newly forming bone.
[image: Figure 4]FIGURE 4 | Immunohistochemical Analysis of Chondrocyte Hypertrophy in Postn and Spp1 Deficient Mouse Fracture Calluses. Longitudinal sections from 14 dpf mouse femur fracture calluses were stained with safranin-O and fast green (A, D, G, J) or used to detect Collagen X (B, E, H, K) and MMP-13 (C, F, I, L) by immunohistochemistry. Specimens were from WT (A–C), PostnHET (D–F), PostnKO (G–I) and Spp1KO (J–L) mice. Areas of callus cartilage (ca) and endochondral ossification (eo) are noted. Collagen X expression (brown) was prominently detected around callus cartilage chondrocytes but also around chondrocytes in areas of endochondral bone formation for all genotypes. In contrast, MMP-13 expression (brown) was detected around chondrocytes in areas of endochondral ossification but rarely around chondrocytes in the callus cartilage. Quantitative analysis found reduced collagen X staining area, numbers of chondrocytes, and MMP-13+ chondrocytes in PostnKO and Spp1KO mouse calluses (M–O). The number of MMP-13+ chondrocytes also was significantly reduced in the PostnHET specimens as compared to WT (O). The effects of time after fracture, gender, and genotype were determined by 3-way ANOVA and P-values are shown in each graph [insets, (M–O)]. Scale bars equal 100 µm.
The percentage of callus cartilage area that expressed collagen X was determined at 7, 10, and 14 dpf (Figure 4M). Callus area expressing collagen X was dependent upon time after fracture and mouse genotype, but not gender. Across all time points, the percent of callus area that stained for COL10A1 by IHC was significantly lower for the PostnKO (21%) and Spp1KO (21%) mouse calluses as compared to WT (29%; p < 0.009).
Callus chondrocytes were counted at 10 and 14 dpf (Figure 4N) and compared to the number of callus chondrocytes expressing MMP-13, and thus presumably undergoing hypertrophy (Figure 4O). The number of callus chondrocytes was significantly reduced in the PostnKO and Spp1KO mouse calluses as compared to WT (p = 0.039). The number of callus chondrocytes also decreased between 10 dpf to 14 dpf by 33% in WT, 34% in PostnHET, 23% in PostnKO, and 29% in Spp1KO calluses. Conversely, the percentage of callus chondrocytes expressing MMP-13 increased between 10 and 14 dpf for all genotypes (p < 0.0001), even though the percentage of MMP-13 expressing chondrocytes was significantly lower in the PostnHET, PostnKO, and Spp1KO mouse calluses as compared to WT (p < 0.0001).
Fracture callus vascularization is reduced by loss of Postn or Spp1
Neovascularization of fracture calluses collected at 7, 10, and 14 dpf was assessed in WT, PostnHET, PostnKO, and Spp1KO mice by immunohistochemical (IHC) detection of CD31 (Figure 5). CD31 is encoded by Pecam1 and is expressed by vascular endothelial cells [40]. At 10 and 14 dpf, blood vessels expressing CD31 were abundant in areas of the WT fracture callus that had or were undergoing endochondral ossification but were absent in the cartilage (Figures 5A, B). Blood vessels were similarly abundant in the PostnHET fracture calluses at 10 and 14 dpf (Figures 5C, D). However, fewer blood vessels were apparent in the 10 and 14 dpf fracture calluses of the PostnKO and Spp1KO mice (Figures 5E–H). CD31+ lumens in the fracture callus, and therefore presumptive blood vessels, were counted at 7, 10, and 14 dpf for all mouse genotypes and normalized to callus area (Figure 5I). Blood vessel density was dependent upon time after fracture, gender, and genotype. For all genotypes, the number of callus CD31+ lumens increased with time after fracture. However, the rate of increase appeared greater in the WT and PostnHET calluses, leading to a relative paucity of new blood vessels in the PostnKO and Spp1KO fracture calluses. The reduced density of CD31+ lumens in fracture calluses of male mice was consistent with previously observed sexual dimorphism in vasculogenesis associated with wound healing [41–43]. Quantification of the new blood vessels lumen area found an apparent time-dependent increase in lumen area but no effect of gender or genotype was detected (Figure 5J).
[image: Figure 5]FIGURE 5 | Immunohistochemical Assessment of Fracture Callus Vasculogenesis in Postn and Spp1 Deficient Mice. Endothelial cells were identified in femur fracture callus longitudinal sections by immunohistochemical staining for CD31 (Pecam1) at 7 (not shown), 10 (A, C, E, G), and 14 dpf (B, D, F, H) and from WT (A, B), PostnHET (C, D), PostnKO (E, F) and Spp1KO mice (G, H). Avascular callus cartilage (ca) and vascularized areas of endochondral bone formation (eo) are shown. Quantitative analysis of vascular lumens surrounded by CD31+ cells found a reduced density of lumens in the PostnHET, PostnKO, and Spp1KO specimens as compared to WT (I). The reduced lumen density in the PostnHET, PostnKO, and Spp1KO calluses was not associated with changes in mean lumen area (J). The effect of time after fracture, gender, and genotype were determined by 3-way ANOVA and P-values are shown in each graph [insets, (I, J)]. Scale bars equal 100 µm.
Effects of Postn or Spp1 disruption on callus macrophages and osteoclasts
Fracture callus distribution of macrophages and osteoclasts was determined by immunohistochemical detection of F4/80 and cathepsin K (CTSK), respectively (Figure 6). At 14 dpf, F4/80+ cells were detected in calluses from all genotypes (Figures 6A, C, E, G). The F4/80+ cells appeared to be absent from callus cartilage but enriched in areas of newly formed bone. Osteoclasts detected by CTSK expression were evident along the callus chondro-osseous junction and within areas of newly formed bone (Figures 6B, D, F, H). Relative to WT mouse calluses, IHC detection of CTSK appeared to be reduced in the PostnHET and PostnKO mouse calluses and further reduced in the Spp1KO mouse callus. Interestingly, F4/80+ cells were rarely observed in the region adjacent to the chondro-osseous junction.
[image: Figure 6]FIGURE 6 | Effects of Postn or Spp1 Deficiency on Callus Macrophages and Osteoclasts. Immunohistochemistry was used to identify macrophages expressing F4/80 [Adgre1; (A, C, E, G)] or osteoclasts expressing cathepsin K [Ctsk; (B, D, F, H)] in 7 (not shown), 10 (not shown), 14 (AH), and 21 dpf (not shown) fracture calluses of WT (A, B), PostnHET (C, D), PostnKO (E, F), and Spp1KO mice (G, H). Callus cartilage (ca) and muscle surrounding the callus (m) are noted. The chondro-osseous junction is highlighted with a dashed red line. F4/80 expressing macrophages were detected in areas of endochondral bone formation but were less abundant at the chondro-osseous junction and rare in the callus cartilage. CTSK expressing osteoclasts were also observed in areas of endochondral bone formation, localized at the chondro-osseous junction, and absent from callus cartilage. Quantitative analyses found significant reductions in macrophage (I) and osteoclast (J) density for all tested genotypes as compared to WT. The effects of time after fracture, gender, and genotype were determined by 3-way ANOVA and Pvalues are shown in each graph [insets, (I, J)]. Scale bar equals 100 µm for F4/80 (A) and 50 µm for CTSK (B) immunostaining.
The F4/80+ and CTSK+ cells in fracture calluses collected at 7, 10, and 14 dpf were counted for each mouse genotype and normalized to callus area. The density of F4/80+ cells was dependent upon time after fracture and genotype, but not gender (Figure 6I). The density of F4/80+ cells increased with time after fracture for all genotypes, but the density of F4/80+ cells was reduced in the PostnKO and Spp1KO mouse calluses. Similarly, the density of CTSK+ osteoclasts was dependent upon on time after fracture and genotype but not gender (Figure 6J). The density of osteoclasts increased with time after fracture for all genotypes. Osteoclast density at all time points was highest in the WT mouse calluses and lowest in the PostnKO mouse calluses.
Loss of Postn or Spp1 reduces osteoclast COX-2 expression
Fracture callus cells expressing COX-2 were detected by IHC (Figure 7). In 14 dpf WT fracture calluses, COX-2 expression was easily detectable in osteoblasts, some chondrocytes, and osteoclasts, including those at the chondro-osseous junction (Figure 7A). Strong COX-2 expression was evident in osteoblasts and some chondrocytes of the PostnHET and PostnKO mouse calluses (Figures 7B, C). COX-2 expression was evident but comparatively reduced in osteoclasts of the PostnHET and PostnKO mouse calluses as compared to the osteoclasts and osteoblasts in the WT mouse calluses and the osteoblasts in the PostnHET and PostnKO mouse calluses. In the Spp1KO mouse calluses, COX-2 expression was evident in osteoblasts and some chondrocytes but osteoclast COX-2 expression was markedly faint in comparison to callus osteoclasts from the WT, PostnHET, and PostnKO mice (Figure 7D).
[image: Figure 7]FIGURE 7 | COX-2 Expression is Reduced in Fracture Callus Osteoclasts of Postn and Spp1 Deficient Mice. COX-2 (Ptgs2) expression was detected in fracture callus cells by immunohistochemistry. Shown are sections from callus specimens along the chondro-osseous junction collected at 14 dpf for WT (A), PostnHET (B), PostnKO (C), and Spp1KO mice (D). Relative expression of COX-2 in apparent callus osteoblasts (◀) and osteoclasts (*) from WT mice appeared similar (A). In contrast, osteoclast COX-2 expression relative to osteoblast expression appeared lower in the PostnHET specimens (B), lower still in the PostnKO specimens (C), and weak in the Spp1KO specimens (D). The number of osteoclasts that appeared to express COX-2 were compared to the number of TRAP expressing osteoclasts as a percentage (E). Similar to the apparent reduction in osteoclast COX-2 expression, the percentage of COX-2 expressing osteoclasts was reduced in the Postn and Spp1 deficient mouse fracture callus specimens collected at 10, 14, and 21 dpf. The effect of genotype on osteoclast COX-2 expression was significant, but not those of time after fracture or gender as determined by 3-way ANOVA. P-values are shown [inset, (E)]. Callus cartilage (ca) and areas of endochondral ossification (eo) are shown. Scale bars equal 20 µm (A).
Callus osteoclasts and COX-2 expressing osteoclasts were counted at 10, 14, and 21 dpf from WT, PostnHET, PostnKO, and Spp1KO mice (Figure 7E). The percentage of osteoclasts expressing COX-2 was not dependent upon time after fracture or gender. However, the percentage of osteoclasts expressing COX-2 was reduced in the PostnHET (63%), PostnKO (62%), and Spp1KO (51%) calluses as compared to calluses from WT mice (91%).
Changes in callus mRNA levels associated with loss of Postn or Spp1
Total RNA was isolated from 14 dpf calluses of WT, PostnKO, and Spp1KO mice and target mRNA levels were measured by RT-qPCR. Chondrogenesis and chondrocyte hypertrophy were assessed by measuring Aggrecan (Acan) and MMP-13 (Mmp13) mRNA levels, respectively. Acan mRNA levels were similar between WT, PostnKO and Spp1KO mouse calluses, though Acan mRNA levels were greater in PostnKO calluses than Spp1KO calluses (Figure 8A). In contrast and similar to the IHC results (Figure 4), Mmp13 mRNA levels were significantly reduced in the PostnKO and Spp1KO mouse calluses as compared to WT (Figure 8B). Vasculogenesis was assessed by measuring CD31 (Pecam1) mRNA levels and similar to the IHC results (Figure 5), Pecam1 mRNA levels were significantly reduced in the Spp1KO mice, though not in the PostnKO mouse calluses (P = 0.13; Figure 8C). Osteoclast activity was assessed by measuring Cathepsin K (Ctsk) and Tartrate Resistant Acid Phosphatase (Acp5) mRNA levels. While IHC results showed significant reductions in TRAP+ cell density (Figure 3) and CTSK+ cell density (Figure 6), only mRNA levels for Acp5 were significantly lower in the Spp1KO mouse calluses (Figures 8D, E). COX-2 (Ptgs2) mRNA levels were also measured and were significantly reduced in both the PostnKO and Spp1KO mouse calluses as compared to WT calluses (Figure 8F).
[image: Figure 8]FIGURE 8 | Loss of Postn and Spp1 alters callus gene expression at 14 dpf. RNA was prepared from mouse calluses collected at 14 dpf from at least three male and three female mice of each genotype. mRNA levels for (A) Acan, (B) MMP13, (C) Pecam1, (D) Ctsk, (E) Acp5, and (F) Ptgs2 were determined by RTqPCR and normalized to Actb (ß-actin) mRNA levels using the 2−ΔCT method. mRNA levels were compared between genotypes and gender using 2-way ANOVA and post-hoc analyses. P values are shown beneath each graph.
DISCUSSION
In control experiments to confirm reduced target mRNA and protein expression in the PostnKO and Spp1KO mouse calluses (Figure 2), we observed that loss of Postn reduced Spp1 expression and conversely, loss of Spp1 reduced Postn expression. Postn and Spp1 expression were also reduced in the PostnHET mouse fracture calluses; consistent with Postn affecting Spp1 expression (Figure 2). Rios et al. also observed reduced POSTN levels in PostnHET newborn mouse protein extracts, indicating no compensatory expression from the remaining, normal Postn allele [21]. Whether the mutual effects of Postn on Spp1 expression and Spp1 on Postn expression relate to signaling functions associated with these matricellular proteins, a temporal change in fracture healing gene expression associated with impaired healing, or a combination of these effects will require additional investigation. Therefore, ascribing any fracture healing effect to Postn versus Spp1 in this study is limited by the mutual gene expression effects of Postn and Spp1 on each other.
Null mutations in Postn or Spp1 produced similar, negative effects on mouse femur fracture healing. Notably, resolution of callus cartilage by endochondral ossification appeared delayed in the mutant mice as indicated by radiographic imaging, increased callus volume, and reduced callus bone area (Figures 1, 3). The underlying cellular effects of lost Postn or Spp1 in the fracture callus also appeared similar. Callus chondrocyte hypertrophy was abnormal as evidenced by the reduced number and proportion of MMP-13 expressing chondrocytes and Mmp13 expression in the PostnKO and Spp1KO mouse calluses (Figures 4, 8). Null mutations in Postn or Spp1 also altered the morphology of the chondro-osseous junction and reduced the overall number of callus osteoclasts (Figures 3, 6, 7). The abnormal morphology of the chondro-osseous junction is particularly evident in the PostnHET callus shown in Figures 3C, D in which the transition zone was enlarged between the callus cartilage and the area of new bone formation. The paucity of TRAP+ osteoclasts at the chondro-osseous junction was also evident in the PostnKO and Spp1KO calluses (Figure 3). The apparent altered healing in the PostnHET, PostnKO, and Spp1KO calluses was accompanied by reduced callus vascularization (Figure 5). Thus, Postn and Spp1 appear to have multiple roles during fracture healing including promoting chondrocyte hypertrophy and callus vascularization, which are both necessary for normal fracture healing [8, 10].
In this study, the stabilized femur fractures in the PostnKO mice showed delayed healing with apparent bony bridging of the callus by 28 dpf rather than by 21 dpf (Figure 1). The PostnKO mouse calluses also had significant reductions in BV/TV, bone area, chondrocyte number, Type X collagen stained area, number of chondrocytes expressing MMP-13, callus vascularity, and osteocalcin expression (Figures 1–5). Similarly, Duchamp de Lageneste et al. found that fracture callus cartilage and bone area were reduced in PostnKO mice [20]. However, and in contrast to the stabilized femur fractures used in the present study, the un-stabilized tibia fractures used by Duchamp de Lageneste et al. failed to heal after 28 days in the PostnKO mice [20].
Femur fractures in the Spp1KO mice also showed delayed healing with apparent bony bridging by 21 dpf as compared to 14 dpf in the wild-type C57BL/6 mice (Figure 1). The Spp1KO mouse fracture also had reduced bone area, chondrocytes, TRAP+ cells, Type X collagen staining area, MMP-13 expressing chondrocytes, and callus vascularity similar to the PostnKO mice (Figures 3–5). Using the same stabilized femur fracture model, Duvall et al. also found that fracture healing was delayed in Spp1KO mice and was characterized by reduced callus vascularization at 7 dpf, reduced callus size at 7 and 14 dpf, and reduced callus mechanical properties at 28 dpf, but with a larger callus at 56 dpf. The larger callus in the Spp1KO mice at 56 dpf was interpreted as impaired remodeling of the callus though no differences in expression of RANKL, TRAP, Cathepsin K, or OPG were detected in calluses at earlier time points. The current analysis found that callus vascularity was similarly reduced in the Spp1KO mice (Figure 5) but, in contrast, that callus osteoclast density was also reduced (Figure 6).
Hypertrophic chondrocytes express Type X Collagen (COL10A1) and MMP-13 [44]. Chondrocyte COL10A1 expression was evident in the fracture calluses of WT, PostnHET, PostnKO, and Spp1KO mice (Figure 4). Indeed, most rounded chondrocytes within the callus were surrounded by COL10A1 suggesting that once differentiated, fracture callus chondrocytes rapidly begin expressing Col10a1. In contrast, most, if not all, callus chondrocytes only expressed MMP-13 once the chondrocyte encountered or traversed the chondro-osseous junction. This observation suggests that a signaling event occurs with chondrocytes at the chondro-osseous junction to induce MMP-13 expression (Figure 4C). Furthermore, loss of POSTN or SPP1 appears to impair Mmp13 induction as evident by the reduced proportion of MMP-13+ chondrocytes (Figure 4) and reduced callus Mmp13 expression (Figure 8), likely contributing to impaired bone formation (Figures 1, 3).
In the WT, PostnHET, PostnKO, and Spp1KO mouse calluses, the chondro-osseous junction is lined with TRAP+ and CTSK+ osteoclasts (Figures 3, 6). The localization of osteoclasts at the chondro-osseous junction suggests that osteoclasts may mediate the hypertrophic transition from COL10A1+, MMP-13− chondrocytes to COL10A1+, MMP-13+ chondrocytes as the chondro-osseous junction encounters and then traverses callus cartilage. Indeed, the osteoclast secretome has been shown to induce MMP-13 expression in cultured chondrocytes [45]. Culturing osteoclasts on a cartilage substratum or co-culturing osteoclasts with chondrocytes can alter osteoclast activity and promote osteoclast MMP-8 expression [46]. In the present study, loss of Postn or Spp1 reduced callus osteoclast density (Figures 3, 6) as well as the proportion of osteoclasts scored positive for COX-2 expression via IHC from 91% in WT calluses to 62% in PostnKO and 51% in Spp1KO calluses (Figure 7). Loss of Postn or Spp1 also reduced overall levels of callus COX-2 mRNA (Figure 8). This suggests that as callus chondrocytes encounter the chondro-osseous junction, prostaglandins produced via COX-2 in the chondro-osseous junction osteoclasts help promote Mmp13 expression in the chondrocytes. Prostaglandins produced via COX-2 can regulate chondrocyte Mmp13 expression [47]. For instance, prostaglandin E2 signaling via the EP2 receptor was reported to inhibit Mmp13 expression [48], while prostaglandin E2 signaling via the EP4 receptor was reported to promote Mmp13 expression [49]. COX-2 expression is also associated with increased MMP-13 expression in other systems [50, 51]. Determining whether COX-2 expressed in osteoclasts at the chondro-osseous junction is directly or indirectly regulating callus chondrocyte hypertrophy will require additional experimentation.
MMP-13 appears to be a focal point for both osteoclastogenesis and chondrocyte hypertrophy. Treating osteoclast precursors with exogenous MMP-13 promoted osteoclastogenesis in vitro independent of MMP-13 proteolytic activity [52]. Hypertrophic chondrocytes expressing Mmp13 mRNA were found in close proximity to TRAP+ osteoclasts in mouse rib fracture calluses [53]. Genetic ablation of Mmp13 delayed resolution of callus cartilage in mouse tibia fracture calluses and in adolescent mouse growth plates [54, 55]. The expanded hypertrophic zone in the Mmp13 deficient mouse growth plates was characterized by an increased number of hypertrophic cell layers expressing Spp1 at the chondro-osseous junction. Similar deficiencies in endochondral ossification between the Mmp13 deficient mice and the PostnHET, PostnKO, and Spp1KO mice as described here suggests that loss of Postn or Spp1 is affecting callus endochondral ossification, at least in part, through reduced chondrocyte Mmp13 expression. In support of this conclusion, Xu et al. found that exogenous addition of SPP1, especially phosphorylated SPP1, can induce Mmp13 expression in cultured human chondrocytes while Attur et al. found that mouse articular chondrocytes lacking Postn exhibited reduced Mmp13 expression in an arthritis model [56, 57].
Neovascularization of the fracture callus is critical for healing and the number of blood vessels (CD31+ lumens) was significantly reduced in the PostnHET, PostnKO, and Spp1KO mouse calluses (Figure 5). A prior study also found callus vascularization was deficient in Spp1 null mice [19]. Loss of Postn or Spp1 reduced callus Ptgs2 (COX-2) and Mmp13 mRNA levels (Figure 8) and specifically reduced COX-2 expression in osteoclasts (Figure 7) and MMP-13 expression in chondrocytes (Figure 4). Loss of Mmp13 impairs growth plate endochondral ossification and chondrocyte MMP-13 expression is associated with angiogenesis during endochondral ossification [7, 55, 58]. COX-2 is also associated with angiogenesis in several systems including tumor growth [59, 60]. COX-2 activity is a rate limiting step in the production of prostaglandins which directly stimulate angiogenesis [61, 62]. For example, prostaglandin E2 was found to induce Mmp13 expression in mouse calvaria cell cultures and promote angiogenesis [63]. Thus, reduced expression of COX-2 in the PostnHET, PostnKO, and Spp1KO calluses could have directly impaired neovascularization of the fracture callus via reduced prostaglandin synthesis (Figure 5) and affected MMP-13 expression in callus chondrocytes (Figures 3, 7).
The decrease in callus osteoclasts in the Postn and Spp1 deficient mice was also accompanied by a reduction in callus F4/80+ macrophages (Figure 6). Loss of SPP1 or POSTN could have affected inflammation during the early stages of fracture healing leading to reduced monocyte infiltration of the callus. Unfortunately, inflammation and the early stages of healing were not investigated in the PostnHET, PostnKO, or Spp1KO mice. The available IHC data, however, suggests that the F4/80+ macrophages are preferentially located in areas of newly formed bone and bone marrow, scarce at the chondro-osseous junction, and absent from callus cartilage (Figure 6). Thus, the available results indicate that the reduction in F4/80+ macrophages is a function of reduced bone and bone marrow formation in the external callus and likely is not causative for the reduction in callus osteoclasts. Still, other macrophage or monocyte populations that do not express F4/80 may have been affected by loss of POSTN or SPP1 leading to the reduction in callus osteoclasts [64].
The mechanisms through which POSTN and SPP1 affect osteoclast COX-2 expression, chondrocyte hypertrophy, and callus neovascularization will require further investigation. As matricellular proteins, POSTN and SPP1 localize in the extracellular matrix to provide signaling cues rather than a structural function within the extracellular matrix [26, 65]. POSTN was widely distributed throughout the fracture callus with apparent greater staining in areas rich with osteoblasts and around chondrocytes at the chondro-osseous junction (Figure 2A). SPP1 also localized at areas rich in osteoblasts and was evident in callus chondrocytes including chondrocytes at the chondro-osseous junction (Figure 2E), consistent with Spp1 expression in hypertrophic chondrocytes [66]. In the PostnHET, and particularly the PostnKO fracture calluses, SPP1 expression was reduced but localized to chondrocytes near the chondro-osseous junction (Figures 2F, G).
Both POSTN and SPP1 are integrin ligands and both chondrocytes and osteoclast express integrins, suggesting that local levels of POSTN and SPP1 can alter chondrocyte and osteoclast functions via integrin mediated signaling [31, 32, 34, 67]. For instance, SPP1 signaling via integrin αvß3 can affect osteoclast activity [31, 68, 69]. SPP1 and POSTN also can induce chondrocyte MMP13 expression, though the signaling pathways employed are less clear [56, 70, 71]. In cancer models, SPP1 can induce COX-2 expression, promote matrix metallopeptidase expression, and promote angiogenesis [72, 73]. This suggests that Spp1 or Postn expression in chondrocytes at the chondro-osseous junction may have a similar role by inducing COX-2 expression in osteoclasts, promoting Mmp13 expression, and promoting angiogenesis. The precise mechanism through which SPP1, POSTN, or other matricellular proteins spatially coordinate events in the fracture callus or at the chondro-osseous junction to control chondrocyte hypertrophy, osteoclast gene expression, and vasculogenesis to enable endochondral bone formation will require a deeper understanding of the cell signaling events involved.
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Abstract
Macrophages are effector cells of the immune system and essential modulators of immune responses. Different functional phenotypes of macrophages with specific roles in the response to stimuli have been described. The C57BL/6 and BALB/c mouse strains tend to selectively display distinct macrophage activation states in response to pathogens, namely, the M1 and M2 phenotypes, respectively. Herein we used RNA-Seq and differential expression analysis to characterize the baseline gene expression pattern of unstimulated resident peritoneal macrophages from C57BL/6 and BALB/c mice. Our aim is to determine if there is a possible predisposition of these mouse strains to any activation phenotype and how this may affect the interpretation of results in studies concerning their interaction with pathogens. We found differences in basal gene expression patterns of BALB/c and C57BL/6 mice, which were further confirmed using RT-PCR for a subset of relevant genes. Despite these differences, our data suggest that baseline gene expression patterns of both mouse strains do not appear to determine by itself a specific macrophage phenotype.
Keywords: macrophages, RNA-seq, BALB/c, C57BL/6, pathogen
IMPACT STATEMENT
In this study, we used RNA-Seq to analyze the baseline gene expression profiles of peritoneal macrophages from C57BL/6 and BALB/c mice, which are known for their Th1- and Th2-biased immune responses, respectively. Our goal was to understand how these baseline patterns influence the interpretation of gene expression changes in other studies where pathogen interaction is considered. We found that, while there are significant differences in the basal gene expression profiles between BALB/c and C57BL/6 peritoneal macrophages, these differences do not dictate the macrophage activation phenotype. Therefore, baseline gene expression in resident peritoneal macrophages should not influence the interpretation of transcriptomic analyses conducted in response to pathogen infection. This finding is crucial for analysing the results of studies comparing gene expression patterns in resident peritoneal macrophages during pathogen challenges. This research underscores important considerations for studying the mechanisms that shape resident peritoneal macrophage phenotypes in response to intracellular pathogens.
INTRODUCTION
Macrophages are cells from the innate immune system that are essential in the elimination of pathogens and the initiation of the immune response. Tissue resident macrophages adapt to their microenvironment and exhibit specific functions essential to maintain tissue homeostasis. Distinct transcriptional regulators determine tissue-specific transcription programs in resident macrophages [1]. Macrophages are usually in a naïve phenotype, which is altered depending on environmental signals. Two main activated states of macrophages have been proposed, the classically activated subtype (M1), which shows a pro-inflammatory and microbicidal profile, and the alternative activated subtype (M2), which is associated with an anti-inflammatory response and tissue repair and homeostasis [2]. Various M2 subsets have been described, induced by the exposure of naïve macrophages to different cytokines, all of which have immunosuppressive features [3]. Polarization into either of these activated states results in the alteration of cell surface marker expression and inflammatory-related factors. The M1 macrophages are characterized by overexpression of the surface markers CD80, CD86 and CD16/32, and actively produce pro-inflammatory cytokines such as the tumour necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and IL-12 [4]. Meanwhile, M2 macrophages have been shown to express higher levels of mannose receptor (CD206), arginase-1, and the anti-inflammatory cytokine IL-10 [4]. Currently, new knowledge in areas such as proteomics and transcriptomics has revealed a more complex scenario within this classification that requires further studies.
Activated lymphocytes can modulate the differentiation states of macrophages through the profile of cytokines that they secret, thus controlling the type of immune response to specific stimuli. For example, Th1 cytokines like TNF-α and interferon gamma (IFN-γ) promote the development of the M1 phenotype, while promotion of the M2 phenotype is directed by Th2 cytokines, usually IL-4 and IL-13 [5]. However, other factors that are not characterized in the context of Th1 Th2 responses elicit similar macrophage phenotypes [6]. Although there are discrepancies between in vivo and in vitro studies regarding the expression of markers that characterize these phenotypes [7], in vitro studies have shed light on the mechanisms involved in the differential response of macrophages to several stimuli.
