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Editorial: Experimental biology and medicine: new frontiers
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Experimental Biology and Medicine (EBM) has transferred to the Gold open access publisher Frontiers with this being the seminal issue of the partnership. Authors can submit manuscripts through the Frontiers portal (https://www.ebm-journal.org/submission/submit).
The Society of Experimental Biology and Medicine (SEBM) was created in 1903 in the Northeast of the United States and its journal, then called the Proceedings of the Society of Experimental Biology and Medicine, was first published in June 1904. The Proceedings of the Society of Experimental Biology and Medicine was renamed Experimental Biology and Medicine (EBM) in 2001. I was honored to be selected as the Editor-in-Chief of EBM in 2006, with my first issue published in July of that year. When being interviewed for the position of Editor-in-Chief, I stated two goals: 1) to expand the number of categories from the seven that existed in 2006 by adding cutting edge interdisciplinary and multidisciplinary new categories and 2) to globalize the journal and, in so doing, globalize the Society. We have accomplished both goals over the last 17 years.
EBM now has twenty-two categories to which authors can submit manuscripts that encompass the breadth of modern biomedical research. Our categories cover the entire translational spectrum including basic, preclinical, clinical, clinical trial and population research. EBM’s focus is on biomedical research that is relevant to the practice of medicine. We publish original research articles, Brief Communications, Reviews, Mini Reviews, and at the Editor-in-Chief’s discretion Commentaries and Editorials.
In terms of global expansion EBM/SEBM now has offices and Global Editors on the six habitable continents. In addition to its US offices in Memphis, Tennessee, College Station, Texas, and Washington DC; EBM/SEBM now has offices in Taiwan (Tainan), the United Kingdom (London), China (Chengdu), Brazil (Campinas), Ghana (Accra), and Australia (Perth). The current 180 members of the Editorial Board are outstanding scientists coming from the global research community. With the accomplishments of broadening the scope and coverage of our categories and expanding to all habitable continents, EBM submissions have grown by over 6-fold since my becoming Editor-in-Chief, with the correlated growth of the impact of our content.
EBM is unique in its broad range of topical areas and its coverage of the complete translational research spectrum. I believe that building upon its strong history and current direction, EBM will become the premier journal that publishes biomedical research that has a direct impact on the practice of modern medicine. The new EBM-Frontiers partnership is committed to a fully open access model which makes our publications rapidly accessible to all researchers internationally. Advances in biomedical research require open, transparent, rapid communication between all researchers. It is this international collegial interaction which will have the greatest impact upon improving the health and wellbeing of all people around the globe.
I personally invite you to submit your work to Experimental Biology and Medicine. We will oversee your submission in the manner that we want our own work to be reviewed and judged. Together we will help transform global health through biomedical research.
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The author confirms being the sole contributor of this work and has approved it for publication.
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Goodman. 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.
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miR-539-5p targets BMP2 to regulate Treg activation in B-cell acute lymphoblastic leukemia through TGF-β/Smads/MAPK
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Abstract
MicroRNAs (mRNAs) were believed to play an important role in cancers, and this study aimed to explore the mechanism of miRNA regulating Treg in B-cell acute lymphoblastic leukemia (B-ALL). Firstly, the differentially expressed miRNAs and target genes significantly associated with Tregs were screened out by high-throughput sequencing, and their enrichment pathways were analyzed. The binding relationship between miRNA and target genes was further verified, and the effects of miRNA on the proliferation and apoptosis of B-ALL Nalm-6 cells and Treg activation were analyzed. Results showed that differentially expressed miR-539-5p was significantly under-expressed, and its target gene BMP2 was significantly over-expressed in B-ALL, and significantly enriched in the TGF-β1 pathway. In addition, both miR-539-5p and BMP2 were significantly correlated with Treg activity in B-ALL. In vitro experiments further confirmed that miR-539-5p could directly target BMP2. The low expression of miR-539-5p in B-ALL significantly promoted BMP2 expression to promote the proliferation and inhibit apoptosis of Nalm-6 cells. Furthermore, the high expression of BMP2 in B-ALL could cooperate with TGF-β1 to promote the activation of human CD4+CD25-T cells to Treg, and significantly activate the TGF-β/Smads/MAPK pathway. In vivo experiments also confirmed that overexpression of miR-539-5p significantly inhibited BMP2 to suppress Treg activation and Smad1 and Smad2 phosphorylation, and finally inhibit the B-ALL process. In conclusion, miR-539-5p was significantly under-expressed in B-ALL and could target BMP2 to promote its expression, and the overexpressed BMP2 further promoted Treg activation in B-ALL by regulating TGF-β/Smads/MAPK pathway.
Keywords: miR-539-5p, BMP2, TGF-β, Treg, B-cell acute lymphoblastic leukemia
IMPACT STATEMENT
Acute lymphoblastic leukemia (ALL) is a hematological malignancy characterized by abnormal proliferation of primary and juvenile lymphocytes in the bone marrow and peripheral blood. Exploring the pathogenesis of ALL is of great clinical significance for further improving the long-term survival rate and reducing the recurrence of ALL. Studies have shown that miRNA can be used for early clinical diagnosis and prognosis of tumors, and play an important role in ALL. In this study, high-throughput sequencing technology was used to screen the differentially expressed miRNAs of ALL, and the mechanism was explored based on the regulatory Treg. It was found that miR-539-5p was significantly under-expressed in ALL, and could target BMP2 to promote its expression. Overexpression of BMP2 further promoted the activation of Treg in ALL by regulating the TGF-β/Smads/MAPK pathway. The study can provide new ideas and methods for understanding the occurrence and development of ALL.