Laboratory mouse strains C57BL/6 and BALB/c respectively display Th1-biased and Th2-biased immune responses, thus making them interesting models for studying the mechanisms involved in the heterogeneity of macrophage activation. For instance, macrophages isolated from C57BL/6 tend to show higher levels of nitric oxide (NO) production in comparison to BALB/c-derived macrophages after stimulation with IFN-γ and LPS [2, 8, 9]. These innate differences between the two mouse strains have been also reflected in the higher resistance of C57BL/6 against infections to different pathogens such as Mycobacterium tuberculosis, Pasteurella pneumotropica, Chlamydia and Leishmania spp. [10–13]. Furthermore, studies on murine macrophage infection with Leishmania species have shown that macrophages from Th1-biased strains are more easily activated than those from Th2-biased strains [14, 15]. However, it has also been shown that infection with Leishmania can increase the ability of macrophages to stimulate a Th2 response [16]. In fact, a quite heterogeneous range of responses and patterns of gene expression have been reported when studying the immune response of C57BL/6 and BALB/c to different Leishmania species [17–22].
During the last few years, our group has been working in characterizing the immune response of BALB/c and C57BL/6 mice to the infection with Leishmania panamensis [23, 24]. Our results have shown that BALB/c-infected mice are more susceptible to the infection than C57BL/6, exhibiting higher inflammation and parasite loads at the inoculation site [24]. In a study conducted in vitro, we observed that infection of C57BL/6 macrophages with L. panamensis induced a pro-inflammatory gene expression pattern associated with a classic M1 phenotype, whereas BALB/c macrophages showed gene expression patterns intermediate between M1 and M2 [23]. In this study, we compared the baseline gene expression patterns from uninfected BALB/c and C57BL/6 macrophages, used as controls in the previous study. Our main goal is to assess if there is a possible predisposition of these mouse strains to the M1 or M2 phenotype, which may in turn affect the interpretation of changes in gene expression patterns associated with the interaction with pathogens such as Leishmania spp.
MATERIALS AND METHODS
Institutional ethics committee statement and laboratory animal handling
All experimental procedures involving mice were approved by the Institutional Animal Care and Use Committee of INDICASAT (protocol number IACUC-14-002, approved on 30 May 2014, and renewed on 29 July 2019). All procedures were performed following international and institutional regulations for the ethical handling of laboratory animals. Animals were maintained in Specific Pathogen Free (SPF) conditions at INDICASAT’s animal facility with free access to food and water, a constant temperature of 24°C and a 12-hour light/dark cycle.
Murine macrophage isolation
Resident peritoneal macrophages were obtained from female BALB/c and C57BL/6 mice, by peritoneal washing with chilled Roswell Park Memorial Institute (RPMI) (Gibco, Gaithersburg, MD, United States). A density of 1 × 106 cells per well in 24-well plates were seeded in RPMI with 10% fetal bovine serum, penicillin/streptomycin (100 U/mL/100 μg/mL). Cells were incubated for 2 h at 37°C and 5% CO2. After removing non-adherent cells by washing with RPMI medium, adherent macrophages were incubated for 24 h more at 37°C and 5% CO2. Peritoneal macrophages were processed independently for each mouse strain and each experiment was performed in triplicate.
Flow cytometry
After 24 h of culture, cells were harvested, washed with phosphate-buffered saline (PBS), and blocked with 1% BSA for 15 min. After washing, cells were incubated with 5 μg/mL of anti-mouse CD11b FITC, CD80 APC, CD86 PE-Cy5, MRC1 (CD206) APC, MHC-II PE (eBioscience, San Diego, CA, United States) and/or anti-mouse F4/80 PE (Abcam, Cambridge, United Kingdom) diluted in 1% BSA, for 30 min at 4°C. Following two sequential washes, cells were resuspended in PBS for flow cytometry analysis. Events were acquired with a CyFlow cytometer, and the data were analyzed using FloMax software (PARTEC, Münster, Germany) and FlowJo v10.10 (Becton, Dickinson and Company, East Rutherford, NJ, United States). Statistical calculations of mean, standard error of the mean (SEM), one-way ANOVA followed by Sidak’s multiple comparison test were performed using GraphPad Prism version 10.2.3 (GraphPad Inc., La Jolla, CA, United States). Differences between groups were considered significant if P < 0.05 (****P < 0.0001).
RNA isolation and transcriptome sequencing
Macrophage total RNA was purified using Trizol (Invitrogen, Carlsbad, CA, United States) and chloroform separation. Integrity and purity of the RNA samples were evaluated using the Agilent RNA 6000 Nano kit on a 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, United States). RNA concentration was estimated by fluorometry using Picogreen (Invitrogen, Carlsbad, CA, United States) and a Victor 3 multilabel plate reader (PerkinElmer, Waltham, MA, United States). The TruSeq RNA v2 sample preparation kit (Illumina, San Diego, CA, United States) was used for generating libraries of complementary DNA (cDNA) fragments from polyadenylated [poly(A)] RNA. A NovaSeq 6000 sequencer (Illumina, San Diego, CA, United States) was used to sequence cDNA libraries, yielding a total of 100 million 150-bp paired-end reads per sample.
Mapping and transcript abundance estimation
Alignment of the cDNA-derived reads to the mouse reference genome was performed using HISAT2 (version 2.1.0) [25], following the implemented default parameters for paired-end and non-strand-specific RNA-Seq data. The mouse reference genome (mm10, build name GRCm38) was retrieved from the UCSC Genome Browser.1 FeatureCounts (version 1.6.3) [26] was used to estimate transcript abundance from read alignments. Those gene features having a single count across all samples or counts equal to zero were classified as suspected non-expressed genes and further removed before subsequent analyses.
Data quality assessment and differential expression analysis
For visualization of sample-to-sample distances, gene counts were normalized to correct for differences in sequencing depth. The normalized counts were subsequently transformed to logarithms to the base 2 and the variance stabilizing transformation (VST) algorithm was used to stabilize the variance across the mean [27]. The transformed data was used for calculating all pairwise Euclidean distances and the resulting relationships were visualized by using principal component analysis (PCA).
The DESeq2 R package (version 1.38.1) [28] was used for conducting differential expression analysis on raw counts. C57BL/6-derived counts were taken as the reference for determining the relative difference in basal expression. Therefore, DESeq2 results are interpreted as higher or lower expression levels in BALB/c with respect to C57BL/6. Differentially expressed genes were defined as those having a logarithm to the base 2 of fold change (log2FC) of at least 0.5 and a Benjamini- Hochberg (BH) multiple-testing adjusted P-value of < 0.05. The overall results of the differential expression analysis were visualized using volcano and log ratio and mean average (MA) plots.
Functional enrichment analysis
The ClusterProfile R package (version 3.12.0) [29] was used for identification of signaling and metabolic pathways defined in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A cut-off P-value of 0.05 was used to identify KEGG pathways overrepresented in the differentially expressed genes. Two independent lists of genes with higher and lower expression in BALB/c with respect to C57BL/6 were separately used as input files. The non-redundant list of genes contained in all identified enriched KEGG pathways except for those describing pathogen- or disease-specific pathways was extracted. Differences in basal gene expression levels between mouse strains in the non-redundant list of genes were visualized as an expression plot and a heatmap based on the RNA-Seq counts normalized by size factor and variance stabilizing transformation (VST).
Quantitative PCR
For quantitative real time (RT)-PCR, 1 µg of total RNA was first reverse-transcribed using the High-Capacity cDNA reverse transcription kit (Applied Biosystems, Waltham, MA, United States). Subsequently, RT-PCR was performed on a QuantStudio 5 thermocycler (Applied Biosystems, Waltham, MA, United States) using SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA, United States). Cycling conditions consisted of an initial hold at 95°C (10 min) and 40 cycles of 95°C (15 s), and 60°C (60 s). The housekeeping gene encoding hypoxanthine phosphoribosyltransferase (hprt) was used as endogenous control for data normalization. Analyses of relative gene expression of Tnf, Il10, Il4ra, Mrc1, Ccl5, Fcgr1, iNos, Sod3 and Il4 were performed by the 2(−∆∆CT) method. Briefly, cycle threshold (CT) values of the target genes and hprt were obtained, and ∆CT values were calculated by substracting the CT values of hprt from CT values of the target genes for each sample. The ∆∆CT was calculated using C57BL/6 as reference and substracting its ∆CT from the ∆CT of the BALB/c sample. The relative gene expression of each target gene was then determined using the formula 2(−∆∆CT). The primer sequences used are listed in Supplementary Table S1. Statistical calculations of mean and SEM for fold differences of all target genes from 4 independent experiments were performed using GraphPad Prism version 10-2.3 (GraphPad Inc., La Jolla, CA, United States).
RESULTS
RNA sequencing and data quality assessment
To characterize differences in basal expression between BALB/c and C57BL/6, RNA-Seq and differential expression analysis were conducted in unstimulated peritoneal resident macrophages cultured in triplicate. The proportion of macrophages in peritoneal lavages was determined by the percentage of CD11b and F4/80 double positive cells, which was 33.2 ± 3.1% for BALB/c and 41.7 ± 3.0% for C57BL/6 (Supplementary Figure S1). From the double positive population, the proportions of F4/80LowCD11bLow and F4/80HighCD11bHigh were respectively, 43.2 ± 0.7% and 47.0 ± 1.1% for BALB/c and 30.4 ± 2.5% and 61.3 ± 2.6% for C57BL/6 (Supplementary Figure S1). Total RNA was purified from cells of both mouse strains at 24 h of culture. Sequencing of poly(A)-enriched RNA generated ∼120 million paired-end reads 150-bp long per sample. Sequence data of this project can be retrieved from the Sequence Read Archive (SRA) through BioProject PRJNA656921, accession numbers SRX10075500, SRX10075501 and SRX10075504 for BALB/c samples, and SRX10075508, SRX10075509 and SRX10075510 for C57BL/6 samples. On average, 98% of reads from each mapped unambiguously to the mouse reference genome.
In order to evaluate if our samples from each mouse strain are reasonably different, a principal component analysis (PCA) based on Euclidean distances was performed. For sample distances estimation, data was previously transformed by means of the variance stabilizing transformation (VST) algorithm [27], to correct for sample distance and variance overestimation resulting from calculating [25] the logarithm of small counts. The PCA analysis explained 99% of the total variance and showed a clustering pattern that clearly separates samples according to mouse strain (Supplementary Figure S2).
Differential expression analysis and pathway enrichment analysis
For differential expression analysis, the C57BL/6 strain was considered as the reference state. Therefore, our results should be interpreted as higher or lower basal expression levels for genes from BALB/c with respect to C57BL/6, instead of the up- or downregulation of such genes. Altogether, we found 615 differentially expressed (DE) genes between BALB/c and C57BL/6 unstimulated macrophages. From these genes, 266 showed a higher relative basal expression level in BALB/c with respect to C57BL/6 macrophages, whereas 349 showed lower relative basal expression (Figure 1; Supplementary Figure S3; Supplementary Table S2).
[image: Figure 1]FIGURE 1 | MA-plot of gene expression differences in macrophages of BALB/c in comparison to C57BL/6. The log2 fold change for BALB/c against C57BL/6 samples (y axis) is plotted against the average of normalized counts (x axis). Each gene is represented with a dot. Genes with significant fold difference between mouse strains (BH multiple testing adjusted P-value <0.05) are shown in blue.
Additionally, we performed a pathway enrichment analysis to identify KEGG pathways enriched by genes with higher and lower basal expression in BALB/c with respect to C57BL/6. In total, 38 KEGG pathways were found to be enriched, 30 and 8 when considering genes with higher and lower basal expression in BALB/c, respectively (Supplementary Table S3). Since we were interested in intrinsic differences between unstimulated macrophages from the two mouse strains, pathogen- or disease-specific pathways (26 in total) were not considered for subsequent analyses. Pathways associated with antigen processing and presentation, cellular senescence and apoptosis, cell adhesion, processing within the lysosome, and metabolism of amino acids were all enriched by genes with higher basal expression in BALB/c with respect to C57BL/6 (Table 1). Conversely, pathways found to be enriched by genes with lower basal expression in BALB/c with respect to C57BL/6 were mainly associated with cytokine-cytokine receptor interaction and hematopoietic cell lineage differentiation (Table 2). In general, pathway enrichment analysis showed that, of all the genes with basal differences in expression between the two mouse strains, 42 appear to be associated with cellular and immune functions that could shed light on macrophage activation patterns (Figure 2; Supplementary Figure S4).
TABLE 1 | Genes with higher basal expression in BALB/c relative to C57BL/6 macrophages along with their assigned KEGG pathways.
[image: Table 1]TABLE 2 | Genes with lower basal expression in BALB/c relative to C57BL/6 macrophages along with their assigned KEGG pathways.
[image: Table 2][image: Figure 2]FIGURE 2 | Expression plot of genes in selected enriched KEGG pathways. The plot displays differences in basal gene expression levels between BALB/c (pink) and C57BL/6 (cyan) macrophages for the non-redundant list of genes contained in all identified enriched KEGG pathways except for those describing pathogen- or disease-specific pathways. Data represents log2 RNA-Seq counts normalized by size factor and variance stabilizing transformation (VST).
Interestingly, pathways related to the phagosome and mechanisms of antigen processing and presentation were found to be enriched by genes encoding non-classical MHC class I (MHC-Ib) H-2Q molecules, loci 4, 6 and 10 (H2-Q4, H2-Q6 and H2-Q10), and their basal expression levels were 2 to 5-fold higher in BALB/c than C57BL/6 (Table 1). Among genes found to have higher basal expression in BALB/c are those encoding cathepsins E, G, L, S, F and D (Ctse, Ctseg, Ctsl, Ctss, Ctsf, Ctsd), arylsulfatase B (Arsb) and N-sulfoglucosamine sulfohydrolase (Sgsh), all of which are associated with lysosomal degradation, ranging from 2 to 10-fold in the case of Ctse. Other genes associated with arginine and proline metabolism, including those encoding arginase type II (Arg2) and L-arginine:glycine amidinotransferase (Gatm) showed basal expression levels of 4.7 and 30 times higher in BALB/c with respect to C57BL/6, respectively. Additional genes with higher expression in BALB/c included those encoding proteins associated with cellular senescence and apoptosis, such as mitogen-activated protein kinases 11/p38 MAPK-β (Mapk11) and MAPK3/Extracellular signal-regulated kinase (ERK) 1 (Mapk3), with expression levels approximately two times higher, as well as the apoptosis-activating serine protease granzyme B (Gzmb), with 6.7-fold expression in BALB/c.
Conversely, genes with lower basal expression in BALB/c were mostly associated with cytokine-cytokine receptor interaction and with the phagosome, showing expression levels that ranged from 0.52 to 0.16 times those of C57BL/6 (Table 2). Genes associated with these pathways include those encoding interleukin 10 (Il10), chemokine (C-C motif) ligand 5 (Ccl5), chemokine (C-C motif) receptors 5 (Ccr5) and 6 (Ccr6), chemokine (C-X-C motif) receptor 6 (Cxcr6), α subunits of IL-4 and IL-13 receptors (Il4ra and Il13ra1), mannose receptor C-type 1 (Mrc1), and the high-affinity Fc-gamma receptor (Fcgr1). Additionally, genes encoding enzymes involved in the regulation of oxidative stress such as glutathione reductase (Gsr), superoxide dismutase 3 (SOD3) (Sod3), and glutathione-S transferase mu 2 (Gstm2) also had a lower basal expression in BALB/c showing respectively expression levels of 0.39, 0.29 and 0.02 times those of C57BL/6 (Supplementary Table S2).
Relative gene expression and cytometry analyses
To confirm the transcriptomic findings discussed above, we used RT-PCR to compare the relative expression of a subset of genes on BALB/c cells respective to C57BL/6. We examined genes Il10, Il4ra, Mrc1, Ccl5, Fcgr1 and Sod3, all of which exhibited differential expression in the transcriptomic analysis. Consistent with the results obtained in differential expression analysis, cells from BALB/c mice showed a lower expression of Il10, Il4ra, Mrc1 and Fcgr1 in the non-activated condition, when compared to cells from C57BL/6 mice (Figures 3A, B). Meanwhile, Sod3 was not detected in the examined samples (Figure 3B).
[image: Figure 3]FIGURE 3 | Relative gene expression of selected genes on BALB/c respective to C57BL/6. Adherent cells obtained from peritoneal lavage were cultured for 24 h. Total RNA was obtained and mRNA for Il10, Il4ra, Mrc1, Ccl5, Fcgr1 and Sod3 determined by quantitative real-time (RT)- PCR. (A) Graph shows results normalized to hprt expression and are presented as the fold difference of mRNA expression on BALB/c relative to C57BL/6. (B) Table shows the results represented by mean ± SEM. Results were obtained from four independent experiments performed in duplicates.
Additionally, we also used RT-PCR to evaluate the relative expression of genes Tnf, iNos, and Il4, which are relevant to the M1 or M2 macrophage phenotypes, although they were not found to be differentially expressed in the transcriptomic analysis. Interestingly, we observed slight differences in the relative expression of these genes between BALB/c and C57BL/6 cells. Tnf showed increased expression in BALB/c compared to C57BL/6, while iNos and Il4 exhibited a slight decreased in BALB/c (Supplementary Figure S5). These discrepancies between results from RNA-Seq and RT-PCR are likely associated with inherent features of each methodology and differences in their detection limits [30]. These results suggested that there is not an evident predisposition for the M1 or M2 phenotypes in the cells of these mouse strains.
Moreover, to investigate if there was a marker expression pattern indicative of a predisposition towards any specific macrophage phenotypes, we examined the cell surfaces markers expression of CD80, CD86, MRC1 and MHC II in unstimulated peritoneal cells from BALB/c and C57BL/6 mice. CD80 and CD86 are essential for antigen presentation and activation of T cells and are considered M1 phenotype markers [31–33]. Meanwhile, MRC1 is a classical M2 cellular marker [34]. In the CD11b population we did not observe significant differences in the mean fluorescence intensity (MFI) for CD80 or CD86 markers (Figure 4; Supplementary Table S4). These genes were not identified as differentially expressed by the RNA-Seq analysis between cells from BALB/c and C57BL/6 mice. No significant differences in the expression levels of MRC1 were also found between CD11b+ BALB/c and C57BL/6 peritoneal cells (Figure 4; Supplementary Table S4). Despite the lower gene expression levels of MRC1 in BALB/c cells compared to C57BL/6, we were unable to detect these differences at the protein level. In the case of MHC II, recognized as a marker for both phenotypes [34] BALB/c cells exhibited significant higher expression than C57BL/6 cells (Figure 4B).
[image: Figure 4]FIGURE 4 | Cell surface marker expression of CD80, CD86, MRC1 and MHC II in unstimulated peritoneal cells from BALB/c and C57BL/6 mice. Adherent cells obtained from peritoneal lavage were culture for 24 h. Surface expression of CD11b, CD80, CD86, MRC1 and MHC-II was analyzed by flow cytometry. Representative histograms (A) and bar plots for the mean fluorescence intensity (MFI) (B) of each marker on CD11b+ positive cells. Bar plots represent mean ± SEM from peritoneal lavages seeded in duplicates from two independent experiments. ****, p < 0.0001.
DISCUSSION
C57BL/6 and BALB/c mice are known to mount opposite T-cell polarization responses that influence a different phenotype of macrophage programs [35]. In vivo, C57BL/6 displays a predominant Th1 response to intracellular pathogens, whereas BALB/c displays a Th2 response [36–38]. It has been suggested that BALB/c mice have specific allelic variants of genes encoding immune-related molecules that promote Th2 responses [39, 40]. Available data indicates that macrophages derived from C57BL/6 or BALB/c mice exhibit distinct activation pathways in response to the same stimuli, ultimately steering a characteristic response of the M1 and M2 phenotypes, respectively [2, 8, 9]. We have studied herein the baseline gene expression patterns of resident peritoneal macrophages from BALB/c and C57BL/6 mice to provide insights into whether the cells of these mouse strains might exhibit a predisposition to any of the macrophage phenotypes. Ultimately, we are interested in understanding if this baseline gene expression could affect the interpretation of results concerning differential gene expression analysis in further presence of pathogens colonizing macrophages.
Our results showed a lower basal expression of M2-related genes, such as IL-4Rα, in BALB/c macrophages. IL-4Rα can bind IL-4 and IL-13, promoting the expression of M2-associated genes. In the absence of this receptor both IL-4- and IL-13-mediated functions are compromised [41]. In vivo, IL-4Rα deficiency in macrophages has been shown to reduce the number of M2 macrophages in the liver in a pathogen-free mouse model of induced fibrosis [42]. An IL-4Rα-independent mechanism of Th2 differentiation has also been observed in IL-4Rα-deficient BALB/c mice after infection with L. major [43]. Meanwhile, in vitro, Th2 differentiation appears to be affected by the absence of IL-4Rα [43]. In macrophages, the IL-4 produced by these cells acts in an autocrine manner through the IL-4Rα receptor; however, IL-4 does not appear to be relevant for the in vitro differentiation of the M2 phenotype under type II activation [44]. We have previously observed an upregulation of the gene encoding IL-4 in BALB/c resident peritoneal macrophages in response to infection with L. panamensis, but no changes were found in IL-4Rα expression levels [23]. Since the expression of IL-4Rα is known to be very low in macrophages [44], the lower basal expression of this receptor found here in resting BALB/c cells is not likely to determine the phenotype of macrophages in response to in vitro intracellular pathogens.
We also observed a lower basal expression for the M2-related marker, the type 1 mannose receptor C (MRC1), in unstimulated BALB/c cells relative to C57BL/6 cells. MRC1 appears to be an essential regulator of glycoprotein homeostasis [45]. It has been observed that the lack of MRC1 is related to the upregulation of pro-inflammatory cytokines in endotoxemia models [46]. Additionally, MRC1 expressed on M2 macrophages has been implicated as a mediator of the infection with virulent strains of some pathogens, such as Mycobacterium tuberculosis and Leishmania, increasing the severity of the disease [47, 48]. The lower basal expression of this and other M2-related genes observed here for BALB/c, associated with a higher basal expression in C57BL/6, is consistent with a previous study where increased M2-related marker expression was reported for C57BL/6 resident peritoneal macrophages in the absence of specific stimulation [49]. It has been suggested that tissue microenvironment favors MRC1 expression in tissue resident macrophages in both, mice and humans [50, 51]. At the protein level, however, no differences in the surface expression of MRC1 was observed between peritoneal cells of BALB/c and C57BL/6 mice. These findings are consistent with other studies demonstrating that, in unstimulated human PBMC-derived macrophages, the expression levels of MRC1 do not follow the pattern observed in the MRC1 marker gene expression [33]. These results collectively suggest that these mouse strains do not show a predisposition for either macrophage phenotype.
Although a higher basal expression of genes encoding cathepsins and other lysosomal enzymes was observed here in BALB/c cells relative to C57BL/6, previous data showed downregulation or no changes in the expression of these genes in response to L. panamensis infection [23]. Cathepsins are involved in antigen processing and thus influence immune responses [52, 53]. Cathepsin L, which was found to be increased at the basal level in BALB/c cells, seems to be involved in the generation of a Th1 response against Leishmania [54]. We also observed a higher basal expression of cathepsin D in BALB/c cells. The role of cathepsin D in the modulation of immune response is not well understood; however, it has been shown that the inhibition of cathepsin D during L. major infection affects both Th1 and Th2 responses [55]. Thus, BALB/c macrophages appear to be genetically prepared to generate a response favoring the resolution of Leishmania infection, nevertheless, these cells tend to show an inability to efficiently respond to infection during host-parasite interaction. Indeed, BALB/c cells expressed similar levels of cell surface markers characteristic of the M1 phenotype, such as CD80 and CD86, to those expressed by C57BL/6 cells. Moreover, surface expression levels of MHC II were higher in BALB/c than in C57BL/6 CD11b+ peritoneal cells. Since overexpression of MHC II is found in both M1 and M2 phenotypes [34], these results support the idea that BALB/c is well-equipped to respond to inflammatory stimuli. However, there seems to be no evident predisposition for any of the macrophage phenotypes in the cells of both mouse strains in their basal state.
Interestingly, BALB/c showed a higher basal expression of genes encoding non-classical MHC class I (MHC-Ib) molecules H2-Q4 (Qb-1), H2-Q6 and H2-Q10. Although, no specific role has been defined for H2-Q4 (Qb-1) and H2-Q6 [56], H2-Q10 has been recently identified as a ligand of the inhibitory Ly49C receptor, suggesting that it may act as a regulator of NK cell activation [57]. Additionally, H2-Q10 has been found to have high affinity for CD8αα, thus possibly playing a role in the control of liver-resident CD8αα γδT cells [58]. Moreover, H2-Q10 stabilizes the expression of the MHC-1b molecule H2-T23 (Qa-1b), the murine homolog of HLA-E. This fact suggests that H2-Q10 may have additional immune-modulating effects. Specifically, antigen presentation through Qa-1b has been shown to induce an upregulation of the inhibitory NK receptors CD94/NKG2A in secondary infections with Listeria monocytogenes. This leads to reduced apoptosis of cytotoxic T-lymphocytes and a prolonged cytotoxic response [59]. As recent data has demonstrated that H2-Q10 has multiple roles that are relevant to the regulation of immunity, further research is required to determine if the higher basal expression of H2Q molecules in BALB/c mice macrophages may contribute to the response to infections with intracellular pathogens.
Among the genes with a lower basal expression in BALB/c, which indicates a higher expression in C57BL/6 is the high-affinity Fc-gamma receptor, which is important for taking opsonized pathogens. It has been previously reported that thioglycolate-elicited macrophages from C57BL/6 mice also express higher basal levels of this receptor [60]. Other genes found to have a higher basal expression level in C57BL/6 were those encoding pro-inflammatory chemokines and chemokines receptors. Although the gene encoding the IL-10 anti-inflammatory cytokine was also found to have a higher basal expression, which was confirmed by RT-PCR. Despite the higher expression of both anti- and pro-inflammatory genes, it has been previously shown that macrophages from C57BL/6 mice infected with Leishmania exhibit a gene expression pattern consistent with an M1 phenotype and have lower levels of intracellular amastigotes than BALB/c cells [23]. These findings suggest that C57BL/6 macrophages are intrinsically prepared to battle infections with intracellular pathogens such as Leishmania.
Although not found to be associated with any specific KEGG pathway, genes encoding enzymes involved in antioxidant programs such as superoxide dismutase 3 (SOD3), glutathione reductase and glutathione-S transferases also showed high expression in C57BL/6 compared to BALB/c. SOD3 is an important antioxidant enzyme, which prevents the formation of peroxynitrite (ONOO−) through superoxide (O2−) -mediated inactivation of NO [61, 62]. Glutathione reductase, on the other hand, preserves the pool of reduced glutathione, which significantly contributes to regulating reactive oxygen species within the cells [63]. Intracellular glutathione levels in antigen-presenting cells influence the pattern of Th1/Th2 cytokines [64]. It has been shown that the induction of glutathione reductase in response to L. major infection in C57BL/6 bone marrow-derived macrophages is several times greater than in BALB/c cells [65]. Higher gene expression and protein levels of antioxidant systems in C57BL/6 compared to BALB/c have also been observed at the basal level in bone marrow-derived macrophages [66]. Since higher levels of NO are produced by cells from C57BL/6 animals compared to BALB/c in response to L. panamensis infection [23], the results presented herein support the idea that C57BL/6 cells might be better prepared to counteract the negative effects of oxidative stress associated with infection than BALB/c cells.
Since we were working with tissue-resident cell populations, it is important to highlight the role of the microenvironment in the pattern of gene expression and the function of macrophages. Tissue-resident macrophages have a specific genetic signature and can be distinguished by specific gene expression patterns. The tissue microenvironment is essential for establishing macrophage identity [1, 67]. Macrophages populate tissues very early in the embryonic process and it has been suggested that tissue-resident macrophages originate from precursors present in the yolk sac [68–71]. Despite their common origin, these macrophages develop independently, acquiring specialized functions according to the local microenvironment [72–74]. It has been shown that macrophage populations from different organs express unique mRNA transcripts that allow them to perform specialized local functions [1]. However, evidence have shown that mouse resident peritoneal macrophages change their gene expression pattern when transferred to the lungs, assimilating the pattern of the local macrophage population [67]. These data indicate that the tissue microenvironment has the potential to reprogram differentiated macrophages.
It has been shown that ex vivo culture of tissue resident macrophages influences the gene expression pattern and activation status of these cells [67, 75, 76]. The transition of macrophages from the peritoneal cavity to culture medium enriched with M-CSF and/or TGF-β results in marked changes in gene expression [75]. Furthermore, the transfer of alveolar macrophages (AM) from the lung microenvironment of ovalbumin-sensitized rats to ex vivo culture and their subsequent reintroduction into AM-depleted sensitized rats results in an increase in Th1 cytokines in bronchoalveolar lavage and a reduction in the alveolar hyperresponsiveness [67]. Together these data indicate the importance of the tissue microenvironment in cell activation status and highlight the effect of ex vivo culture on cellular responses. Although unstimulated macrophages were culture for 24 h before RNA-Seq analysis in this study, the pattern of gene expression was markedly different from that obtained in response to infection under the same experimental conditions in a previous study [23]. This emphasizes the importance of considering the basal pattern of gene expression for the subsequent analysis of the changes induced in the presence of a stimulus in an ex vivo experimental setting.
We also analyzed the proportion of F4/80highCD11bhigh and F4/80lowCD11blow in peritoneal lavages of C57BL/6 and BALB/c. F4/80highCD11bhigh cells have been identified as large peritoneal macrophages (LPM) and F4/80lowCD11blow cells as small peritoneal macrophages (SPM) [76]. Evidence shows that both populations of macrophages coexist in the peritoneal cavity and although they show strong similarities in gene expression pattern [75] they are functionally different [76]. Thus, the differences in the basal pattern of gene expression observed herein might not be influenced by differences in the proportion of these two populations between C57BL/6 and BALB/c cells. However, it has been shown that adhesion to culture dishes induces morphological, phenotypic, and functional modifications of LPM and SPM [76, 77]. This reinforces the need to consider the basal patterns of gene expression when performing differential expression analyses in response to stimuli.
We observed that BALB/c peritoneal cells exhibit a higher mean fluorescence intensity of MHC II compared to C57BL/6 cells. Previous studies have indicated that SPM express elevated levels of MHC II [73, 76] and the numbers of this subset of cells increase in response to inflammatory conditions [78]. The differences in the expression of MHC II observed herein could be related to the varying proportions of SPM and LPM present in both mouse strains [76]. Furthermore, it has been reported that the levels of MHC II expression are dependent on the cell cycle [79]. It has been observed in BMDMs that cell cycle regulators could modulate the basal or activated transcription of genes not directly associated with cell cycle progression [80]. Macrophages arrested in the G1 phase of the cell cycle exhibit higher basal expression levels of MHC II; however, they do not increase MHC II expression in response to IFN-γ stimulation [79]. We could speculate that the cell populations analyzed from BALB/c and C57BL/6 mice may have been in different phases of the cell cycle, affecting the basal expression of MHC II. Nevertheless, additional subsets of MHC II+ cells have been identified in the peritoneal cavity [81], thus these differences might be also associated with specific cell populations. It has also been suggested that the expression level of certain haplotypes of MHC II molecules in macrophages could promote Th1 differentiation. It has been shown that Th1 bias appears to be influenced by the presence of the I-Ab allele [82] Interestingly, this allele is expressed by C57BL/6 mice, while BALB/c express the I-Ad allele. The latter emphasizes the need of further studies to characterize in depth resident peritoneal cell populations in these mouse strains.
One limitation of this study is that resident peritoneal cells are a heterogeneous population, thus, we cannot rule out the possible contribution of cells other than macrophages in the observed gene expression patterns. However, the higher proportion of cells in our samples were F4/80+CD11b+, which are macrophages. Moreover, as tissue resident macrophages could harbour diverse populations of macrophages exhibiting a range of activation states [73, 75], this could contribute to a gene expression pattern that mixes markers for different activation phenotypes. Furthermore, several studies use resident peritoneal cells to understand the mechanisms involved in a variety of disease models where macrophages play an essential role. Hence, the results shown here are relevant for the interpretation of gene expression patterns analysis in the resident peritoneal macrophage population under a pathogen challenge. The impact of baseline gene expression of different tissue-macrophages for the understanding of disease pathogenesis requires further studies.
Globally, the gene expression pattern of uninfected C57BL/6 macrophages exhibited significant differences to that of BALB/c macrophages. Our results suggest that macrophages from each mice strain have a specific basal gene expression pattern, which probably influences, but does not appear to determine by itself, the phenotype in response to pathogens. The final phenotype may be influenced also by post-transcriptional modifications, which in turn could be modulated by the pathogens [83]. This study highlights important aspects to consider when studying the mechanisms involved in the development of resident peritoneal macrophage phenotypes in response to intracellular pathogens.
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scRNA-seq reveals elevated interferon responses and TNF-α signaling via NFkB in monocytes in children with uncomplicated malaria
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Abstract
Malaria causes significant morbidity and mortality worldwide, disproportionately impacting sub-Saharan Africa. Disease phenotypes associated with Plasmodium falciparum infection can vary widely, from asymptomatic to life-threatening. To date, prevention efforts, particularly those related to vaccine development, have been hindered by an incomplete understanding of which factors impact host immune responses resulting in these divergent outcomes. Here, we conducted a field study of 224 individuals to determine host-parasite factors associated with symptomatic malaria “patients” compared to asymptomatic malaria-positive “controls” at both the community and healthy facility levels. We further performed comprehensive immune profiling to obtain deeper insights into differences in response between the pair. First, we determined the relationship between host age and parasite density in patients (n = 134/224) compared to controls (n = 90/224). Then, we applied single-cell RNA sequencing to compare the immunological phenotypes of 18,176 peripheral blood mononuclear cells isolated from a subset of the participants (n = 11/224), matched on age, sex, and parasite density. Patients had higher parasite densities compared to the controls, although the levels had a negative correlation with age in both groups, suggesting that they are key indicators of disease pathogenesis. On average, patients were characterized by a higher fractional abundance of monocytes and an upregulation of innate immune responses, including those to type I and type II interferons and tumor necrosis factor-alpha signaling via NFκB. Further, in the patients, we identified more putative interactions between antigen-presenting cells and proliferating CD4 T cells, and naïve CD8 T cells driven by MHC-I and MHC-II signaling pathways, respectively. Together, these findings highlight transcriptional differences between immune cell subsets associated with disease phenotypes that may help guide the development of improved malaria vaccines and new therapeutic interventions.
Keywords: uncomplicated malaria, Plasmodium falciparum, scRNA-Sequencing, immune responses, cell-cell interactions, TNF-α signaling via NFκB, monocytes
IMPACT STATEMENT
Nearly 50% of the world population is at risk of Plasmodium infection, although sub-Saharan Africa carries the greatest share of global burden of malaria. In 2022, the WHO reported 249 million cases, and children under 5 years were the most vulnerable group accounting for 80% of the deaths in Africa. Advances in understanding the molecular basis of pathogenesis at the single-cell level can fuel the development of new therapeutics and malaria vaccines. Previous studies have focused on studying gene expression in bulk heterogeneous cell populations of blood, brain, liver, or spleen tissues, but here, we describe the gene expression in single cells of peripheral blood mononuclear cells. We provide details into the abundance of cell types, genes expressed in each cell subset, and signaling pathways that are associated with malaria. Such information can be used to help design and develop well-targeted malaria therapeutics and vaccines.
INTRODUCTION
In 2022, global estimates of malaria cases and deaths have increased to 249 million cases and 608,000 deaths [1]. However, the development of an effective vaccine to address this global health threat remains challenging due to an incomplete understanding of the parasite’s biology and limited knowledge of which host factors influence clinical responses to infection.
In malaria-endemic communities, individuals may harbor malaria infections with mild to no symptoms warranting treatment, here referred to as healthy community controls. Such infections may be cleared naturally or progress to uncomplicated malaria, where symptoms become profound enough to necessitate medical intervention. Instructive factors include environmental exposures, transmission intensity, host and parasite genetics, host-pathogen interactions, and host immune responses [2–5]. Illustratively, upregulation of interferon responses and p53 gene expression can attenuate inflammation and protect children from fever [6]; and, when comparing children with asymptomatic and severe malaria, the genes most upregulated in severe cases are related to immunoglobin production and interferon signaling [7]. As reviewed previously, studies have postulated that interferons can orchestrate immune regulatory networks to dampen inflammatory responses and restrict humoral immunity, thus playing a critical role as a wedge that determines protection versus permissiveness to malaria infection [8, 9].
Similarly, it has been shown that the number and phenotype of cells responding to infection can vary with exposure to Plasmodium [10]. For example, Africans, who tend to have higher levels of exposure, have been shown to exhibit metabolic and platelet activation during malaria infection as compared to typically infection-naïve Europeans [10]. Similarly, children who experience high cumulative malaria episodes show upregulation of interferon-inducible genes and immunoregulatory cytokines, suggesting an immune modification to prevent immunopathology and severe outcomes during new infections [11]. Beyond differences in exposure and infection history, the strain responsible for each infection can also alter immune response dynamics and disease pathogenesis [12, 13].
Since so many factors can influence host response dynamics to infection (e.g., exposure, the timing of infection), some studies have implemented tightly regulated models of malarial infection, such as controlled human-malaria infections (CHMI). CHMI studies have identified several pathways, including toll-like receptor signaling [14], platelet activation [10], interferon signaling [10, 15, 16], and B-cell receptor signaling, that are involved in immunological modulation of Plasmodium falciparum infections [6]. Although CHMI enables more controlled examinations of host-pathogen dynamics post-malaria infection, clinically relevant differences can arise between responses seen in CHMI and natural exposure due to unresolved immunopathological mechanisms elicited during P. falciparum infection [10]. Thus, studies involving natural cohorts provide a better avenue to understand variability in immune responses developed through repeated exposure and how they influence disease phenotypes. Besides, immunity to malaria develops very slowly through repeated infections and can wane quickly if individuals leave malaria-endemic areas, suggesting that continuous natural exposure to malaria antigens is important for the development of long-term immunity [11]. Collectively, these studies demonstrate the importance of obtaining a more comprehensive understanding of the host and pathogen factors that influence immune responses to inform the development of new therapeutic approaches and improved vaccines.
To date, most genomic analyses of immunological responses to malarial infection have been performed in heterogeneous cell populations of blood, brain, liver, or spleen tissues [17]. The majority of these studies have been conducted in children and the studies show that symptomatic infections, as mentioned above, are characterized by upregulated expression of genes involved in interferon signaling, antigen presentation, neutrophil-associated signatures, and B cell modules relative to healthy controls [17]. Adults, meanwhile, present slightly varying responses: symptomatic Malian adults, compared to naïve individuals, had upregulated B cell receptor signaling but more modest upregulation of interferon responses, while symptomatic Cameroonian adults showed marked induction of genes related to interleukins and apoptosis compared to presymptomatic individuals [18, 19]. These inconsistencies may be related to patient history/exposure or differences in cellular composition influencing clinical course through a combination of direct and indirect responses. The emergence of single-cell transcriptomics provides a unique opportunity to examine the sources of this variability [20] by profiling abundance and transcriptomic variation across immune cell populations in individuals with high malaria exposure but divergent clinical phenotypes. Moreover, by examining the expression of ligands, receptors, and genes involved in intercellular signaling, we can identify the critical mediators of immune responses and the pathogenesis of malaria for subsequent validation [21].
Here, we present a comparative analysis of peripheral blood mononuclear cells (PBMCs) phenotypes in children from two related surveys conducted in 2019. An active case detection of P. falciparum infections at the community level (controls) and passive case detection at the health facility level for patients with uncomplicated malaria (patients) in an endemic area in northern Ghana. Our data describe in unprecedented detail, cell subsets and signaling pathways associated with disease severity to provide new insights into the immune response mechanisms that influence the course of P. falciparum infections in young children.
MATERIALS AND METHODS
Study design and sample collection
In 2019, we conducted a cross-sectional active case detection survey in the Kassena-Nankana Municipality of the Upper East Region of Ghana, to recruit children with uncomplicated malaria and controls with P. falciparum infections. About 1000 community members were screened for malaria infection using a CareStart™ PfHRP2-based malaria Rapid Diagnostic Test (RDT, Access Bio, NY, United States). Positive cases in the community were defined as “controls” since these individuals hadn’t sought treatment within the past 2 weeks. Similarly, a passive case detection of uncomplicated malaria cases was carried out using the same mRDTs to screen individuals presenting at the Navrongo War Memorial Hospital outpatient department. Individuals who tested positive for malaria and who provided written informed consent were recruited into the study and defined as “patients”. Five milliliters (mL) of whole blood was collected for PBMC isolation and thick and thin blood smears were for parasite identification and quantification using microscopy. Linear regression analysis was used to determine the relationship between parasite density and age in patients and controls using R software (version 4.2.1).
Of the 224 individuals recruited in both arms of the study, five control participants and six patients were selected for single-cell transcriptomic analysis. Due to the observed clear differences in clinical presentation between the groups driven by fever, headache, and parasite density, the 11 children selected for single-cell analysis had close similarity in these factors. PBMCs were isolated in ACD tubes and spun at 2,000 revolutions per minute (rpm) for 10 min, and the leukocyte layer was transferred to 15 mL. The leukocytes were mixed with phosphate-buffered saline (PBS) and layered on 3 mL of lymphoprep in a 15 mL falcon tube. The layered cells were spun for 30 min at 800 g without breaks and harvested carefully by taking the buffy layer into another falcon tube. The PBMCs were washed twice with PBS and stored in freezing media. During thawing, complete media (RP10) with 20% Fetal Bovine Serum (FBS) was prepared by diluting 20 mL of FBS in 80 mL of Roswellpark Memorial Institute (RPMI) media [22]. PBMCs were removed from Liquid Nitrogen to the −80°C freezer and then thawed during each experiment. Thawing was done by placing the vial in a clean water bath at 37°C until a small crystal of frozen cells was visible. The tubes were cleaned with 70% ethanol, and the contents were transferred to 10 mL of RP10 gently to minimize stressing the cells. The cells were centrifuged at 500 g for 10 min and resuspended in RP10. Cell viability was estimated using Hemocytometer and PBMCs were used after 1 h of resting in the incubator at 37°C.
Seq-Well scRNA-Seq workflow
Seq-Well scRNA-Seq S3 workflow was performed according to the published methods [23, 24]. In brief, 5 × 105 PBMCs from each patient were dispensed into a single array containing barcoded mRNA capture beads. The arrays were sealed with a Polycarbonate Track Etch (PCTE) membrane (pore size of 0.01 [image: image] M), allowing cells to remain separated through the lysis and hybridization steps. mRNA transcripts were hybridized and recovered for reverse transcription using the Maxima H Minus Reverse Transcriptase in the first strand synthesis step. Exonuclease (I) was used to remove excess primers and mRNA was captured via poly-T priming of the poly-A mRNA. The captured mRNA underwent first-strand synthesis to generate single-stranded cDNA while bound to the beads. Enzymes with terminal transferase were used to create 3’ overhangs and three cytosines. The overhangs are used in template switching, whereby a SMART sequence is appended to the overhang on both ends of the cDNA molecule during the first strand synthesis. Some templates fail to switch, resulting in loss of the mRNA; hence they are chemically denatured using 0.1M NaOH with random octamer with the SMART sequence in 5’ orientation, and a second strand is synthesized. Whole transcriptome amplification of the cDNA was performed using the KAPA HiFi PCR master mix (Kapa Biosystems). Libraries were pooled and purified using AgenCourt AMPure XP Beads. The quality of the library was assessed using Agilent Tape Station with D5000 High Sensitivity tapes and reagents. Samples were barcoded as described in the Nextera XT DNA (Illumina, United States) segmentation method. Tagmentation was important because, after cDNA amplification and clean-up, there are usually very long cDNA molecules that need to be fragmented to be sequenced by Illumina. The Nextera XT DNA tagmentation method is effective and allows for the addition of adaptors and multiplex indexes at both ends of each fragment [24]. Finally, the amplified library was purified using SPRI beads, pooled, and sequenced using the NextSeq500 kit (Illumina, United States). Paired-end sequencing was performed with a read structure of 20 bp read one, 50 bp read two, and 8 bp index one as recommended for Seq-Well. The targeted sequencing depth was 100 million reads for all samples.
Processing sequencing reads
The raw data were converted to demultiplexed FastQ files using bcl2fastq (Version 5, Terra Workspace) using the Nextera XT indices and then aligned to the hg19 human genome using STAR aligner (Version 2.7.9) within the Broad Institute DropSeq workflow (Version 11, Terra Workspace). The data was cleaned using Cell Bender (V 0.2.0) with default settings, to remove ambient RNA [25]. The raw expression matrices and sample information were loaded into the open-source statistical software R (R version 4.2.1). An array with 45,691 gene features for 22,819 cells described data collected across 11 samples. The data were filtered to include only features expressed in more than 20 cells, and the resultant matrix described 18,303 gene features across 22,819 cells. A Seurat (Version 4.0) object was created, and the metadata was added to it to identify the participants [26]. Cell cycle scoring was performed and computation of the percentage of mitochondria genes before integration. The object from each participant was transformed individually within the object using SCTransform followed by the selection of integration features, finding the anchors, and finally combined integration. Principal component analysis was performed to reduce the dimensionality of the data to identify clusters of cells with similar transcriptomic profiles. Clusters and cluster resolution were determined using FindNeighbors and a customized FindClusters function that showed that the best resolution was 0.523, with an average silhouette score of: 0.2 and 11 clusters. One cluster showed no cluster-specific genes and was removed as multiplets, leaving 18,176 cells. The remaining clusters were re-clustered and re-embedded, resulting in 10 clusters with a resolution of 0.292, and an average silhouette score of: 0.301. The average number of transcripts and expressed genes were evaluated per cluster using half violin and boxplots. The clusters were projected to a two-dimensional space using the Uniform Manifold Approximation and Projection (UMAP) [27] algorithm in Seurat.
Reference-based mapping
Immune cell subsets were identified using common cell markers to identify the Mono, T cells, B cells, NK cells, DC, and other immune cell populations. Uniform Manifold Approximation and Projection for Dimensional Reduction (UMAP) was used to embed the cell populations and color code based on the expression of surface markers. The clustered PBMC dataset in this study (query) was mapped to a reference CITE-Seq dataset of 162,000 PBMCS measured with 228 antibodies [26]. The query data were projected into the same dimensional space as the reference dataset, thus separating the cells into the cell types present in the reference dataset. The method first projected the reference data transformation onto the query data, followed by the application of KNN-based identification of mutual nearest neighbors (anchors) between the reference and query. On an L2-normalized dimensional space, the reference data transferred continuous data onto the query data to annotate the scRNA data based on a weighted vote classifier. For visualization, reference-based UMAP embedding was used, considering that all the immune cell populations are well represented.
Analyzing differences in samples
Cluster/sample composition was calculated to determine the proportion of cells per cluster and per cell type. Cell subsets that were significantly different between patient and control groups were identified by computing Dirichlet Regression using the DirichReg function in DirichletReg Package in R [28]. Differentially expressed (DE) genes were computed using the FindMarkers function on Seurat (Version 4.0), which we used to determine differentially expressed genes in the patient and control groups using MAST with significance at (P< 0.05) and log fold change of > 0.2. Control 4 was not included in the DE analysis due to different levels of cytokine module scores compared to the other control participants (Supplementary Figure S1E). DE genes were visualized using volcano-like plots and heatmaps to compare all the cell types between patients and controls. The fgsea (R-package) was used to analyze the pre-ranked gene set enrichment analysis (GSEA). Module scores for HLA genes, ISG, NFκB target genes, and cytokines were analyzed using the AddModuleScore function in the Seurat R package, and it calculates the normalized average expression of our ISG gene list for each single cell across cell types. Statistical differences in module scores between the patients and control groups for each cell subset were computed using the Wilcoxon sign-rank test with Bonferroni correction. The difference between groups was considered statistically significant at P-value < 0.05. Boxplots were used to visualize the module scores for each cell, denoting the median and interquartile range.
Cell-to-cell interaction using CellChat
CellChat (Version 1.1.1) was used to quantitatively infer and analyze cell-to-cell communication networks [21]. Statistically significant intercellular communication between cell groups was identified using permutation tests, and interactions with a significance level of less than 0.05 were considered significant [21]. Heatmaps were used to visualize each signaling pathway and their cell-cell communications, highlighting the number of interactions, the sources (ligands) of the interactions, and the receivers (receptors) of the interactions. The relative contribution of each ligand-receptor pair to the overall signaling was shown in bar plots. The relative contribution provides a measure of a particular ligand-receptor interaction in a particular cell-cell signaling network. This measure demonstrates the importance or significance of the interaction in mediating cell communication between the cell types and potential functional relationships. It is calculated by comparing the expression levels of different cell receptor and ligand genes between the cell types while accounting for all the possible interaction pairs within a signaling network.
RESULTS
Clinical characteristics of study participants
In this study, we defined “controls” as healthy individuals who tested Plasmodium positive by rapid diagnostic test (RDT) in the community. We defined “patients” as individuals with uncomplicated malaria who visited the health facility from the same community, tested Plasmodium positive by RDT, and were treated on an outpatient basis. All samples were collected from the same region, the Upper East region of Ghana which is a high transmission area. Overall, 224 individuals were surveyed, including 40% (90/224) of the participants who were community healthy controls and 60% (134/224) of the participants who were patients with uncomplicated malaria (Figure 1A; Supplementary Table S1). Although most participants were children between 1 and 15 years, there was no significant difference between the median age of patients compared to the controls (Wilcoxon rank-sum test, P = 0.74) (Supplementary Table S1). However, there was a significant difference in the median parasite density of patients compared to the controls (Wilcoxon rank-sum test, P < 0.001) (Supplementary Table S1). Further, the study sought to determine if the patients had higher parasite densities than the controls regardless of age. In general, there was a negative correlation between parasite density and age regardless of phenotype up to age 25 years (Figure 1B). Under 3 years, the patients tended to have lower parasite densities, but these were still higher than their control counterparts. After about age 10 parasite densities fell gradually and plateaued around age 25 but with high variability between the groups (Figure 1B). The correlation between parasite density and malaria patients was statistically significant (Pearson R2 = −0.38, P < 0.001), but the correlation between parasite density and age was not statistically significant in the control group (Figure 1B).
[image: Figure 1]FIGURE 1 | Analysis of scRNA-Seq data from uncomplicated malaria patients and community healthy controls. (A) Experimental flow showing that PBMCs were collected from eleven individuals out of 224 for scRNA-Sequencing, based on the modeling. (B) Regression analysis between parasite density and age for patients (grey) and controls (blue). (C) Uniform manifold approximation and projection (UMAP) plot of 22,819 cells from eleven participants colored by identities of 10 cell clusters: mainly B cells, T cells, and Mono. (D) Expression levels of cluster-defining marker genes organized by color intensity to show the average expression of the marker in that particular cell type and the proportion of cells with non-zero expression shown by the size of the dot. (E) Markers used to annotate the subclusters to various cell subsets showing average expression and fraction of cells expressing the marker. (F) Reference mapped dataset showing the predicted subclusters of B, CD4 T, CD8 T, NK, Mono, and DC cell subsets. Reference-defined cell subsets were generated from CITE-seq reference of 162,000 PBMCS measured using 228 antibodies [26]. (G) UMAP of re-clustered and re-embedded Mono showing four subclusters of the CD14 and CD16 Mono. (H) Markers used to identify monocyte subclusters. (I) Mono top 10 highly expressed genes in each subcluster.
Profiling pediatric malaria immune-cell populations using single-cell analysis
In order to examine global differences in cellular composition, gene expression, and intercellular communication between the two groups, we matched individuals based on age (aged 4–8 years), sex, and parasite density for both patients and controls and performed single-cell RNA-seq (scRNA-seq) (Figure 1A; Supplementary Table S2). There was no significant difference in median parasite density between patients and controls in the matched individuals (Wilcoxon rank-sum test, P > 0.71) (Supplementary Table S2). In total, we generated 18,176 high-quality single-cell profiles across eleven children with P. falciparum infections, allowing us to ascertain differences in expression patterns of immune response genes that might influence disease pathogenesis. Each sample was profiled using Seq-Well S3, a portable, simple massively parallel scRNA-Seq method [24]. The resulting data were filtered to remove cells based on the fractional abundance of mitochondrial genes (<30%) and transcripts expressing in <20 cells. After variable gene selection, dimensionality reduction, clustering, cluster removal, and reclustering (Methods), we retained 18,303 transcripts and identified 10 distinct cell subsets in the 18,176 cells, across the two groups of children (Figure 1C; Supplementary Figure S1A).
We manually annotated these 10 clusters using known RNA marker genes to identify B cells, CD4 T cells, CD8 T cells, natural killer (NK) cells, monocytes (Mono), and dendritic cells (DC) (Supplementary Figures S1B, C). To identify and enumerate cell subsets in our dataset at higher resolution, we opted to map our query dataset to an annotated multimodal reference dataset of PBMCs. First, we confirmed that all the cell subsets identified using manual annotation were present in the resultant UMAP (Supplementary Figure S1D). As expected, our reference mapped dataset recapitulated all PBMC subsets, including B, CD4 T cells, CD8 T cells, NK cells, Mono, and DC (these subsets are used throughout the work; Figures 1C, D). We identified several subclusters, such as intermediate, memory, and naïve B cells; naïve, proliferating, effector memory and central memory CD8 and CD4 T cells; proliferating CD56+ NK cells; CD14+ and CD16+ monocytes (Mono); plasmacytoid (pDC) and conventional (cDC) dendritic cells, and other cell subsets (Figures 1E, F). Since the reference dataset has only annotated two Mono clusters (CD14+ and CD16+), we hypothesized that there might be additional transcriptional heterogeneity describing actively responding Mono subpopulations. Therefore, further sub-clustering was done which resolved the Mono into 3 large subpopulations (Mono 1, Mono 2, Mono 3) and 1 small cluster (Mono 4) (Figures 1G–I) based on previously reported markers [29]. Taken together, these data distinguish nearly all distinct cell subsets that were present in PBMCs of children in both the patients and controls.
Differences in relative cellular composition between the groups
Next, we asked whether there were significant differences in the relative proportions of cell types between the patients and the control group. We found that relative cell proportions of the major cell subsets (B, CD4 T, CD8 T, NK, Mono, and DC) varied between individuals in each group (Figures 2A, B; Supplementary Table S3). The patients exhibited elevated levels of circulating Mono while the controls had higher proportions of circulating B cells (Dirichlet-multinomial regression, P < 0.01; Figure 2A; Supplementary Table S3). Further analysis of the B cell subsets showed that the abundance of naïve and intermediate B cells was significantly reduced in the patient group compared to the control group (Dirichlet-multinomial regression, P < 0.05; Figure 2B; Supplementary Table S3). We also found a significant expansion of both CD14+ and CD16+ Mono subsets in patients compared to the control group (Dirichlet-multinomial regression, P < 0.01; Figure 2B; Supplementary Table S3). Although there is evident variation in cellular proportions of T lymphocytes among all the individuals (Figures 2A, B), we did not observe any significant difference in proportions of either CD4 or CD8 T cells between the groups (Dirichlet-multinomial regression, P > 0.05; Figure 2B; Supplementary Table S3). However, the proportions of naïve and central memory CD4 T cells were significantly higher in the patients compared to the control group (Dirichlet-multinomial regression, P < 0.01; Figure 2B; Supplementary Table S3). NK cell frequency was also higher in patients suggesting that they may play a role in disease progression (Dirichlet-multinomial regression, P > 0.05; Figure 2B; Supplementary Table S3). Among NK cells, the proliferating and CD56+ subsets were higher in patients compared to controls, but these differences were not statistically significant (Dirichlet-multinomial regression, P > 0.05; Figure 2B; Supplementary Table S3). Overall, the minor subsets of T cells and other cell types with low frequencies did not show differences in proportions between the groups but the main cell subsets had significant differences in proportions between patients and controls.
[image: Figure 2]FIGURE 2 | Profiling of immune cells from patients compared to the controls. (A) Relative cell proportions of the major cell subsets within patients and control groups. Statistical tests were conducted using the Dirichlet Multinomial Regression in the DirichletReg package in R [28]. The dots represent individual proportions while the color scheme represents the patients and control groups. (B) Relative proportions of minor cell subsets compared between patients and controls. Cell proportions per group and P-value are shown in Supplementary Table S1. (C) Violin-like plots showing genes that are differentially expressed between patients and controls. The x-axis shows the Log2 fold change against the cell subsets (y-axis) – i.e., B cells, Mono, CD4 T cells, CD8 T cells, other T cells, dendritic cells (DC), and natural killer (NK) cells. The color scheme is based on the upregulated (up patients) and downregulated (down patients) genes in patients and the size of the point represents the adjusted P-value. The frequency shows the number of comparisons in which the gene is significantly expressed in the cell subset.
Comparative analysis of inflammatory responses in children with malaria
Having identified shifts in the composition of circulating immune cells between the patients and controls, we next asked whether gene expression differed within each immune cell subset between the two groups. Comparing patients to controls, we observed the largest transcriptional changes (measured by pairwise DE across cell types with adjusted P-value < 0.05 and log fold change > 0.2) within B cells and Mono (Figure 2C; Supplementary Table S4). Apart from B cell function genes, there was a general trend toward upregulation of inflammatory genes in B and T cells in patients relative to the control group, including S100A8, CXCL8, and S100A9 (Figure 2C). Significant transcriptional changes were also observed in Mono, with genes such as IFITM3, FCER1G, and CCL4 being upregulated in patients compared to the control group (Figure 2C). Patients were also associated with the upregulation of Major Histocompatibility Complex I (MHC-I) genes such as HLA-A and HLA-C which are involved in antigen presentation in Mono (Figure 2C). In CD4 and CD8 T cells, there was increased expression of some inflammatory factor signaling genes such as CXCL8 and NFKBIA in patients relative to the control group, suggesting direct sensing of parasite products during clinical presentation (Figure 2C). Using gene set enrichment analyses (GSEA), we found that the patients had robust induction of several innate immune response pathways such as tumor necrosis factor-alpha (TNF-α) signaling via NF-κB, TGF-β signaling, IL6-JAK-STAT pathway, complement, IL2-STAT5 signaling, inflammatory response, interferon-α response (IFN-α), and interferon-γ response (IFN-γ) (Figure 3A; Supplementary Table S5). We observed that although each cell type was enriched in one or more of these pathways, there was a unique molecular signature of the genes involved in each. Upregulation of IFN-γ and IFN-α response pathways in Mono were characterized by increased expression of genes such as IFITM2, IFITM3, IL10RA, and TNFAIP3, while in NK cells they were typified by genes such as NFKBIA, CD69, and ISG20 (Figures 3B, C; Supplementary Table S5). Mono and natural killer cells upregulated TNF-α signaling via the NF-κB pathway with the induction of genes related to this pathway such as IL1B and TNFAIP3 for Mono, and IL7R, CD44, and NFKBIA for NK cells (Figures 3B, C; Supplementary Table S6). Inflammatory responses in Mono were characterized by IL10RA, IL1B, and CXCL8 while in NK cells they were driven by CD69, IL7R, CXCL8, and NFKBIA among others (Figures 3B, C; Supplementary Table S5). Thus, the enrichment of unique genes for each cell subset for similar pathways suggests a specific but concerted contribution of each cell subset toward the innate immune response in patients.
[image: Figure 3]FIGURE 3 | Pathway analysis using gene set enrichment method (A) Pathway analysis using an immunologic signature gene set enrichment analysis (GSEA) and the color scheme is based on the normalized enrichment score of genes DEG in patients. (B) Dot plots showing some of the leading-edge genes in IFN-γ and IFN-α response, TNF-α signaling via NFκB and inflammatory response pathways in Mono and, (C) NK cells. Dot size represents the fraction of cell subsets expressing a given gene. The dot color indicates scaled average expression by gene column.
Relative enrichment of ISGs gene modules in monocytes of patients relative to controls
Since IFN genes were significantly upregulated in Mono patients relative to the control group, we next sought to determine if entire gene modules were enriched. Interferon stimulated genes (ISGs) modules scores were significantly higher in B cells, DC, CD4 T cells, and Mono in patients compared to the control group (Wilcoxon, adjusted P < 0.05 for all comparisons, Figures 4A, B, D, E); however, there were no significant differences in ISG module scores in CD8 T cells and NK cells (Figures 4C, F). Further examination of intra- and inter-individual variation in these module scores revealed substantial intra-individual variation in cells from the same participant and between cells of the same type from different participants (Supplementary Figure S1E). Overall, our data show that Mono plays a significant role in defining malaria patients compared to control participants from the same community through induction of the ISGs gene modules.
[image: Figure 4]FIGURE 4 | Module score analysis of innate immune gene modules. (A) Boxplot showing the median and interquartile ranges of interferon-stimulated gene (ISG) module scores per cell subset compared between patients and controls in (A) B cells, (B) CD4 T cells, (C) CD8 T cells, (D) DC (E) Mono, and (F) NK cells. Module scores are computed using the AddModuleScore function in the Seurat R package, which effectively looks at the normalized average expression of our ISG gene list for each single cell across cell types. Statistical significance between the patients and controls of each cell subset was computed using the Wilcoxon sign-rank test with Bonferroni correction (P-value < 0.05). Nonsignificant differences are indicated by ns.
Role of MHC-I and MHC-II signaling pathways in cell-to-cell interactions
Next, we used our single-cell data to infer putative axes of cell-to-cell communication using signaling ligands, cofactors, and receptors. First, we discerned cell-to-cell interactions in the patients and found that the number of interactions (ligand-receptor) originating from primary innate immune cells such as DC and Mono were greater than those originating from non-antigen presenting cells (Supplementary Table S6). However, our data show very few inferred cellular communication networks in the control group (Supplementary Table S7). This analysis suggests a role for Mono as antigen-presenting cells in orchestrating pro-inflammatory responses by interacting with proliferating CD4 T cells, intermediate B cells, effector memory T cells, and naïve CD8 T cells in the patient group (Figure 5A). Conventional DC also produced factors that interact with proliferating and effector memory CD4 T cells respectively, suggesting a concerted effort by antigen-presenting cells to activate the immune response in patients (Figure 5A). Communication probabilities indicated that MHC-I and MHC-II play a role in these interactions among other pathways. The most significant receptor-ligand pairs for HLA-A, HLA-B, HLA-C, HLA-E, HLA-G, and HLA-F ligands for MHC class I include CD8A, CD8B, LILRB2, and LILRB1 (Figure 5B). The leading intercellular ligand-receptor pairs with CD4 T cells as signal receivers were distinct HLA genes, with the highest relative contribution being driven by HLA-DRA and HLA-DRB1 (Figure 5C). The other minor signaling pathways that were important in patients include MIF, RESISTIN, ANNEXIN, GALECTIN, ADGRE5, APP, CD22, CD45, SELPLG, CD99, CLEC, and TNF signaling networks. For the TNF signaling pathway, the CD56+ NK cells were shown to be interacting with Mono and also with proliferating CD4 T cells, effector memory CD4 and CD8 T cells, and cDC (Figure 5D). This cell communication network was mediated by TNF in the sender cells and TNFRSF1B in the receiver subsets (Figure 5E), and this corroborates the DE results (Figure 5G). We examined the expression levels of TNFRSF1B across all the cell subsets and found that indeed it was expressed in all the receiver cells (Figure 5F). Only the pDC and CD16 Mono showed cell-to-cell interactions with naïve and intermediate B cells and might be playing a role in B cell activation and development in the control group through MHC class II molecules (Figures 5G, H). Therefore, exposure of innate immune cells to parasite ligands may potentially activate intracellular signaling cascades through cell-to-cell interactions to induce rapid expression of a variety of innate immune genes.
[image: Figure 5]FIGURE 5 | Primary innate immune cells dominate the cell-to-cell interactions with other cell subsets. (A) Heatmap showing the number of interactions between the PBMCs cell subsets. The y-axis shows the signal senders, and the x-axis shows the signal receivers. (B) Relative contribution of ligand-receptor pairs in patients within the MHC class I signaling pathway and (C) MHC class II signaling networks, respectively. A higher relative contribution indicates the magnitude of the contribution of the ligand-receptor and its significant role in the MHC I or II signaling networks. (D) Cell communications through the TNF signaling pathway and the arrows indicate signal sender to receiver. (E) Relative contribution of the TNF-TNFRSF1B ligand-receptor pair towards the TNF signaling pathway. (F) Violin plots showing the expression levels of the TNFRSF1B in the Seurat object for the cell subclusters. (G) Heatmap comparison showing the overall signaling between all cell subclusters and the number of interactions. (H) Relative contribution of MHC class II signaling pathway in the control group.
DISCUSSION
Here, we recruited 224 participants from Navrongo, a high malaria transmission area with seasonal fluctuations [30]. Interestingly, most of the participants indicated that they use long-lasting insecticide-treated mosquito nets (LLINs), which helps to explain the low frequency of infections; after screening 1,000 individuals in the community, <10% of them were positive for P. falciparum as community healthy controls, suggesting a reduction in the malaria infection reservoir. The National Malaria Elimination Program (NMEP) distributes LLINs as part of strategy interventions, including community-based seasonal malaria chemoprevention initiatives for children under 5 years to reduce the malaria burden in this area [30]. The ability of insecticide-treated nets (ITNs) to interrupt malaria transmission has been shown in large-scale studies, which demonstrated that modern housing and ITNs could reduce malaria infections by 1% and 16%, respectively [31]. Further, we investigated the relationship between age and parasite density and found that parasite densities tended to decrease with age, but the levels were generally higher in patients compared to controls in this high transmission intensity area [5]. Immunity to malaria, though partial, depends on exposure levels, or cumulative infection episodes, as a function of transmission intensity among other factors [5, 11]. This relationship naturally results in an association between age and the maturation of the immune response to malaria. Thus, older children have been shown to have fewer occurrences of malarial fevers compared to younger children, demonstrating the impact of immune acquisition through repeated exposures [12]. Thus, an inverse relationship between age and parasite density is expected, because older children can immunologically inhibit, parasite growth and expansion compared to younger children.
To better understand cellular responses driving these divergent clinical phenotypes, we performed scRNA-seq on PBMC samples from eleven of the 224 individuals among the two groups, controlling for group variability driven by age, fever, and parasite density. This enabled us to identify a potential role for interferon responses and TNF-α signaling via NFκB in Mono during the clinical manifestation of pediatric malaria infection. We also found differences in the fractional abundances of PBMC cell subsets, with patients characterized by a proportional increase in Mono while controls had a higher proportion of circulating B cells. We showed cellular level variations in the expression of innate immune modules within and between individuals as well as between clinical phenotypes. Further, we identified a role for Mono and other innate immune cells through MHC-I and MHC-II molecules in driving cell-to-cell interactions with CD8 and CD4 T cells, respectively. Together, our work recontextualizes the function of the innate immune cells in malaria, demonstrates how variable their responses can be, and links specific acute phase response signaling pathways to clinical presentation.
Differential gene expression comparing patients and controls across cell types revealed a significant upregulation of genes associated with innate immunity in different cell types. We show that CCL3 and CCL4 (also known as macrophage inflammatory protein MIP-1α and MIP-1β respectively) were upregulated in Mono of patients, suggesting their possible role in modulating clinical disease [32]. CXCL8, the most potent human neutrophil attracting/activation chemokine [33] was also highly upregulated in B cells, CD4, and CD8 T cells. Other studies have shown that circulating levels of CXCL8 and CCL4 correlated with parasite density, and when found in the cerebrospinal fluid they can predict cerebral malaria mortality [13, 34–36]. Furthermore, the adaptive immune cell subsets (B cells and T cells) in the patient group expressed two alarmins (S100A8 and S100A9) that are known to form calprotein heterodimer, an endogenous TLR4 ligand; this could suggest a possible role in silencing hyperinflammation [37]. We also show significant expression of FCER1G in B cells, Mono, and DC in patients, which is induced by IFN-γ and encodes for a gamma chain of the FC receptor and it is suggested to play an important role in controlling parasitemia [6]. Collectively, our data imply that both adaptive and innate immune cells cooperatively play a role during the pathogenesis of malaria in patients when compared to healthy controls.
We showed that several immune-related pathways are activated by Plasmodium infection and disease including the TNF-a signaling via NFκB pathway, IFN-α/γ responses, IL2-STAT5 signaling, and inflammatory response pathway in patients. Since the parasite life cycle involves repeated red cell invasion and rupture, the release of pyrogenic cytokines that drive these pathways such as interleukins, interferons, and TNF in Mono and NK cells, can signify pathophysiological events occurring in malaria patients [13, 38]. These observations could also mean that children who were patients were sampled quite early during the onset of the disease progression trajectory [12]. Our data are consistent with those previously described by integrating whole blood transcriptomics, flow cytometry, and plasma cytokine analysis [6], and our results further identify the cell subsets in which these pathways were more enriched. We show that each of the cell subsets has a unique signature of genes enriched in these immunogenic pathways with minimal sharing. Several studies have shown similar innate immune response pathways in individuals with malaria such as whole blood transcriptomics of the Fulani of West Africa [39], children repeatedly exposed to malaria [6, 11], controlled human malaria infection (CHMI) studies [16], and even mice models [37]. We have now confirmed some of these observations and demonstrated that in the patient state, robust upregulation of certain genes in specific cell subsets is associated with systemic inflammatory responses. Innate immune cells, such as Mono, DC, and NK cells, appear to be most reactive in patients, probably due to continuous exposure in a high transmission area as suggested by other studies [7, 37, 40].
By collating gene modules of interferon-stimulated genes (ISGs), we show that there is a differential expression between patients and controls across different cell subsets. ISGs are normally produced as a function of interferon responses (IFNs) [8], which we observe to be enriched in patients. IFNs are produced primarily by DC to activate ISGs in other cells [41], and we observed that B cells, T cells, Mono, and DC have higher ISG module scores in patients compared to controls. Notably, our data show that each cell or cell subset responds differently upon IFN activation with varying transcriptional responses of an ISG module between individuals. This variability was also observed for cytokine modules, NF-κB target modules, and HLA modules. Similarly, a previous CHMI study observed striking inter-individual variation in immune cell composition and immune responses, demonstrating that an individual can have a unique immune fingerprint [10]. Thus, the variations in immune responses that we observed could be attributed to the complexity of the P. falciparum life cycle with several developmental erythrocytic stages, duration of infections, intensity of infection in each individual, genetic factors, genetic variation in immune response genes among other factors [12, 42]. These findings on inter-individual variability in immune responses could provide insights when considering the design and evaluation of interventions that target host immunity in the control of malaria.
Our scRNA-Seq data enabled us to quantitatively infer and analyze cell-to-cell communication networks across all the innate and adaptive immune cells [21]. This analysis enabled us to uncover coordinated interactions between innate and adaptive immune cells through various ligands. The cell-to-cell interactions in patients were driven by MHC class I and II signaling pathways, whereby antigen-presenting cells were shown to have more interactions with proliferating CD4 and naive CD8 T cells. The importance of HLA genes has long been demonstrated by Hill and colleagues who associated HLA-Bw53 antigen and DRB1*1302–DQB1*0501 haplotype to independently protect against severe malaria in West Africa [43]. Thus, our observations on cell-cell interaction involving HLA molecules and T cells support the importance of these molecules during P. falciparum infection and disease progression, consistent with the observed varying degrees of interactions in patients compared to control groups. We also showed that within the patient group, there are contrasting interactions between various HLA I and HLA II molecules with CD8 or CD4 T cell receptors, respectively, which could be related to their tight regulation and antigen-presenting ability [44, 45]. Activation of CD4 and CD8 T cells has been correlated with protective immunity to malaria, and they can differentiate into several functionally distinct subsets in the presence of various cytokines [46]. It was not surprising that we identified different fractional abundances of CD4 and CD8 T cell subsets in patients compared to the control group of children, but we demonstrate that ultimately this results in varying degrees of interactions with Mono or DC.
Future work should seek to identify the mechanisms that result in these variations and their impact in orchestrating phagocytic and humoral responses as this critical knowledge gap will be important in developing T cell-based malaria vaccines.
CONCLUSION
Overall, by using scRNA-seq on PBMCs obtained from patients and controls in a high transmission area, this work sheds light on the interplay between peripheral immune cells during uncomplicated malaria, uncovering the genes and immune pathways in specific cell types that might play a significant role in defining the outcomes of infection. Data presented here demonstrate that the patients with uncomplicated malaria were characterized by the presence of inflammatory response signatures in specific cell types compared to the control group. The results could also suggest that in the control group, a muted innate immune response or disease tolerance mechanism plays a role in enabling children to harbor malaria parasites in high malaria transmission areas without developing uncomplicated malaria [47]. The findings are relevant for guiding the development of malaria vaccines, as it is challenging to develop vaccines that build long lasting immunity, especially in the context of pathophysiologic complexity and mechanisms of immune acquisition through different cell types.
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Functional mass spectrometry indicates anti-protease and complement activity increase with COVID-19 severity
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Abstract
Investigations on some innate immunity proteins can yield misleading information, as investigators often rely on static measurements and assume a direct correlation to function. As protein function is often not directly proportional to protein abundance, and mechanistic pathways are interconnected and under constant feedback regulatory control, functional analysis is required. In this study, we used functional mass spectrometry to measure anti-protease and complement activity in plasma obtained from coronavirus disease 2019 (COVID-19) patients. Our data suggests that within 48 h of hospital admission, COVID-19 patients undergo a protease storm with significantly elevated neutrophil elastase (p < 0.001) and lymphocyte granzyme B (p < 0.01), while, anti-protease activity is significantly increased, including alpha-1 antitrypsin (AAT; p < 0.001) and alpha-1-antichymotrypsin (ACT; p < 0.001). Concurrently, the ratio of C3a to C3beta activity significantly decreased with increasing COVID-19 severity, suggesting more complement activation (Mild COVID-19 p < 0.05; Severe COVID-19 p < 0.001). Activity levels of AAT, ACT and C3a/C3beta remained unchanged over 10 hospital days. Our data suggests that COVID-19 is associated with both a protease storm and complement activation, with the former somewhat balanced with increased anti-protease activity. Evaluation of the AAT/ACT ratio and C3a/C3beta ratio indicated that COVID-19 severity is associated with both neutrophil elastase neutralization and complement activation.
Keywords: COVID-19, functional mass spectrometry, neutrophil elastase, lymphocyte granzyme B, complement
IMPACT STATEMENT
Our work is important as many investigations on innate immunity proteins can yield misleading information, as investigators often rely on static measurements. We used a novel approach which relies on functional mass spectrometry to measure the active site, thereby inferring function. We show that with increasing COVID-19 severity the anti-protease activity is significantly increased and that the ratio of C3a to C3beta activity significantly decreased. Our data is novel in that it shows COVID-19 severity is associated with both neutrophil elastase neutralization, together with complement activation.
INTRODUCTION
Coronavirus disease 2019 (COVID-19) is associated with a strong innate immune response [1], mediated by neutrophils, lymphocytes, and the complement system. Severe COVID-19 involves the acute replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that results in a strong innate inflammatory response associated with damage to the airways, hyperactivation of the complement system, and multiorgan failure [2–4]. This innate immune response is mediated by monocytes, macrophages and neutrophils and an elevation in serum chemokines.
Neutrophil elastase and granzyme B were previously identified as significantly elevated in severe COVID-19 [5]. Similarly, other studies have shown an upregulation of neutrophil degranulation proteins in SARS-CoV-2 positive nasal swabs [6] and that neutrophil serine proteases are key mediators in the innate and adaptive immune functions of immune cells [7] and inflammatory disease [8]. Dysregulated proteolysis is central to inflammatory disease and examining the anti-protease and complement responses could provide a better understanding of the disease process and aid the development of targeted therapies.
The anti-protease activities of serine protease inhibitors (serpins) have been identified as potential clinical biomarkers of COVID-19 severity [9]. Proteomic methods routinely use immunoassays and ligand binding assays to measure protein abundance, but these methods are designed to quantify total protein levels and not protein activity. Studying serpins poses a proteomic challenge as structural information is required to distinguish between active and inactive forms.
Quantifying protein activity would provide a more accurate measure to investigate the function of these factors in the innate immune response in COVID-19 [10, 11]. Mass spectrometry enables functional proteomics to inform on protein structure and functional status for select proteins. Additionally, mass spectrometry is a powerful proteomics tool because it requires small sample sizes, is quantitative, and is amenable to customizable sample preparation and enrichment techniques.
In this study, we aimed to examine differences in serum levels of neutrophil elastase and granzyme B proteases, and to examine the anti-protease activity of their associated serpins, alpha-1-antitrypsin (ATT) and alpha-1-antichymotrypsin (ACT) as well as complement activation activity of factor 3 (C3) and complement factor 3 a (C3a) in context of COVID-19 severity. We present a functional mass spectrometry approach that allows active protein to be distinguished from total protein for further investigation of these potential COVID-19 biomarkers.
MATERIALS AND METHODS
Study participants and clinical data
Patients were enrolled March-June 2000 after admission to our participating academic hospital, London Health Sciences Centre (London, Ontario). COVID-19 was first suspected based on standard hospital screening procedures, and then confirmed as part of standard hospital testing by detection of two SARS-CoV-2 viral genes using polymerase chain reaction (Dual target assay, specific target unique to SARS-Cov-2 along with a conserved region of the E-gene; Roche cobas® SARS-COV-2 Test). Patient baseline characteristics were recorded on admission and included age, sex, comorbidities, medications, hematologic labs, creatinine, arterial partial pressure to inspired oxygen (P/F) ratio, and chest x-ray findings. We calculated Multiple Organ Dysfunction Score (MODS) [12] and Sequential Organ Failure Assessment (SOFA) [13] score to illustrate their illness severity. We also recorded clinical interventions received during the observation period including use of antibiotics, anti-viral agents, systemic corticosteroids, vasoactive medications, venous thromboembolism (VTE) prophylaxis, anti-platelet or anti-coagulation treatment, renal replacement therapy, high flow oxygen therapy, and mechanical ventilation (invasive and non-invasive). For comparison to critically ill patients, we also included an age- and sex-matched non-critically ill COVID-19 patient cohort who were admitted to the hospital respiratory ward with moderate disease. All COVID-19 patients were non-vaccinated for SARS-CoV-2. Final participant groups contained were constructed by age- and sex-matching patient cohorts with healthy controls without disease, acute illness, or prescription medications (collected prior to the SARS-CoV-2 pandemic). Each of the three groups consisted of 15 participants.
Blood draws
Standard operating procedures were used to ensure all samples were treated rapidly and equally (available at1). The first blood sample was obtained within 48 h of hospital admission via indwelling catheters using vacuum serum separator tubes and placed immediately on ice. For ICU patients, additional blood samples were drawn at 4, 7, and 10 days. If venipuncture was required, research blood draws were coordinated with a clinically indicated blood draw. In keeping with accepted research phlebotomy protocols for adult patients, blood draws did not exceed maximal volumes. Once transferred to a negative pressure hood, blood was centrifuged and sera isolated, aliquoted at 250 µL and frozen at −80°C. All samples remained frozen until use and freeze/thaw cycles were avoided.
Protease measurements
The levels of serum neutrophil elastase and granzyme B, were determined using multiplexed biomarker immunoassay kits according to manufacturers’ instructions (MilliporeSigma, 400 Summit Drive, Burlington, MA), as we have previously described [5]. Analytes were measured using a Bio-PlexTM 200 Suspension Array system (Bio-Rad Laboratories, Hercules, CA), which used Luminex xMAPTM fluorescent bead-based technology (Luminex Corp, Austin, TX). Bioanalyte concentrations were calculated from standard curves using five-parameter logistic regression in Bio-Plex Manager 6.1 software. Serum concentrations are reported as pg/mL.
Albumin and IgG depletion
A 60 mg aliquot of AlbuSorb™ PLUS beads (Biotech Support Group, Monmouth Junction NJ) was conditioned with 400 µL of Binding buffer (BB1), then the liquid was removed through a spin-filter by centrifugation for 2 min at 1000 × g, and repeated. A 25 µL aliquot of serum was diluted with 250 µL BB1 buffer, and clarified by passing through another spin-filter at 9,000 × g for 1 min. The clarified serum was loaded onto the conditioned AlbuSorb™ PLUS beads and incubated on a rotator at room temperature for 15 min then centrifuged for 4 min at 9,000 × g to collect the filtrate for further processing.
Reduction and digestion
After depletion, an equal volume of serum filtrate ( ̴20 µg) was loaded onto SDS-PAGE as gel plug, and in-gel digested with a standard protocol; proteins in the gel bands were reduced with 10 mM dithiothreitol (DTT) for 30 min at 60°C, alkylated with 20 mM iodoacetamide for 45 min at room temperature in the dark, and digested overnight with 0.4 µg of trypsin (Pierce MS Grade (ThermoFisher) at 37°C. Peptides were extracted twice with 5% formic acid, 60% acetonitrile and dried under vacuum.
Target peptide selection
The target peptides were selected to report specific regions of the protein(s) that infer functionality (Table 1). For Complement C3, activation requires the proteolytic cleavage of the region C3a from the rest of the protein, generating Activated C3b. Two peptides were chosen from sequences of the C3 beta chain region – part of both the intact C3 and the Activated C3b subform (the C3 beta chain signal value was the average of the two peptides). One peptide was chosen from C3a sequence: the region proteolytically cleaved upon C3 Convertase activation [14]. As this method only considers observations at the protein level, less C3a relative to C3 beta would be indicative of proportionately more activated C3b subforms. For both Serpins (AAT and ACT), tryptic peptides which span the Reactive Center Loop (RCL) region were chosen, as these regions represent the proteins’ potential function as an inhibitor, any loss of which would negate inhibitory potential [14]. Taken together, the peptides selected from these regions thus can serve as surrogates for reporting functional activity.
TABLE 1 | PRM target peptides for LC-MS/MS.
[image: Table 1]LC-MS/MS
0.2 µg of system-independent retention time (iRT) peptides (Biognosys) were added to each digested sample and 1% of the sample was analyzed by LC-MS/MS using a Dionex RSLC nano system coupled to an Orbitrap Eclipse Tribrid mass spectrometer (ThermoFisher). The peptides were loaded onto a fused silica trap column (Acclaim PepMap 100, 75 µm × 2 cm, ThermoFisher). After washing for 5 min at 5 μL/min with 0.1% trifluoroacetic acid (TFA), the trap column was brought in-line with an analytical column (Nanoease MZ peptide BEH C18, 130A, 1.7 µm, 75 µm × 250 mm, Waters) for LC-MS/MS. Peptides were fractionated at 300 nL/min using a segmented linear gradient 4–15% B in 5 min (where A: 0.2% formic acid, and B: 0.16% formic acid, 80% acetonitrile), 15–50% B in 50 min, and 50–90% B in 15 min. Parallel Reaction Monitoring (PRM) method template was used to target selected ions on the target list throughout the run (10–60 min). The target list is shown in Table 1. The isolation width was set at 1.6 Da. Automatic Gain Control (AGC) was set at 2E5 and max ion time set at 150 ms. Ions were fragmented by Higher Energy Collision Dissociation (HCD) using 30% relative collision energy and scanned in the Orbitrap with a resolution of 30,000 m/z. The data was analyzed using Skyline-daily (beta) [15] with a spectral library generated previously. Only peptides with dotp > 0.8 were accepted. All fragmented ions from the mass spectrum that corresponded to the target peptides, generate an accumulated spectral intensity. Relative spectral intensity data is normalized to the average value of the iRT peptide ions for each individual run. Complement C3 beta was reported as an average value of the two C3 beta peptides.
Population statistics
Medians (IQRs) and frequencies (%) were used to report patient baseline characteristics for continuous and categorical variables, respectively; continuous variables were compared using Mann-Whitney U tests (and Kruskal-Wallis tests, as appropriate), and categorical variables were compared using Fisher’s exact chi-square tests. p-values <0.05 (*) were considered statistically significant. All analyses were conducted using GraphPad Prism version 9.2.0 for Windows (GraphPad Software, California, United States) and SPSS version 27 (IBM Corp., Armonk, NY, United States).
RESULTS
Participant demographics and clinical variables
We investigated a total of 45 age- and sex-matched subjects, including 15 severe COVID-19 ICU patients, 15 mild COVID-19 ward patients and 15 healthy subjects. The mean age and sex distribution were similar between groups. Subject demographics and clinical variables are presented in Table 2. COVID-19 patients were likely infected with wild-type SARS-CoV-2 (B.1 strain) given the dates of recruitment and sample collection.
TABLE 2 | Subject demographics and clinical variables.
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We observed increased levels of neutrophil elastase and granzyme B in patients hospitalized for severe COVID-19. Immunoassay quantification of these proteases in serum indicate that within 48 h of admission, severe COVID-19 patients had significantly higher levels of neutrophil elastase (median 71.8 pg/mL versus 2.8 pg/mL; p > 0.001) (Figure 1A) and granzyme B (median 8.0 pg/mL versus 2.3 pg/mL; p = 0.006) (Figure 1B).
[image: Figure 1]FIGURE 1 | Measurements of serine proteases and functional analyses of their anti-proteases. Immunoassays show elevated levels of neutrophil elastase (A) and granzyme B (B), and functional proteomic analysis indicate high activity of AAT (C) and ACT (D) anti-proteases, in serum of COVID-19 infected patients within 48 h of hospital admission.
Anti-protease activity
Functional mass spectrometry was used to quantify the level of active serpins AAT and ACT in serum. We observed that within 48 h of hospital admission, anti-protease activity in COVID-19 patient serum is significantly increased. AAT activity was highest in severe COVID-19 patients (median 57.3, p < 0.001; Figure 1C) and ACT activity (median 22.6, p < 0.001; Figure 1D) was significantly higher in mild compared to severe cases. These findings indicate that compared to healthy subjects, AAT may be correlated with COVID-19 disease severity. Interestingly, ACT activity was elevated in mild COVID-19 but decreased in severe COVID-19 serum (median 15.6, p < 0.001). Although ACT is significantly elevated in serum of both the mild and severe COVID-19 population, ACT may be relatively depleted in serum with a greater protease load. Neither AAT nor ACT changed significantly over 10 days of ICU admission (AAT, p = 0.082; ACT p = 0.059).
Complement activation
We observed that serum Complement activation was associated with COVID-19 severity within 48 h of hospital admission, as inversely measured by the C3a/C3beta ratio (median 0.12, p < 0.001) (Figure 2A). The C3a/C3beta ratio did not change significantly over 10 days of ICU admission (p = 0.447; data not shown).
[image: Figure 2]FIGURE 2 | Functional analyses of complement activity and its role in COVID-19 severity. Functional proteomic analysis of serum complement activity indicates a decrease in C3a/C3 beta ratio (A), which is a metric of relative C3 activation, and a comparison of anti-protease activity to complement activation indicates milder COVID-19 cases cluster toward low anti-protease activity ratio (AAT/ACT; the ratio of the RCL tryptic peptides) and less complement activation (C3a/C3 beta) (B). The graphical line thresholds were chosen arbitrarily as an indicator for quadrant stratification. Severe COVID-19 data points were calculated from all ICU days.
Consequences of anti-protease activity versus complement activation
We compared anti-protease activity ratio (AAT/ACT) to complement activation (C3a/C3 beta) in both mild and severe COVID-19 cases. Our results indicate that milder COVID-19 cases cluster towards the lower right quadrant and associated with low anti-protease activity ratio and low complement activation (Figure 2B).
DISCUSSION
In this study, we investigated two serine proteases, previously identified as elevated in the serum of COVID-19 ICU patients [5], to assess their functional activity using mass spectrometry. We compared healthy controls to COVID-19 patients with mild or severe disease. Our results showed increased anti-protease activity with disease severity and decreased complement activity in COVID-19 patients.
Participants were classified as mild or severe based on PCR results and symptom severity, all infected with wild-type SARS-CoV-2. Blood samples were collected within 48 h of hospital admission. While all mild patients survived, 47% of severe patients died. Healthy controls were obtained prior to the pandemic.
Immunoassays showed significantly higher levels of neutrophil elastase and granzyme B in severe COVID-19 patients within 48 h of admission, compared to healthy controls. These proteases are crucial for immune regulation, but excessive activity can cause tissue damage, cytotoxicity, and inflammation [7, 16]. Protease-induced degradation of the extracellular matrix also damages blood vessels, increasing vascular permeability and causing hypotension, often necessitating vasoactive support. The elevated neutrophil elastase seen in COVID-19 may contribute to NETosis, where neutrophils release extracellular traps, further driving inflammation and tissue damage [17].
AAT is the primary inhibitor of neutrophil elastase, a serine protease released by neutrophils, monocytes, macrophages, and mast cells during immune responses to kill pathogens [18]. Neutrophil elastase activates receptors to increase chemokines and proinflammatory cytokines, promoting leukocyte recruitment [19, 20]. Elevated elastase contributes to cell death, inflammation, pulmonary vascular permeability, and injury [21] and is linked to conditions like chronic obstructive pulmonary disease [22], acute lung injury [23], and acute respiratory distress syndrome [24]. The D614G mutation in the SARS-CoV-2 spike protein created a cleavage site for elastase, enhancing viral spread, particularly in AAT-deficient individuals [25].
Granzyme B, a serine protease in cytotoxic T and natural killer cells, shares structural similarities with chymotrypsin and may be inhibited by AAT [16]. These cells release granzyme B via exocytosis to induce rapid cell death in infected cells [26]. Granzyme B can also function extracellularly, promoting proinflammatory cytokine responses and tissue remodeling that can lead to tissue destruction [27–30]. As a pro-apoptotic factor, granzyme B activates cytokines like Interleukin-18, which amplifies the innate immune response [31].
To evaluate the therapeutic potential of granzyme B and neutrophil elastase, we assessed their anti-protease and complement activity in COVID-19 severity using functional mass spectrometry. Serpin inhibition involves a 1:1 complex formation that irreversibly inactivates both the serpin and protease [32, 33]. The RCL of the serpin targets specific proteases, mimicking their substrate sequence, leading to cleavage, a conformational change, and the permanent deactivation of both proteins [34].
Immunoassays cannot differentiate between active and inactivated serpins, but functional mass spectrometry can detect peptide sequences and assess the state of the RCL region [35]. This study identified distinct peptide sequences in the RCL regions of AAT and ACT, associated with elastase and granzyme B, respectively. Intact peptide sequences in the RCL represent active anti-protease activity. Protein depletion beads were used to remove albumin and IgG from serum, enriching lower-abundance proteins for proteomic analysis.
Our results show that AAT significantly increases within 48 h of hospital admission in COVID-19 patients, correlating with disease severity and elevated neutrophil elastase levels. This aligns with previous studies showing increased serpins, including AAT, in COVID-19 sera, particularly in patients with high Interleukin-6 levels [36], and evidence suggesting that AAT deficiency increases the risk of severe COVID-19 [37].
The anti-protease and anti-inflammatory activity of AAT [38] may help mitigate COVID-19 and the hyperactive immune response. AAT inhibits SARS-CoV-2 entry by inactivating TMPRSS2, a serine protease that primes the spike protein for cell surface fusion [39]. AAT also protects against cytotoxicity by inhibiting inflammatory proteases, particularly neutrophil elastase [36]. Our results show that within 48 h of hospital admission, ACT activity increased with COVID-19 infection, peaking in mild cases. In severe COVID-19, ACT activity decreased, likely due to higher granzyme B and other proteases, leading to greater proteolysis that may inactivate ACT and compromise its regulatory function.
ACT is a serpin that inhibits chymotrypsin-like proteases, including neutrophil cathepsin G and mast cell chymases [40, 41]. Its concentration increases during acute inflammation and may protect tissues, such as the lower respiratory tract and brain, from proteolytic damage [42]. In cell culture, ACT-cathepsin G complexes signal acute phase protein synthesis and increase interleukin-6 production by fibroblasts [43]. Since ACT irreversibly forms complexes with cathepsin G, further research is needed to determine whether ACT activity protects against or contributes to severe COVID-19.
ACT is also a substrate for neutrophil elastase and other proteases [44]. In these cases, the protease cleaves ACT without forming an irreversible complex, rendering ACT inactive. Cleaved ACT products become potent chemoattractants at nanomolar concentrations [45], with slower serum clearance than ACT-cathepsin G complexes, suggesting prolonged neutrophil chemotaxis and potential interleukin-6 (IL-6) stimulation. Elevated IL-6 is linked to acute COVID-19 symptoms, including complement cascade upregulation, and current COVID-19 treatment regimens include the use of the IL-6 specific monoclonal antibody Tocilizumab [36].
C3a, a small complement fragment, is an anaphylatoxin that regulates inflammation with both pro- and anti-inflammatory effects [46]. It triggers chemokine release through mast cell degranulation and increased vascular permeability, but also helps regulate B-cell immune responses. C3 cleavage to form C3a is a key step in all complement pathways, necessary for C3 convertase to generate the membrane attack complex (C5b-9), which induces cell lysis and death. At sublytic levels, C5b-9 regulates tissue homeostasis by influencing cell cycle, proliferation, and differentiation [47]. C3 can also be cleaved by various serine proteases, including thrombin and cathepsin, at sites of inflammation [48]. As an anaphylatoxin, C3a increases vascular permeability and causes vasodilation, which can result in hypotension. The latter requires vasoactive support.
Multiple studies suggest that complement activation plays a key role in COVID-19 pathology [49], with C3 split products (e.g., C3a) often monitored by immunoassay [50, 51]. Using functional mass spectrometry, we distinguished cleaved C3b sequences from unprocessed C3 and examined the C3a/C3 beta; ratio as a relative metric for C3b activation, with lower ratios indicating greater activation. A limitation of this method is the use of a small 9-amino acid C3a peptide (FISLGEACK) compared to the full 77-amino acid C3a. Future studies are needed to confirm whether this peptide is sufficient for monitoring C3 subforms and to compare results with immunoassay measurements.
Our findings align with previous studies, showing an inverse relationship between the C3a/C3 beta ratio and COVID-19 severity. This suggests that anti-complement therapy may benefit severe COVID-19 patients. The mass spectrometry approach allows for efficient examination of functional characteristics, such as post-translational modifications and genetic variations, which are challenging for immunoassays. By comparing anti-protease activity (AAT/ACT ratio) to complement activation (C3a/C3 beta ratio), mild COVID-19 cases clustered in the lower right quadrant, indicating low anti-protease activity and minimal complement activation. These clusters may provide insights into disease severity and help predict disease progression and optimal interventions.
The COVID-19 pandemic and long COVID highlight the need for therapeutics that target viral infection and modulate immune responses. Serine proteases and serpins are promising drug targets for immunomodulation [52]. Future studies on the balance between protease and anti-protease activities, particularly AAT/ACT ratios, may reveal insights into enzyme regulation, complement activation, and clinical outcomes. The AAT/ACT ratio could serve as both a biomarker for COVID-19 severity and a potential therapeutic target.
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Abstract
The sex difference in depression has long been an unsolved issue. Women are twice as likely to suffer from depression as men. However, there were significant differences in the composition of gut microbiota between women and men. There is a lack of studies linking sex differences in depression to microbiota, and the specific mechanisms of this process have not been explained in detail. The main purpose of this study was to explore the gender differences in the intestinal tract of male and female depressed mice. In this study, chronic restraint stress (CRS) mouse models were used to simulate chronic stress, and behavioral tests were conducted, including the open field test (OFT), tail suspension test (TST) and forced swimming test (FST). Microbial diversity analysis and metabolomics were performed on collected mouse feces. The results showed that female mice were highly active and prone to anxious behavior before stress, and the levels of f-Rikenellaceae, f-Ruminococcaceae and 16α-hydroxyestrone were significantly different from those in male mice. After 21 days (Days) of stress, female mice showed depression-like behavior, and the levels of f-Erysipelotrichaceae, 5α-pregnane-3,20-dione, and 2-hydroxyestradiol were significantly different from those in male mice. After 14 days of stress withdrawal, the depression-like behavior continued to worsen in female mice, and the levels of 5α-pregnane-3,20-dione, estrone glucuronide and f-Erysipelotrichaceae were significantly different from those in male mice. In summary, female mice have stronger stress sensitivity and weaker resilience than male mice, which may be related to differences in bacterial diversity and estrogen metabolism disorders.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Note: Sex differences in depression have long been noted, with women being twice as likely to experience it compared to men. This study used chronic restraint stress (CRS) mouse models to investigate these differences, focusing on behavioral and microbial changes. Behavioral tests included the open field test (OFT), tail suspension test (TST), and forced swimming test (FST). Microbial diversity and metabolomics were analyzed from fecal samples. Results showed that female mice exhibited higher pre-stress activity and anxiety levels. Before stress, f-Rikenellaceae, f-Ruminococcaceae, and 16α-hydroxyestrone levels differed significantly between sexes. After 21 days of stress, female mice displayed depression-like behavior, with significant differences in f-Erysipelotrichaceae, 5α-pregnane-3,20-dione, and 2-hydroxyestradiol levels. Post-stress withdrawal for 14 days further exacerbated depression-like behavior in females, with continued differences in 5α-pregnane-3,20-dione, estrone glucuronide, and f-Erysipelotrichaceae levels. In summary, female mice show greater stress sensitivity and weaker resilience, potentially linked to bacterial diversity and estrogen metabolism differences.
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IMPACT STATEMENT
In the present study, our experiments confirmed that prior to stress, females showed higher activity, despair and fight capacity, anxiety-like behaviour, gut flora (f-Rikenellaceae and f-Ruminococcaceae) and 16α-hydroxyestrone, significantly different from males; after 21 days of stress, females had worsened anxiety and depression-like behaviours, and gut metabolism and microbiota were disrupted, with significant differences in microbiota (f-Erysipelotrichaceae) and metabolites (5α-pregnane-3, 20-dione and 2-hydroxyestradiol); and after 14 days of stress relief, males began to recover from depression-like behaviours, whereas females showed deterioration. These results may provide new insights into gender-specific treatment and prevention of depression in patients with depression.
INTRODUCTION
Sex differences have consistently been a compelling area of scientific investigation. Notably, the divergence between males and females is particularly pronounced in both the prevalence and expression of depression. According to a 2021 study published in The Lancet, approximately 1 billion people worldwide are suffering from mental disorders [1]. The global burden of mental disorders has become heavier since the COVID-19 (coronavirus disease 2019) pandemic, with cases of major depression and anxiety increasing by 27.6% and 25.6%, respectively. The pressure of the epidemic has brought greater challenges to the diagnosis and treatment of depression [2]. Previous studies have shown that stress has the worst impact on women, with depression approximately twice as common in women as in men [3]. Currently, brain-gut axis communication is being studied as an important way to understand mental diseases, and gut microbes play an important role in brain and behavioral disorders [4–6].
Interestingly, there are also sex differences in the gut microbiota. B Flak, when commenting on the article published by JG Markle in Science in 2013, proposed the idea of sexual dimorphic microbiota and believed that there are differences in the microbiota of men and women [7, 8]. Li et al. found that 3β-hydroxysteroid dehydrogenase expressed by the gut microbiome can “eat” estradiol and is associated with depression in premenopausal women [9]. Estrogen also has physiological functions that interfere with pain regulation [10]. Existing studies have demonstrated a complex interaction between sex hormone signaling and stress responses in brain-gut axis function [11]. However, the specific mechanism of this process has not been elucidated in detail. Therefore, we used a CRS model to simulate stress in female and male mice and investigated the different behaviors of female and male mice in the face of stress through the differences in the gut microbiota and metabolites.
MATERIALS AND METHODS
Animals
Kunming (KM) mice (8 weeks of age) were obtained from Gansu University of Chinese Medicine, China [animal production license number: SCXK (Gan) 2015-0005]. Mice were housed in standard cages with wood shavings in a room with a carefully controlled ambient temperature (22 ± 1°C) and artificial lighting from 7:00 a.m. to 7:00 p.m. and were fed standard laboratory chow and provided distilled water ad libitum. All animal experiments were in compliance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and were carried out in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8023, revised 1978) and approved by the committee of the Northwest Plateau Institute of Biology, CAS, for animal experiments (allowance number: NWIPB20171106-01).
Stress stimuli and animal grouping
After an adjustment period (a week), 60 mice were randomly divided into 6 groups (n = 10): male control group, female control group, male stress group, female stress group, male stress recovery group, and female stress recovery group. Except for two control groups (Male and Female), mice were exposed to the chronic confining stressor of being bound to a 50 mL centrifuge tube for 6 h (8:30–14:30) per d for 3 weeks [12, 13]. Specifically, the weight of the mice in each group was measured weekly (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart of the experiment.
Behavioral tests
The behavioral tests consisted of the open field test (OFT), the tail suspension test (TST), and the forced swim test (FST), which were performed weekly during stress and recovery periods. The OFT followed the procedure described by Choleris et al. [14]. The TST and FST followed the procedures described by O’Leary (2009) and Porsolt (1977), respectively [15, 16]. Prior to the behavioral tests, test animals are allowed an acclimatization period of 1–2 h in the testing environment. Subsequently, the tests are conducted in ascending order of stimulus intensity (1. OFT; 2. TST; 3. FST). The specifics of the behavioral experiment are detailed in Supplementary Material S1.
Gut fecal metabolite analysis
Following the completion of behavioral testing, mice were euthanized via cervical dislocation. Fecal samples from both male and female mice were collected at three time points: prior to the experiment (0 days), during the experimental period (21 days), and during the stress recovery phase (14 days). Samples were immediately frozen in liquid nitrogen and stored at −80°C. Metabolomics analysis was conducted using LC-MS on 50 mg aliquots of freeze-dried fecal material [17–19]. See Supplementary Material S1 for details.
Gut microbial diversity analysis
The remaining samples in each group after the metabolomics analysis of the rectal contents were placed in a −80°C refrigerator for DNA extraction. The extracted DNA was used for the 16S rRNA gene analysis of the bacterial population [16, 20]. See Supplementary Material S1 for details.
Statistical analyses
All data are expressed as the mean ± standard deviation (SD) of 10 or 6 replicates, and ANOVA was performed using a fully randomized trial design. SPSS 22.0 software was used for one-way ANOVA to determine differences between the means [without assuming consistent standard deviation (SD)] and Spearman correlation analysis. P < 0.05 was considered statistically significant. Graphs were drawn using Origin 2021 software.
RESULTS
Stress-induced body weight loss is greater in female mice
To evaluate the weight alterations in mice elicited by stress stimuli, we conducted a study measuring the body weights of both male and female mice prior to and following exposure to stress. The weight of the mice was measured as shown in Figure 2A, and it was found that in the stress period (7 days, 14 days, and 21 days) and recovery period (28 days and 35 days), the body weight of the male control group mice was significantly lower than that of the male stress group mice (Figure 2A1: 7 days, P < 0.05; 14 days, P < 0.01; 21 days, P < 0.01; 28 days, P < 0.01; 35 days, P < 0.05). The weight change in female mice was similar to that in male mice, and compared with the female control group (Figure 2A2), the weight loss of female mice in the stress group was more significant (7 days, P < 0.01; 14 days, P < 0.01; 21 days, P < 0.001; 28 days, P < 0.01; 35 days, P < 0.05). The weight changes in male and female mice are illustrated in Figure 2A3. Compared to the male stress group mice, the female stress group mice exhibited lower weight changes before stress exposure, during the stress period (7 days, 14 days, and 21 days), and during the recovery period (28 days and 35 days). Notably, a significant difference was observed between male and female mice at 14 days (P < 0.05). Therefore, the observed weight changes prompted us to investigate the corresponding behavioral modifications in the mice.
[image: Figure 2]FIGURE 2 | Effects of pressure simulation on mice in (A) Weight, (B) Rest time and Movement time in OFT, (C) TST-IT and (D) FST-IT. Note: (A1, A2) represent the initial weights of male and female mice, respectively, while (A3) denotes the changes in their weights. (B1, B2) indicate the RT of male and female mice, respectively, and (B3) represents the changes in RT. (B4, B5) refer to the MT of male and female mice, with (B6) indicating the changes in MT. (B7) Illustrates the movement tracks of the OFT for the mice. (C1, C2) denote the IT of male and female mice in the TST, with (C3) representing the changes in TST-IT. (D1, D2) indicate the IT of male and female mice in the FST, and (D3) shows the changes in FST-IT. Data are presented as the mean ± SD (n = 10). *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant differences between the control group and the stress group. $$p < 0.01 and $$$p < 0.001 indicate significant differences between the male stress group and the female stress group.
Stress exerted a more pronounced influence on the behavior of female mice
To evaluate the impact of stress on mouse behavior, we employed the OFT, TST, and FST to detect behavioral changes in both male and female mice before and after exposure to stress. The OFT results showed that the rest time (RT) of male control group mice was significantly longer than that of male stress group mice during the stress period and recovery period (Figure 2B1: 7 days, P < 0.01; 14 days, P < 0.001; 21 days, P < 0.001; 28 days, P < 0.01; 35 days, P < 0.001), and the movement time (MT) was significantly decreased (Figure 2B4: 7 days, P < 0.01; 14 days, P < 0.001; 21 days, P < 0.001; 28 days, P < 0.01; 35 days, P < 0.001). Compared with the female stress group, the RT of the female control group was significantly increased (Figure 2B2: 7 days, P < 0.05; 28 days, P < 0.05; 35 days, P < 0.001), and the MT was significantly decreased (Figure 2B5: 7 days, P < 0.05; 28 days, P < 0.05; 35 days, P < 0.001). The female stress group was compared with the male stress group (Figure 2B3, B6); the RT change of male mice was significantly higher than that of female mice (14 days, P < 0.001; 21 days, P < 0.01; 28 days, P < 0.01; 35 days, P < 0.05), and the MT was significantly lower than that of female mice (14 days, P < 0.001; 21 days, P < 0.01; 28 days, P < 0.001; 35 days, P < 0.01). However, at 7 days, the RT changes in male mice were significantly lower compared to those in female mice (P < 0.01), while the MT changes were significantly higher. Figure 2B7 shows that the movement trajectory of male control mice increased with time, with little change. In the stress period, the range of motion of the mice tended to be around the periphery, and in the recovery period, the range of motion of the mice began to gradually shift to the center. The motion trajectory of female control mice was similar to that of male control mice. During the stress period, the activity of female stress mice tended to be around the periphery, but the activity of female stress mice was significantly stronger than that of male stress mice. During the recovery period, the activity of female stress mice began to gradually shift to the center, similar to that of male stress mice.
The TST and FST results showed that during the stress period and recovery period, compared with the male control group mice (Figures 2C1, D1), the IT (immobility time) of the male stress group mice in the TST and FST was significantly increased (7 days: P < 0.01; 14 days: P < 0.001, P < 0.001; 21 days: P < 0.001, P < 0.01; 28 days, P < 0.01; 35 days, P < 0.05). Compared with the female control group (Figures 2C2, D2), the TST-IT of female stress group mice was significantly decreased (7 days: P < 0.01; 14 days: P < 0.001; 21 days: P < 0.001; 28 days: P < 0.001; 35 days: P < 0.001), and the FST-IT increased significantly (14 days: P < 0.05; 21 days: P < 0.001; 28 days: P < 0.001; 35 days: P < 0.001). The female stress group was compared with the male stress group (Figures 2C3, D3); the TST-IT changes of male mice was significantly higher than that of female mice (7 days, P < 0.001; 14 days, P < 0.001; 21 days, P < 0.001; 28 days, P < 0.001; 35 days, P < 0.001), and the FST-IT changes was significantly lower than that of female mice (28 days, P < 0.001; 35 ays, P < 0.001). Therefore, based on the outcomes of the behavioral tests conducted on mice, we subsequently investigated the alterations in intestinal microbiota associated with these behaviors.
Effects of stress on the gut microbiota diversity and function prediction of mice
To evaluate the alterations in the gut microbiota of mice induced by stress, we initially examined the diversity of the gut microbiota in both male and female mice prior to and following the stress exposure. In the alpha diversity analysis (Figure 3A), including Simpson (male: 21 days vs. 0 days, P < 0.01; 35 days vs. 21 days, P < 0.01. Female: 21 days vs. 0 days, P < 0.05), Shannon (male: 21 days vs. 0 days, P < 0.05; 35 days vs. 0 days, P < 0.05. Female: 21 days vs. 0 days, P < 0.05), PD whole tree (male: 21 days vs. 0 days, P < 0.01; 35 days vs. 0 days, P < 0.05. Female: 21 days vs. 0 days, P < 0.05) and goods coverage (female: 21 days vs. 0 days, P < 0.01; 35 days vs. 0 days, P < 0.05. Male 0 days vs. female 0 days: P < 0.05), the differences between the index groups were statistically significant. Through β diversity analysis (Figure 3B) of the values calculated by Weighted UniFrac, it was found that the samples of each group had obvious differences. Subsequently, we employed LEfSe (Linear discriminant analysis Effect Size) analysis to identify significant differences in the gut microbiota of male and female mice before and after exposure to stress. The cladogram in Figure 4A shows that the study group played an important role in the microbiota. According to the statistical analysis at the species level, f-Eggerthellaceae, f-Rikenellaceae and f-Saccharimonadaceae were the main gut microbiota in the male 0 days group. f-Tannerellaceae, f-Lactobacillaceae and f-Streptococcaceae were the main gut microbiota in the male 21 days group. f-Bacteroidaceae, f-Marinifilaceae, f-Prevotellaceae, f-Helicobacteraceae, f-Christensenellaceae, f-Family XIIl and f-Peptostreptococcaceae were the main gut microbiota in the male 35 days group. f-Lachnospiraceae, f-Peptococcaceae, f-Ruminococcaceae, and f-Desulfovibrionaceae were the main gut microbiota in the female 0 days group. f-Bifdobacteriaceae, f-Erysipelotrichaceae and f-Burkholderiaceae were the main gut microbiota in the female 21 days group. f-Muribaculaceae was the main gut microbiota in the female 35 days group. The histogram of the LDA (linear discriminant analysis) value distribution (Figure 4B) shows the species with LDA scores greater than the set value of 3 and P < 0.05. There were 3 species in males at 0 days, 3 species in males at 21 days and 6 species in males at 35 days. There were 4 species in females at 0 days, 3 species in females at 21 days, and 1 species in females at 35 days. Ultimately, we assessed the biological functional pathways associated with the differential microbiota observed in male and female mice. As shown in Figure 4C, the primary pathways that annotate the gut microbiota were mainly distributed in cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, none, organismal systems, and unclassified. Based on these findings, we subsequently evaluated the alterations in the differential microbiota between male and female mice.
[image: Figure 3]FIGURE 3 | Effects of pressure simulation on the gut microbiota diversity of female and male mice. (A): Alpha diversity analysis; (B): Beta diversity analysis; (C): Cladogram; (D): LDA score; (E): PICRUSt2 one-level pathway annotation results. Note: (A1–A3) denote the alpha diversity indices for male mice, while (A4–A7) indicate the alpha diversity indices for female mice. (A8) represents the combined alpha diversity index for both male and female mice, ensuring comprehensive coverage. (B1) refers to the beta diversity analysis for male mice, (B2) for female mice, and (B3) encompasses the beta diversity analysis for both sexes. Data are expressed as mean ± standard deviation (n = 6). *p < 0.05, **p < 0.01 indicates a significant difference compared with 0days $p < 0.05 indicates a difference between male and female mice.
[image: Figure 4]FIGURE 4 | LEfSe analysis and functional prediction of gut microbiota in male and female Mice. (A): Cladogram; (B): LDA score (LDA score≥3); (C): PICRUSt2 one-level pathway annotation results.
Stress had a more pronounced impact on the gut microbiota in female mice
To evaluate the impact of stress on the gut microbiota of male and female mice, we conducted a comparative analysis of the changes in gut microbiota both between and within the two groups, before and after exposure to stress. Figures 5A–C illustrates the variations in gut microbiota abundance between male and female mice before and after stress exposure at the family level, as determined by one-way ANOVA. For male mice (Figure 5A), intra-group analysis revealed a significant decrease in the relative abundance of f-Rikenellaceae (P < 0.05), f-Lachnospiraceae (P < 0.001), and f-Marinifilaceae (P < 0.05) at 21 days compared to 0 days. Conversely, the relative abundance of f-Tannerellaceae significantly increased (P < 0.01). Between 21 days and 35 days, the relative abundance of f-Lachnospiraceae, f-Marinifilaceae, and f-Tannerellaceae decreased, while that of f-Lachnospiraceae increased without reaching statistical significance. Over the entire period from 0 days to day 35 days, there was a significant reduction in the relative abundance of f-Rikenellaceae (P < 0.01), f-Lachnospiraceae (P < 0.01), and f-Marinifilaceae (P < 0.05), whereas the increase in f-Tannerellaceae did not reach statistical significance. For female mice (Figure 5B), intra-group analysis showed a significant increase in the relative abundance of f-Erysipelotrichaceae (P < 0.05) and f-Lactobacillaceae (P < 0.01) at 21 days compared to 0 days, while the relative abundance of f-Ruminococcaceae (P < 0.01) and f-Lachnospiraceae (P < 0.01) significantly decreased. From 21 days to 35 days, the relative abundance of f-Erysipelotrichaceae, f-Lactobacillaceae, and f-Ruminococcaceae decreased, although only f-Lachnospiraceae showed a significant increase (P < 0.01). Over the entire period from 0 days to 35 days, the relative abundance of f-Erysipelotrichaceae (P < 0.05) and f-Lactobacillaceae increased, while that of f-Ruminococcaceae (P < 0.01) and f-Lachnospiraceae (P < 0.01) significantly decreased.
[image: Figure 5]FIGURE 5 | Effects of pressure on gut microbiota at the family level in mice. Note: (A) The gut microbiota composition of male mice before and after exposure to stress; A1–A4 denotes varying levels of microbial abundance. (B) Family-level comparison of the gut microbiota in female mice before and after exposure to stress; B1–B4 denotes different levels of microbiota abundance. (C) Comparative analysis of the gut microbiota between male and female mice before and after exposure to stress; C1–C8 denotes distinct levels of microbiota abundance. Data are expressed as mean ± standard deviation (n = 6). *p < 0.05, **p < 0.01 indicates a significant difference compared with 0 d. #p < 0.05 indicates a significant difference compared with 21 d. $p < 0.05 $$p < 0.01 and $$$p < 0.001 indicates a difference between male and female. Mice.
Figure 5C shows the differences in the gut microbiota of mice before and after stress. At 0 days, the relative abundances of f-Muribaculaceae (P < 0.05), f-Ruminococcaceae (P < 0.05) and f-Lachnospiraceae (P < 0.001) decreased. The relative abundances of f-Rikenellaceae (P < 0.001), f-Bacteroidaceae, f-Erysipelotrichaceae, f-Tannerellaceae and f-Marinifilaceae (P < 0.01) increased. At 21 days, the relative abundances of f-Muribaculaceae, f-Ruminococcaceae (P < 0.05), f-Rikenellaceae (P < 0.01), f-Bacteroidaceae, f-Tannerellaceae (P < 0.001) and f-Marinifilaceae increased, while the relative abundance of f-Erysipelotrichaceae (P < 0.001) decreased. At 35 days, the relative abundances of f-Ruminococcaceae (P < 0.05), f-Rikenellaceae (P < 0.001), and f-Tannerellaceae increased, and the relative abundances of f-Muribaculaceae, f-Marinifilaceae and f-Erysipelotrichaceae decreased (P < 0.01). Based on the outcomes from the diverse flora, we subsequently conducted an analysis of the alterations in gut metabolites.
Effects of stress on gut metabolism in mice
To evaluate the impact of stress on intestinal metabolites in male and female mice, we performed a comparative analysis of the alterations in intestinal metabolites within each sex group, both before and after exposure to stress. The scatter plot of the OPLS-DA (orthogonal partial least squares discriminant analysis) model of mice in each group is shown in Figure 6A. The sample differentiation was very significant, and all samples were within the 95% confidence interval. The screening conditions for DMs (differential metabolites) were VIP >1 and P value <0.05. In addition, the results of screening upregulated DMs in each group of mice were visualized by a volcanic map (FC > 1.5; FC < 0.67, indicating downregulation). In male mice (Figures 6B1–3), compared to 0 days, 10 DMs were up-regulated and 30 DMs were down-regulated by 21 days. Between 21 days and 35 days, 29 DMs were up-regulated while 8 DMs were down-regulated. Over the entire period from 0 days to 35 days, 38 DMs were up-regulated and 18 DMs were down-regulated. In female mice (Figures 6B4–6), relative to 0 days, 21 DMs were up-regulated and 22 DMs were down-regulated by 21 days. From 21 days to 35 days, 32 DMs were up-regulated and 19 DMs were down-regulated. Overall, from 0 days to 35 days, 39 DMs were up-regulated and 22 DMs were down-regulated. When comparing male and female mice (Figures 5B7–9), at 0 days, 21 DMs were up-regulated and 28 DMs were down-regulated in males compared to females. By 21 days, 26 DMs metabolites were up-regulated and 26 DMs were down-regulated in males relative to females. At 35 days, this difference increased to 50 DMs up-regulated and 41 DMs down-regulated in males compared to females. Based on the findings from various gut metabolites, we subsequently conducted an in-depth analysis of the associated gut metabolic pathways.
[image: Figure 6]FIGURE 6 | Effects of pressure on gut metabolism in mice. (A) Scatter plot of the OPLS-DA model. A1–A3 denotes the scatter plot of OPLS-DA model of metabolite comparison before and after stress in male mice. A4–A6 denotes the scatterplot of OPLS-DA model of metabolite comparison before and after stress in female mice. A7–A9 denotes a scatter plot of the OPLS-DA model in which metabolites in female and male mice are compared before and after stress. (B) Volcano map. B1–B3 denotes the volcanic map of metabolites before and after stress in male mice, B4–B6 denotes the volcanic map of metabolite comparison before and after stress in female mice, B7–B9 denotes the volcanic map of metabolites in female and male mice before and after stress (n = 6).
Effects of stress on metabolic pathways and metabolites in mice
To evaluate the metabolic pathways involved in the stress response, the KEGG (Kyoto Encyclopedia of Genes and Genomes) was analyzed in male and female mice both before and after exposure to stress. The results of differential metabolite pathways were analyzed in a bar chart (Figure 7A). The DMs enrichment of male and female mice at three time points involved the same 16 pathways. DMs enrichment in both male and female mice at three time points (0 days, 21 days, and 35 days) involved the same 16 pathways, with a particular emphasis on the steroid hormone biosynthesis pathway. Due to the limited number of DMs (only 1-2) identified in the comparison between male and female mice, clustering analysis was not feasible. Consequently, we conducted inter-group comparisons between males and females and performed DM cluster analysis at the three specified time points (Figure 7B). Male mice were compared to female mice. On 0 days, 1 DM was up-regulated and 1 DM was down-regulated. By 21 days, 1 DM remained up-regulated while another DM was down-regulated. On 35 days, 1 DM was up-regulated and 3 DMs were down-regulated.
[image: Figure 7]FIGURE 7 | Effects of pressure on metabolic pathways and metabolites in mice. Note: (A) Metabolic pathways. A1–A3 denotes the metabolic pathways of male mice compared with DMs before and after stress. A4–A6 denotes the metabolic pathway of DMs compared before and after stress in male mice. A7–A9 denotes the metabolic pathway of DMs compared before and after stress in male and female mice. (B) DMs cluster analysis. B1 denotes DMs cluster analysis of male and female mice at 0 days; B1 denotes DMs cluster analysis of male and female mice at 21 days. B1 denotes DMs cluster analysis of male and female mice for 35 days (n = 6).
Correlation analysis of differential gut microbiota and DMs
To evaluate the association between metabolites and gut microbiota, Spearman correlation analysis was conducted to examine the relationship between the gut microbiota and DMs in male and female mice both before and after stress exposure. The results were subsequently compared between the sexes, as illustrated in Figure 8A. At 0 days, 16α-hydroxyestrone was negatively correlated with f-Rikenellaceae (P < 0.05) and positively correlated with f-Muribaculaceae (P < 0.001); cholesteryl sulfate was positively correlated with f-Rikenellaceae (P < 0.01) and negatively correlated with f-Muribaculaceae (P < 0.05). At 21 days, 2-hydroxyestradiol was positively correlated with f-Erysipelotrichaceae (P < 0.05); 5α-pregnane-3,20-dione was positively correlated with f-Tannerellaceae (P < 0.01) and negatively correlated with f-Erysipelotrichaceae (P < 0.01). At 35 days, 5α-pregnane-3,20-dione was positively correlated with f-Erysipelotrichaceae (P < 0.01) and negatively correlated with f-Rikenellaceae (P < 0.01) and f-Bacteroidaceae (P < 0.05); estrone glucuronide was negatively correlated with f-Ruminococcaceae (P < 0.01), f-Rikenellaceae (P < 0.01), and f-Bacteroidaceae (P < 0.05) and positively correlated with f-Erysipelotrichaceae (P < 0.05).
[image: Figure 8]FIGURE 8 | Spearman correlation analysis. Note (A) Correlation analysis between differential microbiota and DMs. A1 denotes the correlation analysis between 0 days of differential microbiota and DMs; A2 denotes the correlation analysis between 21 days of different microbiota and DMs; A3 denotes the correlation analysis between 35 days of different microbiota and DMs. (B) Correlation analysis between DMs and behavior. B1 denotes the correlation analysis between DMs and behavior at 0 days; B2 denotes the correlation analysis between DMs and behavior in 21 days; B3 denotes the correlation analysis between DMs and behavior in 35 days (n = 6).
Correlation analysis of DMs and behavior
To evaluate the relationship between metabolites and behavior, Spearman correlation analysis was conducted on the behavioral data and DMs of both male and female mice before and after exposure to stress. The results were subsequently compared between the two sexes, as illustrated in Figure 8B. At 0 days, 16α-hydroxyestrone was negatively correlated with OFT-RT (P < 0.05) and positively correlated with OFT-MT (P < 0.05), and cholesteryl sulfate was positively correlated with OFT-RT (P < 0.01) and negatively correlated with OFT-MT (P < 0.001). At 21 days, 2-hydroxyestradiol was negatively correlated with OFT-RT (P < 0.05) and TST-IT (P < 0.05) and positively correlated with OFT-MT (P < 0.01); 5α-pregnane-3,20-dione was positively correlated with OFT-RT (P < 0.01) and TST-IT (P < 0.05) and negatively correlated with OFT-MT (P < 0.05) and FST-IT (P < 0.05). At 35 days, 5α-pregnane-3,20-dione and estrone glucuronide were positively correlated with OFT-RT (P < 0.001; P < 0.01), and TST-IT (P < 0.05; P < 0.01) and negatively correlated with OFT-MT (P < 0.01; P < 0.01) and FST-IT (P < 0.05; P < 0.01).
DISCUSSION
Given the clinical phenomenon of sex differences in depression [21], this study explored the reasons for the differences in stress tolerance and recovery ability between male and female mice. We adopted the CRS model [22] and exposed mice to 21 days of continuous stress for 6 h to simulate a stressful environment. Clinically, weight loss is observed in depressed patients, and the degree of weight loss in women may be greater [23]. Our experimental results also showed this phenomenon. After 21 days of stress simulation, the weight change in female mice was similar to that in male mice, but the weight loss of female mice was more obvious. After 14 days of stress cessation, female mice also had lower weight recovery ability than male mice. The behavioral test results showed that male mice exhibited lower activity and increased resting time during stress compared to female mice. Interestingly, however, the female mice showed higher exercise time on the TST and lower IT on the FST. We speculate that female mice and male mice exhibit different depressive phenotypes [24, 25] due to differences in sex personality and physiological metabolism [9, 26, 27] during stress and recovery, which may be the reason why female mice exhibited anxiety-like behaviors in the OFT and TST. Male mice began to return to desperate behavior, but female mice exhibited less recovery and increased depressive behavior. This is also similar to the clinical phenomenon that the recurrence rate of MDD in women is four times that of men [24].
The differences in depressive behavior and phenotype between female and male mice may be related to the regulation of sex hormones [9, 28]. Estradiol is a sex hormone that is crucial for regulating emotions. Bacteroides thetaiotaomicron and Clostridia can degrade estradiol through the metabolism of 3β-steroid dehydrogenase, which can induce depression in women [9]. Currently, behavioral differences caused by stress are known to be significantly related to the gut microbiota and its metabolites [29, 30]. At the same time, there are also significant sex differences in the composition of the microbiota. According to existing studies, men and women show differences in susceptibility, diagnosis, treatment and recovery of most diseases related to the microbiota [31]. The occurrence and development of depression cannot be separated from immunity and metabolism, and the microbiota plays an important role in immune metabolism [32]. However, we do not yet know what causes the behavioral differences between male and female mice during stress and recovery, or how the gut is involved in this process. Therefore, we performed microbiota 16S sequencing and metabolomics analysis of the gut contents.
Our results demonstrated that the relative abundance of f-Ruminococcaceae and f-Lachnospiraceae significantly decreased in both male and female mice during the 21 days stress period. This reduction may represent a common response of the murine gut microbiota to stress [33]. However, sex-specific differences in gut microbiota have been documented [34]. In our study, we observed distinct variations in the microbial composition between male and female mice. Prior to stress exposure (at 0 days), the relative abundance of f-Rikenellaceae was higher in male mice compared to females, whereas the relative abundance of f-Ruminococcaceae was lower in males than in females. Following 21 days of stress stimulation, the relative abundance of f-Rikenellaceae decreased, with a more pronounced reduction observed in female mice. Notably, the relative abundance of f-Ruminococcaceae exhibited opposite trends by sex, decreasing in females while increasing in males. Two weeks after the cessation of stress, the relative abundance of f-Rikenellaceae and f-Ruminococcaceae began to recover in male mice, whereas it continued to decline in females. In 2015, a study from Ohio State University found that in boys, extroverted personality traits were associated with the abundance of Rikenellaceae and Ruminococcaceae. Ruminococcaceae is one of the main bacterial groups that produces butyric acid, an anti-inflammatory short-chain fatty acid that nourishes the gut mucosa. In girls, the abundance of Rikenellaceae seems to influence fear propensity [35]. This study is consistent with our findings of behavioral differences between females and males before stress, during stress, and during recovery. We speculate that the differences in the abundance of Rikenellaceae and Ruminococcaceae may be the reason for the different behaviors of female and male mice. Moreover, we found that the relative abundance of f-Erysipelotrichaceae in female mice began to increase after 21 days of stress and remained high after 14 days of recovery. Studies have found that Erysipelotrichaceae may be a driving factor in exercise performance [36], which is consistent with our behavioral results that female mice exhibit strong anxious exercise behaviors. Interestingly, several studies have demonstrated that supplementation with butyrate or butyrate-producing gut flora alleviates depressive symptoms in mice. Ari et al. [37] reported that long-term administration of β-hydroxybutyric acid (3HB) significantly reduced anxiety-like behavior in rats. An Italian research team observed in an autism model that maternal supplementation with butyrate during pregnancy and lactation increased butyrate levels in offspring and mitigated neuro developmental abnormalities and autism-like behaviors [38]. Furthermore, supplementation with certain butyrate-producing gut flora has been shown to improve depressive symptoms in women [33, 39, 40]. Consequently, we hypothesize that the disparity in the abundance of Rikenellaceae and Ruminococcaceae may influence butyrate metabolism, potentially contributing to differences in stress resilience between female and male mice. However, due to the limitations of our study, further research is required to substantiate this hypothesis.
Excitingly, in our gut metabolomics analysis, we found that the DMs between stress and recovery in male and female mice were concentrated in the steroid hormone biosynthesis pathway, which is involved in estrogen synthesis. Estrogen metabolism is closely related to the occurrence of MDD [9, 27]. Increasing research evidence shows that estrogen regulates neurotransmitters in the brain through estrogen receptor (GPER) signals, thereby affecting cognition, behavior, and emotion [41]. 16α-Hydroxyestrone is one of the metabolites of the female core hormone estradiol and a potent antioxidant [42, 43]. The relative content of 16 α-hydroxyestrone in female mice was higher than that in male mice at 0 days before stress. In Spearman association analysis, 16α-hydroxyestrone was positively correlated with f-Ruminococcaceae (P < 0.001) and OFT-MT and negatively correlated with OFT-RT. Therefore, we surmised that 16α-hydroxyestrone induced initial high motility in female mice, which may be related to the higher gut antioxidant and anti-inflammatory capacity of females than males.
Progesterone and estrogen jointly maintain the dynamic balance of the brain, and progesterone balances the excitatory effect of estrogen and plays a role in sedation and anti-anxiety [44, 45]. Progesterone has been shown to have anti-inflammatory effects in neuronal injury and infection models [46, 47]. In addition, many metabolites of progesterone have physiological activities and participate in human emotional regulation [48]. 5α-Pregnane-3,20-dione, a progesterone metabolite, induces increased activity in ovariectomized rats [49]. Estradiol-17β is hydroxylated to form 2-hydroxyestradiol-17β, a neuroprotective estrogen [50].
After 21 days of stress simulation, the relative content of 5α-pregnane-3,20-dione in female mice was lower than that in male mice, while 2-hydroxyestradiol-17β increased. Association analysis of DMs with microbiota and behavior showed that f-Erysipelotrichaceae was positively correlated with 2-hydroxyestradiol (P < 0.05) but negatively correlated with 5α-pregnane-3,20-dione (P < 0.01). Pregnane-3,20-dione was positively correlated with OFT RT (P < 0.05) and TST-IT (P < 0.05). 2-Hydroxyestradiol was negatively correlated with OFT RT (P < 0.05) and TST-IT (P < 0.05). Therefore, we speculate that an increase in the relative abundance of f-Erysipelotrichaceae in female mice drives stronger anxiety-like behavior and a decrease in 5α-pregnane-3,20-dione levels, resulting in increased FST-IT and increased depression-like behavior. The increase in 2-hydroxyestradiol-17β may reflect the resistance of female mice to stress. Interestingly, female mice performed differently in the two experiments that measured desperate behavior, showing greater struggle in the TST and greater desperation in the FST than male mice. We speculate that this may be related to the cognitive and physical differences between male and female mice. Female mice have lower physical capacity than male mice and are lighter in weight, so they are more likely to sway when suspended, while resistance in water consumes energy and induces females to be more likely to stay still. At the same time, females have stronger cognitive ability than males [51]. In our initial experiment, females had stronger exploration ability than males, and it was easier for females to understand despair in water. However, we cannot yet explain the biological mechanism of this phenomenon. After 2 weeks of stress withdrawal, male mice produced lower levels of 5α-pregnane-3,20-dione and estrone glucuronide than female mice. Estrone glucuronide is the downstream metabolite of estrone, which is also one of the indicators used to predict depression in women and is related to sensitivity to negative emotions [52]. In the association analysis, 5α-pregnane-3,20-dione and estrone glucuronide were positively correlated with f-Erysipelotrichaceae, OFT-RT (P < 0.001; P < 0.01) and TST-IT (P < 0.05; P < 0.01). The relative levels of 5α-pregnane-3,20-dione and f-Erysipelotrichaceae in female mice began to increase, which was consistent with increased anxious behavior in females. In addition, increased levels of estrone glucuronide may induce increased negative emotional sensitivity in female mice. We hypothesized that after stress withdrawal, the sex hormone metabolism of female mice continued to be disturbed, while depression and anxiety increased.
CONCLUSION
In mammals, there are significant sex differences in mental disorders such as depression, autism, and Alzheimer’s disease. We used the CRS model to simulate the persistent stress in the environment that human beings have been exposed to for a long time and explored the differences between male and female mice at three time points (0 days before the stress, 21 days during the stress period, and 35 days during the recovery period) in behavior, gut microbiota, and gut metabolites to find biomarkers in different periods. The experimental results showed that before stress, females exhibited strong activity, a weak ability to despair and struggle, anxiety-prone behavior, f-Rikenellaceae and f-Ruminococcaceae gut microbiota and 16α-hydroxyestrone, which were significantly different from males. After 21 days of stress, female anxiety and depression-like behavior worsened, gut metabolism and microbiota were disrupted, and there were marked differences in the microbiota (f-Erysipelotrichaceae) and metabolites (5α-pregnane-3,20-dione and 2-hydroxyestradiol). After 14 days of stress relief, male depression-like behavior began to recover, while females exhibited exacerbated estrogen metabolism (5α-pregnane-3,20-dione and estrone glucuronide) and gut microbiota (f-Erysipelotrichaceae) disorders and aggravated depression-like and anxiety-like behaviors. We hope that this study can provide basic evidence for the phenomenon of sex differences in depression and target markers for the treatment of female depression.
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Abstract
The current meta-analysis was performed to analyze the efficacy and safety of platelet-rich plasma (PRP) as an epidural injectate, in comparison with steroids in the management of radiculopathy due to lumbar disc disease (LDD). We conducted independent and duplicate searches of the electronic databases (PubMed, Embase and Cochrane Library) in March 2024 to identify randomized controlled trials (RCTs) analyzing the efficacy of epidural PRP for pain relief in the management of LDD. Animal or in vitro studies, clinical studies without a comparator group, and retrospective or non-randomised clinical studies were excluded. Diverse post-intervention pain scores [visual analog score (VAS)] and functional scores [Oswestry Disability Index (ODI), SF-36], as reported in the reviewed studies, were evaluated. Statistical analysis was performed using STATA 17 software. 5 RCTs including 310 patients (PRP/Steroids = 153/157) were included in the analysis. The included studies compared the efficacy and safety of epidural PRP and steroids at various time-points including 1, 3, 6, 12, 24, and 48 weeks. Epidural PRP injection was found to offer comparable pain relief (VAS; WMD = −0.09, 95% CI [−0.66, 0.47], p = 0.641; I2 = 96.72%, p < 0.001), functional improvement (ODI; WMD = 0.72, 95% CI [-6.81, 8.25], p = 0.524; I2 = 98.73%, p < 0.001), and overall health improvement (SF-36; WMD = 1.01, 95% CI [−1.14, 3.17], p = 0.224; I2 = 0.0%, p = 0.36) as epidural steroid injection (ESI) at all the observed time points in the included studies without any increase in adverse events or complications. Epidural administration of PRP offers comparable benefit as epidural steroid injection (ESI) in the management of radiculopathy due to LDD. The safety profile of the epidural PRP is also similar to ESI.
Keywords: PRP, epidural steroid, degenerative disc disease, pain relief, biologics
IMPACT STATEMENT
This manuscript makes an important contribution to the field by providing a comprehensive meta-analysis on the use of platelet-rich plasma (PRP) as an alternative to steroids for epidural injections in managing radiculopathy caused by lumbar disc disease (LDD). By comparing PRP and steroids across multiple randomized controlled trials, this work advances the field by offering robust evidence that PRP provides similar pain relief, functional improvement, and overall health benefits as steroids, without increased risk of adverse events. This new information introduces a potential treatment option that could reduce dependency on steroids, thus having significant implications for patient care. The findings are timely and relevant, as they highlight PRP’s comparable efficacy and safety, potentially shifting clinical practice toward non-steroid-based interventions for managing LDD-related radiculopathy.
INTRODUCTION
Lumbar radicular pain is a well-known cause for spinal disability secondary to mechanical compression of the nerve roots or inflammatory responses to the inciting stimuli [1, 2]. Conservative measures like bed rest, anti-inflammatory medications and physical therapy constitute the first line of management in these patients [3]. However, 20% of patients have recurrent or recalcitrant pain or symptoms despite such non-surgical measures [4].
Interlaminar or transforaminal epidural steroid injections (ESIs) have been acknowledged as interventions short of surgery, which may mitigate the symptoms and reduce the radicular pain [5, 6]. Traditionally, triamcinolone has remained the therapeutic drug utilized for epidural injections, in view of its excellent anti-inflammatory property and relatively low adverse events [7, 8]. While a majority of studies have reported substantial pain relief during the initial 3 months following ESI; the evidence in the current literature on the long-term outcome including need for surgical intervention at the end of 1 year is still largely unclear [9, 10]. In addition, certain studies have reported severe complications including allergic reactions, sepsis and chronic adrenal suppression [11, 12].
Platelet-rich plasma (PRP) is growingly recognized as an important adjuvant component in the field of orthopedic surgery, whose properties depend on the platelet and white blood cell (WBC) concentrations. Numerous cytokines within PRP like transforming growth factor (TGF) -β1, interleukin-1 receptor antagonist (IL-1RA), insulin-like growth factor (IGF-1) and platelet-derived growth factor (PDGF) form the basis for their regenerative and anti-inflammatory actions in the healing of various pathologies [13, 14]. In addition, in view of the autologous and antimicrobial nature of PRP, studies have indicated relatively lower concerns with regard to the infective and immunogenic complications following its use [15, 16]. Over the recent years, diverse studies have evaluated the role of PRP in the management of different degenerative, neuropathic and inflammatory pathologies of the spine [10, 17–19]. Even though meta-analyses have been published on the role of PRPs in spinal conditions, a majority of these reviews have followed inconsistent strategies for study inclusion; and have considered evidence from retrospective and non-randomized studies too [20–30]. In addition, may studies have also reviewed the role of PRP administration through different routes for a wide variety of spinal pathologies [16, 20]. As a result of such heterogeneity in the methodological quality and evidence available in the existing literature; diverse issues regarding the status of epidural administration of PRP in the management of lumbar radiculopathy, including its safety and efficacy (based on outcome measures like functional scores, improvement of pain scores, incidence of treatment failure and complication rates) are still largely controversial. The current meta-analysis was thus planned to comprehensively evaluate only the randomized controlled trials (RCTs) in available literature; and compare the safety profile and efficacy of epidural PRP injections with traditional ESIs.
MATERIALS AND METHODS
This meta-analysis was performed in compliance with the recommendations of the Back Review Group of Cochrane Collaboration [25] and presented in adherence to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [31].
Search strategy
Two reviewers were involved in making an independent electronic literature search for RCTs evaluating the efficacy of PRP, as compared to steroids in the management of degenerative lumbar disc disease (LLD). The databases namely, PubMed, Embase and the Cochrane Library, were searched to identify all the relevant studies published until March 2024 (no specific date restrictions were applied to the search query).
We used the following keywords in the database search: “Platelet-rich Plasma,” “Epidural steroid,” “Lumbar degenerative disc disease.” We also went through the references of the articles shortlisted from preliminary screening to identify studies missed in the preliminary search. Studies were then selected for the meta-analysis based on the specific inclusion and exclusion criteria, mentioned vide-infra. In case of any discrepancy in selecting the article, the final decision was made based on the consensus achieved through mutual discussions. The sequence of selecting the studies for the analysis has been shown in the PRISMA flow diagram (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) PRISMA flow diagram of the included studies. (B) Quality and risk of bias assessment of all the included studies. (C) Forest plot of the included studies comparing post-operative pain score at various time points.
Inclusion criteria
We included studies for analysis based on the PICOS criteria:
Population: Patients with lumbar disc disease with radicular pain.
Intervention: Epidural PRP.
Comparator: Epidural steroids.
Outcomes: Post-operative pain scores, functional scores, complications.
Study Design:  Randomized controlled trials (RCTs).
Exclusion criteria
Studies were excluded from the review based upon the following criteria:
1. Animal studies involving PRP in disc disease conditions.
2.In vitro studies on PRP in disc disease models.
3. Studies without a comparator group such as case series and case reports.
Data extraction
Two reviewers independently retrieved relevant data from the articles included for analysis. The following data were extracted from the reviewed studies:
 1. Study characteristics: Year of publication, authors, country, number of patients enrolled.
 2. Baseline characteristics: Mean age, gender proportions, levels involved, route of administration.
 3. Primary Outcomes: Post-operative pain scores
  Secondary Outcomes: Functional scores and overall health related scores.
 Other Outcomes: Adverse events and complications.
If any data was found missing from the included study, we contacted the corresponding authors of the study for necessary clarifications. All discrepancies were resolved through mutual discussions among the authors.
Risk of bias and quality assessment
Two reviewers independently assessed the methodological quality of the included studies with the help of Cochrane Collaboration’s RoB 2 tool for RCTs with five domains of bias assessment included in them [32].
Statistical analysis
We performed the meta-analysis of the pooled data in Stata software Version 17. In case of dichotomous variables, we utilised odds ratio (OR) with 95% Confidence Interval (CI). For analysing continuous variables, we used weighted mean difference (WMD) with 95% CI. We evaluated the heterogeneity of the pooled data using I2 statistics [33]. If I2 < 50% and p > 0.1, a fixed-effects model was employed in meta-analysis. On the other hand, if I2 > 50% and p < 0.1, random-effects model was utilised. Publication bias was evaluated with funnel plots and egger regression test. Heterogeneity was explored with galbraith plot. Further, subgroup and sensitivity analyses were performed to examine the causes of heterogeneity. A p-value of less than 0.05 was considered significant.
RESULTS
Search results
Electronic database search resulted in 2,920 articles, which after initial screening through de-duplication, revealed a total of 1,147 articles. After title and abstract screening of these articles, 1,124 were excluded. 23 articles qualified for full-text review; among which, 18 were excluded. Finally, 5 RCTs [34, 35, 37, 38] involving a total of 310 patients (ESPB group/Control group = 153/157) were included in our meta-analysis. PRISMA flow diagram of study selection is given in Figure 1A. The general characteristics of the RCTs included in our analysis have been shown in Supplementary Table S1. PRP protocols of the included studies are shown in Supplementary Table S2.
Quality assessment
The methodological quality of the included studies is depicted in Figure 1B. Based on the available data, none of the included studies had an overall high risk of bias which necessitated an exclusion from the analysis.
Primary outcomes
VAS (visual analog scale) score
There were substantial variations in the time points at which the post-operative pain scores were evaluated in the included studies. Therefore, we considered only the post-operative pain score measurements at 1-, 3-, 6-, 12- and 24-week time points for our analysis (as reported in the individual studies). In view of the significant heterogeneity among the reviewed studies, random-effects model was utilized for analysis. Epidural PRP was shown to be comparable to the epidural steroid in relieving pain at all the observed time points with the overall [WMD = −0.09, 95% CI (−0.66, 0.47), p = 0.641; I2 = 96.72%, p < 0.001; as shown in Figure 1C].
ODI (oswestry disability index) score
Similar to the VAS, there was substantial heterogeneity in the time points at which the ODI scores were measured in the included studies. Hence, we analyzed post-operative ODI scores reported at 1-, 3-, 6-, 12- and 24-week time points in the reviewed studies. There was no significant difference between the epidural PRP and epidural steroid injections with regard to the ODI scores at all the aforementioned time points [WMD = 0.72, 95% CI (−6.81, 8.25), p = 0.524; I2 = 98.73%, p < 0.001; as shown in Figure 2A].
[image: Figure 2]FIGURE 2 | (A) Forest plot of the included studies comparing functional score at various time points. (B) Forest plot of the included studies comparing overall health score SF-36 at 6 months. (C) Funnel plot estimation of the publication bias in the included studies for analysis.
SF-36 score
Based on our comparison of SF-36 scores between the epidural PRP and epidural steroid injections, there was no significant difference between the intervention groups at 6th month time point [WMD = 1.01, 95% CI (−1.14, 3.17), p = 0.224; I2 = 0.0%, p = 0.36; as shown in Figure 2B].
Complications
Based on our analysis of 3 studies, we could not observe any significant difference in the incidence of adverse events or complications between the epidural PRP and epidural steroid injection groups (p > 0.05) [34, 37, 38].
Publication bias analysis
Given the limited number of RCTs on the subject, estimating publication bias and sensitivity analysis to explore into the heterogeneity in the results among the included studies would not yield meaningful results. Nevertheless, funnel plot was generated for the VAS score for pain relief. We did not observe significant asymmetry as shown in Figure 2C. In addition, Egger’s regression test did not show significant publication bias (p = 0.274).
DISCUSSION
The overall prevalence of symptomatic low back pain (LBP) is approximately 1–3%; while the prevalence of lumbar radicular pain is reportedly around 0.98% [30, 35, 36]. Administration of medications through epidural route has been traditionally practised as an intervention short of surgery in patients with radicular symptoms secondary to lumbar spine pathologies like lumbar disc herniation (LDH) or canal stenosis [37]. Corticosteroids (especially triamcinolone) have quintessentially remained the drug of choice for epidural administration, although recent studies have demonstrated a lack of clear evidence regarding its superiority over placebo agents in improving function, obviating surgery or mitigating disability [12]. In addition, some researchers have also underscored the need to consider the numerous adverse events associated with steroid use, including its impact over diverse bodily functions [38]. It is well established that cytokine production from macrophages or disc cells play an important role in pain generation in patients with degenerative disc disease. In this context, the role of cell-based biological therapies such as autologous bone marrow concentrate (BMC), platelet rich plasma (PRP), mesenchymal stem cells (MSC), autologous conditioned serum (ACS) and platelet lysate in diverse spinal pathologies have been widely discussed [17, 19, 39, 40]. The current meta-analysis of RCTs was performed to comprehensively examine the role of PRP as an epidural injectate in mitigating LBP and lumbar radiculopathy.
Rationale of biological agents in chronic LBP
The nucleus pulposus (NP) consists of diverse inflammatory cytokines and pain mediators including phospholipase A2, nitric oxide, prostaglandin E, and IL-1 [41, 42]. Studies have also demonstrated that disc material through inflammatory mediators produces direct chemical injury to the nerve root; and enhances the intra- and extra-neural inflammation, venous congestion as well as conduction block [43]. Among all the aforementioned mediators, IL-1 has been acknowledged to play a special role in the development of low back pain. Among the biological agents inhibiting IL-1, IL-1 receptor antagonist (IL-1RA), soluble IL-1 receptors, and type-1 cytokines like IL-4, IL-10, and IL-13 have been examined for their therapeutic efficacy.
With progressive developments in the biological agents, PRP and its derivatives, mesenchymal stem cells (MSC), plasma lysate, plasma rich in growth factors (PRGF-Endoret) and ACS have been proposed as biologics amenable to delivery through epidural route. ACS is a rich source of anti-inflammatory cytokines like IL-4, IL-10, IL-13, IL-1RA, fibroblast growth factor-2 (FGF-2), hepatocyte growth factor (HGF), and transforming growth factor-β (TGF-β) [39, 44]. Being an IL-1 receptor antagonist, ACS has been growing in popularity as an epidural treatment option in the form of a “biochemical sensitiser” of inflamed nerve roots [30, 40].
The platelet concentration within PRP is 3–8 times higher than the serum level, which facilitates its anti-inflammatory, angiogenic, cell-migration enhancing and anabolic potential for tissue regeneration. The activated platelets release diverse growth factors like TGF-β, insulin-like growth factor (IGF), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), which in turn, enable tissue healing through stimulation of chondrocytes, collagen synthesis, inhibition of cell apoptosis and regulation or catabolic cytokines. In addition, PRP has been shown to play a vital role in the healing of connective tissues like Sox9, AGN, COL I and COL II [23, 45].
Preparations of PRP
The purification processes for PRP have broadly been categorised into open and closed techniques [20]. Diverse systems for centrifugation and concentration of platelets have been described in the literature; and different classification systems for such PRP preparations have been described. Certain basic and clinical studies have shown that high concentrations of leucocytes can negatively impact the PRP efficacy; however, the issue is still controversial across various indications [14, 46]. Dohan et al. [47] classified PRP preparations into pure-PRP (P-PRP), leucocyte-rich PRP (L-PRP) and pure platelet-rich fibrin (P-PRF), based on the relative concentrations of the components. Mishra et al. [48] further categorised PRP preparations in 8 categories based on leucocyte concentration, activation of leucocytes and platelet concentrations.
Injection strategies in the published literature
Based on the review by Kawabata et al. [20], the role of PRP in the repair of degenerated disc, promotion of spinal fusion and enhancing neurological recovery after spinal cord injury (SCI) were discussed in detail. Studies have evaluated epidural injections through interlaminar (IL), transforaminal (TF) and caudal routes. Some studies also evaluated the role of PRP injections into paraspinal musculature (intra-muscular), facet joints, intravertebral disc space, sacroiliitis, and spinal ligaments [20, 26]. In a majority of the published studies, the injection was administered under fluoroscopic guidance, while ultrasound- and computed tomography (CT)-guided approaches were utilised in certain studies. A majority of the reviewed studies evaluated outcome following single-time PRP injection [14, 20].
Results of our meta-analysis
Our meta-analysis is the first study to only evaluate all the RCTs hitherto published comparing the efficacy and safety of epidural corticosteroid and PRP injections for lumbar radiculopathy. All the previous systematic reviews or meta-analyses have included retrospective, non-randomised studies, studies involving other control arms for comparative analysis; or included studies evaluating different types of injections for LBP secondary to multiple spinal pathologies [20, 23, 26, 29, 30]. In view of such wide variations in the study designs and analysis, there is still substantial ambiguity in our knowledge regarding this subject and heterogeneity in the available results. Our meta-analysis was thus planned to examine the true role of this modality in the context of lumbar radiculopathy.
Evidence from available RCTs
In the RCT by Ruiz-Lopez and Tsai (2020) [21], caudal injection of PRP in 50 patients with LBP provided substantial improvement in pain and disability during the immediate post-intervention period. The procedure also resulted in superior outcome than corticosteroids at the 6th month followup time point [49]. In recent double-blind, prospective, randomised controlled study (involving 46 patients) comparing transforaminal epidural PRP and corticosteroid injections, Gupta et al. [25] concluded that transforaminally-administered epidural PRP injection had significantly better outcome than steroid injection at the 6th week and 6th month time points; however, the outcome at the end of 1 year was comparable between the two groups.
In another recently-published RCT by Saraf et al. [24], substantially better outcome was observed in the steroid group at the end of 1 month (p < 0.001 for both VAS and modified ODI scores); although, PRP showed sustained minimal clinically important benefit (MCID) at 6 months (p < 0.001). In the RCT published by Wongjarupong et al. [18], it was demonstrated that transforaminal epidural injection of PRP demonstrated clinical meaningful improvements (significant MCID) in leg VAS score at 6, 12, and 24 weeks; and in ODI at 24 weeks. They concluded that epidural, double-spin PRP provided significantly better results in comparison with triamcinolone administration.
On the other hand, in the RCT by Xu et al. [22], among 124 patients treated with USG-guided TF epidural injections using steroid or PRP, similar outcome was observed between the two patient groups in terms of VAS, ODI, and SF-36 (physical function and bodily pain) and complications at various time points (1 week, 1 month, 3 months, 6 months, and 1 year). Thus, based on the previously published RCTs, the reporting of the improvement in pain and disability is substantially varied across different time points [18, 21, 22, 24, 25]. While some studies have reported better early or more consistent outcome with PRP, others have observed no significant differences between the two approaches.
Corroborative evidence from our meta-analysis
For our analysis, we compared the outcome and complications reported at 1-, 3-, 6-, 12- and 24-week time points in the reviewed articles. We compared the outcome based on the VAS, ODI and SF-36 scores, as reported in the reviewed RCTs. Based on our analysis, we did not observe any significant difference between the two groups (ESI vs. epidural PRPs) at all the time points for all the aforementioned outcome measurements. Thus, the current evidence does not demonstrate a substantial superiority of PRP injections over ESI, in terms of clinical effectiveness or efficacy (either during the early or delayed post-intervention time points). Among the studies, only Saraf et al. [24] included a clinical parameter (straight leg raising test - SLR) for evaluating the outcome during the followup assessments. In this study, at the end of 6 months, 90% and 62% of patients were SLR (straight leg raising) test negative in the PRP and steroid groups, respectively.
Complication rates
Among the reviewed RCTs, only 2 major complications were directly attributed to the medications. In the study by Ruiz Lopez et al. [21], one male patient in the leucocyte-rich PRP group experienced itching in the pelvic area, which was relieved following treatment with antihistaminics. In the another RCT [18], 2 patients in the triamcinolone injection group required to undergo surgery within 6 weeks in view of treatment failure. Our metaanalysis also (similar to other previous reviews [22–24, 30, 49, 50]) did not reveal any statistical difference in the complication or adverse event rates between the two interventions.
In the RCT by Gupta et al. [25], they concluded that since PRPs are autologous components, multiple injections could be safely administered (with minimal added complications), as compared to corticosteroids. Thus, based on the available literature, there is significant evidence to support the safety of epidural PRP injections in patients with lumbar radiculopathy.
Evidence based on other systematic reviews on PRP
Overall, pain intensity has been variously evaluated in the literature using different parameters including VAS score, numerical pain score (NPS), Lattinen index, COMI pain score (CPS) and Oswestry pain score (OPS); functional outcome by Oswestry Disability Index (ODI), functional rating index (FRI), single assessment numerical evaluation (SANE), MacNab criteria, Modified Oswestry Disability Questionnaire (MODQ), physical performance test (PPT), SF-36 with subscores for bodily pain and physical functioning, COMI disability score (CDS) and Rolland Morris Disability Questionnaire (MODQ) [21, 28, 29, 45].
Although a majority of the systematic reviews hitherto published [23, 28, 29], all the studies have highlighted on the lack of high quality and reliable evidence on this subject. In a recent systematic review, Machado et al. [29] concluded that a majority of published studies have revealed positive results regarding the effectiveness of PRP, with a relatively low risk of overall bias. The quality of evidence supporting PRP in LBP was graded as level-II (defined as “moderate evidence from at least one relevant high-quality RCT or multiple relevant moderate-/lower-quality RCTs). They emphasized on the need for large-scale, multi-centered RCT on this subject to further substantiate their observations.
In another systematic review by Kubrova et al. [28], 12 studies (3 RCTs and 9 observational studies) were considered. While pain intensity was the primary outcome evaluated; functional improvement, radiological findings and complications were the secondary outcome parameters considered. They also demonstrated that PRP was associated with similar or longer pain relief, with effects extending up to 12 or 24 months. The Grading of Recommendations Assessment, Development and Evaluation (GRADE) analysis showed very low certainty of available evidence owing to the risk of bias and imprecision. We therefore conducted a meta-analysis including only RCTs (2 additional RCTs have been published since the last review) in order to provide a more definite verdict on this subject.
Limitations of our study
Only 5 RCTs have been published on this subject hitherto, with relatively small sample size. Although a wide variety of outcome measures have been examined in the literature heretofore; only certain parameters (VAS, ODI and SF-36) were amenable to meta-analysis. There are variations in the PRP preparations, techniques for injections, post-intervention protocols and follow-up strategies employed in the individual studies. Nevertheless, our study is the only meta-analysis to provide the highest quality evidence, based only upon the updated RCTs published till date on this issue.
CONCLUSION
Epidural administration of PRP offers comparable (and not superior) benefit as ESI in the management of radiculopathy due to LDD. The safety profile of the epidural PRP is also similar to ESI. Nevertheless, large-scale, multi-centric RCTs involving larger sample population, and longer follow-up are necessary to further validate our observations.
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A Corrigendum on 
Decreased PPP1R3G in pre-eclampsia impairs human trophoblast invasion and migration via Akt/MMP-9 signaling pathway
 by Shi H, Kong R, Miao X, Gou L, Yin X, Ding Y, Cao X, Meng Q, Gu M and Suo F (2023). Exp Biol Med (Maywood). 248(16):1373-1382. doi: 10.1177/15353702231182214


In the original article, there was an error in Figure 3, where the image for the sh-NC group at 12 h was mistakenly duplicated with the image for the sh-PPP1R3G group at 24 h. The corrected Figure 3 is provided below.
[image: Figure 3]FIGURE 3 | PPP1R3G knockdown significantly inhibits trophoblast invasion and migration. (A, B) Representative images of wound-healing assay and quantitative analysis of HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC at 0, 12, and 24 h (C, D) Representative images of transwell assay and quantitative analysis of HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC. Bar = 50 μm. Data are expressed as means ± SEM (n = 3), Student’s t-test, *P < 0.05, ***P < 0.001 versus sh-NC group.
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way.
Copyright © 2024 Shi, Kong, Miao, Gou, Yin, Ding, Cao, Meng, Gu and Suo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]




[image: image]


OPS/images/ebm-250-10390/ebm-250-10390-g001.gif





OPS/images/ebm-250-10390/ebm-250-10390-g002.gif





OPS/images/ebm-249-10419/crossmark.jpg
©

|





OPS/images/ebm-249-10419/ebm-249-10419-g003.gif
H

DI —






OPS/images/ebm-250-10204/ebm-250-10204-gx001.gif





OPS/images/ebm-250-10390/crossmark.jpg
©

|





OPS/images/ebm-249-10377/ebm-249-10377-t001.jpg
Gene

Product

Phagosome/Antigen processing and presentation (mmu04145/mmu04612)°

Fold change

H2-Bl Histocompatibility 2, blastocyst 185.60
H2-T-ps Histocompatibility 2, T region locus, pseudogene 8.82
H2-Q10 Histocompatibility 2, Q region locus 10 537

Clec7a C-type lectin domain family 7, member a 324

7 H2-Q6 Histocompatibility 2, Q region locus 6 241

H2-Q4 Histocompatibility 2, Q region locus 4 203

Cellular senescence (mmu04218)
Mapkll Mitogen-activated protein kinase 11/p38 MAPK-p 219

Mapk3 Mitogen-activated protein kinase 3/ERK-1 177

Lysosome (mmu04142)
Ctse Cathepsin E 1044
Cisg Cathepsin G 810
cisl Cathepsin L 312
Ctss Cathepsin § 291
Arsb Arylsulfatase B 262
cusf Cathepsin F 246
Sgsh N-sulfoglucosamine sulfohydrolase (sulfamidase) 192
Cisd Cathepsin D 1.90
Neutrophil extracellular trap formation (mmu04613)
H2bcl§ H2B clustered histone 18 10115
H2bc13 H2B clustered histone 13 17.54
Ctsg Cathepsin G 810
H2bell H2B clustered histone 11 433

H2bc12 H2B clustered histone 12 3.60

Clec7a C-type lectin domain family 7, member a 324

Plcb2 Phospholipase C, beta 2 321
Mapk11 Mitogen-activated protein kinase 11 219
Mapks Mitogen-activated protein Kinase 3 177

Cell adhesion molecules (mmu04514)
Fllr FI1 receptor 230
Arginine and proline metabolism (mmu00330)

Gatm Glycine amidinotransferase (L-arginineglycine amidinotransferase) 3032

Arg2 Arginase type 11 472

Maoa Monoamine oxidase A 261

Gotl Glutamic-oxaloacetic transaminase 1, soluble 1.76

Apoptosis (mmu04210)
Gzmb Granzyme B 6.69
Tyrosine metabolism (mmu00350)
7 Fah Fumarylacetoacetate hydrolase 250

"KEGG pathways database accession numbers are indicated next to the pathway name.
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Genotyping primers

Gene allele Designation Forward Reverse

Spp1H SppIKO GCCTGAAGAACGAGATCAGC GTCTGGAGAACATGGGTGCT
Sppl wT [ GGGTGCAGGCTGTAAAGCTA GTCTGGAGAACATGGGTGCT
PasgrtnTOMDYLE PostnKO CGGTCGCTACCATTACCAGT CAGTTCCTACCCCACAGGAG
Postn wT CATCCTAAATACCCTCCAGTGC GGACTTCATCAATCAGGTGGA

RTQPCR Primers

Protein Forward Reverse
Actb B-actin GGGCTATGCTCTCCCTCACG AGACGAACATAGCACAGCTTC
TCTT
Mmp-13 Matrix GAGTGCCTGATGTGGGTGAAT CCAGAAGGTCCATCAAATGGG
Metallopeptidase T
13
Acps Tartrate-resistant GGTTCCAGGAGACCTTTGAG TTCCAGCCAGCACATACC
Acid Phosphatase 5
Cisk Cathepsin-K AGGCAGCTAAATGCAGAGGGT AGCTTGCATCGATGGACACAG AGA
ACA
Acan Aggrecan CATGAGAGAGGCGAATGGAA TGATCTCGTAGCGATCTTTCTT
CT
Pecam1 CD-31 CCAAAGCCAGTAGCATCATGG GGATGGTGAAGTTGGCTACAG
TC G
Prgs2 Cyclooxygenase-2 GGGCAGGAAGTCTTTGGTC GGTAACCGCTCAGGTGTTG
B2m £-2-microglobulin CTGCTACGTAACACAGTTCCA CATGATGCTTGATCACATGTCT
cce CG
Postn Periostin CCTGCCCTTATATGCTCTGCT AAACATGGTCAATAGGCATCA
CcT
Sppl Osteopontin GCAGCCATGAGTCAAGTCAGC GCCTCTTCTTTAGTTGACC
Bglap Osteocalcin CCATGAGGACCATCTTTCTGC CAGGTCCTAAATAGTGATACC
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Compan Catalog number Dilution Antigen retrieval
CTSK (cathepsin K) Novus Biologicals NBP1-45460 PAb 1:100 10 mM sodium citrate, 1 h, 75°C
CD-31 Cell Signaling 77699 b 1:500 10 mM sodium citrate, 1 h, 75°C
Collagen X abcam b260040 MAb 1:1,000 25 mg/mL hyaluronidase, 1 h, 37°C
COX-2 Cayman 160,126 PAb 1:700 10 mM sodium citrate, 1 h, 75°C
F4/80 Cell Signaling 70076 | MAb 1:1,000 | 10 mM sodium citrate, 1 h, 75°C
MMP-13 abcam b219620 MAb 1:100 25 mg/mL hyaluronidase, 1 h, 37°'C
SPP1 (osteopontin) Novus Biologicals NB600-1043 PAb 1:50 10 mM sodium citrate, 1 h, 75'C
POSTN (periostin) Sino Biological i 50450-RP02 | PAb 1:5,000 | 10 mM sodium citrate, 1 h, 75°C
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Laboratory, median (IQR)
Hemoglobin
White Blood Cell Count
Neutrophils
Lymphocytes
Platelets
Creatinine
INR
Lactate
CRP
D-Dimer
Albumin

137.0 (117.0-142.0)
75 (47-10.4)
66 (3.5-8.4)
10 (05-12)

236.0 (187.0-277.0)

700 (54.0-92.0)
10 (1.0-1.1)

15 (1.3-2.2)
90.6 (68.1-112.1)
6160 (441.0-3,367.0)
340 (31.5-36.5)

al variable Healthy subj Mild COVID-19 Severe COVID-19
Age in years, median (IQR) 61 (46-66) 59 (46-68) 60 (47-67)
Sex, female: male 78 78 78
Comorbidities, n (%)
Diabetes 3(20.0) 3(200)
Hypertension 6 (40.0) 5(333)
Coronary Artery Disease 0(0) 0(0)
Heart Failure 0(0) 0 (0)
Chronic Kidney Disease 1(66) 0 (0)
Cancer 1(6.6) 1(6.6)
COPD 00 0(0)
MODS, median (IQR) - 45 (4.0-5.0)
SOFA, median (IQR) 60 (20-7.0)
Presenting Symptoms, n (%)
Fever 11 (73.3) =
Cough 12 (80.0) 2
Anosmia/ageusia 3(200) -
Pharyngitis 3(20.0) -
Headache 2(133) -
Myalgias 9 (60.0) -
Dyspnea 13 (86.6) =
Chest Pain 0(0) *
Nausea/vomiting/diarrhea 6 (40.0) -

1210 (104.0-136.0)
82 (69-115)
73 (55-9.7)
07 (04-1.0)

2100 (186.0-2100)

810 (56.0-184.0)
12 (1.1-1.3)
12 (1.0-1.9)

133.9 (71.1-240.5)

3,964.0 (1224.0-14725.0)
300 (260-32.0)

Pulmonary Abnormalities, n (%)

Bilateral Infiltrates 14 (933) 15 (100)
Unilateral Infiltrates 0(0) 0 (0)
Normal 1(66) 0 (0)
P/F Ratio, median (IQR) - 93.0 (66.0-131.0)
Interventions, n (%)
Antibiotics 14 (93.3) 15 (100)
Steroids 15 (100) 10 (66.6)
Remdesivir 4(26.6) 0(0)
Tocilizumab 1(66) 0 (0)
Vasoactive medications 2(133) 14 (93.3)
High Flow Nasal Cannula 7 (46.6) 10 (66.6)
Non-invasive MV 1(66) 4(266)
Invasive MV 2(133) 14 (93.3)
Renal Replacement Therapy 0(0) 3(200)
ICU Days, median (IQR) - 17.0 (10.0-26.0)
Hospital Days, median (IQR) 8.0 (6.0-16.0) -
Outcome, n (%)
Alive 15 (100) 8 (53.3)
Dead 0(0) 7 (46.6)