INTRODUCTION
Acute lymphoblastic leukemia (ALL) is one of the most common hematological malignancies in children, accounting for about 20% of pediatric cancers [1]. It is mainly divided into B-cell ALL (B-ALL) and T-cell ALL (T-ALL), among which B-ALL accounts for 85% and T-ALL accounts for 15% [2]. In recent years, the 5-year survival rate of ALL is relatively high, which can reach 90% [3]. However, 20% of ALL are still at risk for relapse, and treatment outcomes after relapse are unsatisfactory and are the leading cause of death in ALL [4]. With the rise of immunotherapy, immunotherapies targeting ALL antigen-associated monoclonal antibodies and chimeric antigen receptor T cells have been shown to be effective against ALL and can significantly improve the prognosis of patients with relapsed/refractory ALL [5]. In addition, miRNAs have been described as modulators of a large number of different immune processes and have the potential to be key to the future development of immunotherapy [6]. Similarly, it is currently believed that the most important factors affecting the recurrence of ALL are the genetic and molecular biological abnormalities in the course of the disease [7]. Some studies have helped to demonstrate that specific miRNA gene expression signatures are associated with specific B- or T-ALL subpopulations. Further exploring the involvement of miRNA genes in the disease process of B-ALL alone or in the network, and clarifying the relationship between specific miRNA and the pathogenesis of B-ALL, will have important clinical significance for reducing the recurrence of B-ALL.
ALL, as cancer affecting lymphoid blood cells, originates primarily from B or T lymphoid progenitor cells [8]. T lymphocytes are an important member of cellular immunity in the body, which can be further divided into CD4+ T and CD8+ T cells [9]. Abnormal expression of CD4+ and CD8+ T cells has been confirmed in previous studies of patients with solid tumors [10, 11]. Regulatory T cells (Treg) are the immunosuppressive T cell subsets of CD4+ T cells, which can inhibit the activation and proliferation of effector T cells and the functions of primary and memory T lymphocytes, and participate in the maintenance of autoimmune homeostasis [12, 13]. Studies have found that Treg can suppress the anti-cancer immune response through a variety of immune regulatory pathways, leading to cancer evasion from immune surveillance [14]. The abnormal number and function of Treg are involved in a variety of solid cancers and hematological malignancies, and are correlated with the prognosis of cancers, which has important clinical value for the evaluation and prognosis of patients [15]. Moreover, studies have shown that Treg cells in B-ALL patients have an important relationship with immune deficiency [16], and the differential expression levels and regulation of Treg may affect the diagnosis and treatment of B-ALL. However, the specific mechanism of regulating Treg in B-ALL remains unclear and needs further study.
Therefore, in this study, high-throughput sequencing was used to analyze the whole transcriptome in peripheral blood mononuclear cells (PBMCs) of B-ALL, and the differentially expressed miR-539-5p and its target gene bone morphogenetic protein 2 (BMP2) were screened to be involved in Treg regulation in B-ALL. In vitro and in vivo experiments further confirmed the regulatory effects and the possible mechanism of the miR-539-5p/BMP2 regulatory network on Treg in B-ALL.
MATERIALS AND METHODS
Clinical sample collection
The high-throughput sequencing samples were collected from five newly diagnosed B-ALL children at West China Second University Hospital of Sichuan University, and five healthy children who underwent physical examination in the outpatient department of our hospital were selected as the control. The blood routine and various indexes of children in control group showed normal, with no previous history of hematological malignancy or family history. And there was no statistical difference in age or gender between the two groups. In addition, 46 B-ALL children and 42 healthy children matched by age and sex were included for follow-up study. The diagnostic criteria for B-ALL refer to Chinese Children Cancer Group (CCCG) ALL 2015 protocol (CCCG-ALL-2015). This study was approved by the Ethics Committee of West China Second University Hospital of Sichuan University, and all patients and their families agreed and signed informed consent.
Isolation of PBMCs
Freshly 2 mL EDTA anticoagulated whole blood from B-ALL patients and healthy children were mixed with 2 mL PBS, and then slowly added to 3 mL of Ficoll-Paque density gradient media (cat. no. 17-5442-02; GE, United States). Centrifugation at room temperature at 400 g for 30 min, the top layer of plasma was removed, and the middle layer was washed with 3-fold volume of PBS. After centrifugation at 400 g for 10 min, the supernatant was discarded and the precipitation was PBMCs for subsequent study.
Transcriptome sequencing analysis
Total RNA was extracted from PBMCs [17–19] by Trizol (cat. no. 15596026; Invitrogen, United States), and the integrity and concentration of RNA were examined using Agilent 2100 Bioanalyzer (Agilent, United States). The TruSeg Small RNA Sample Prep kit (cat. no. RS-200-0012; Illumina, United States) was used to obtain cDNA. The cDNA library was further constructed and enriched, and sequencing was performed on the Illumina platform. The original sequencing data were de-spliced and the quality-filtered sequences were de-processed. According to the human genome annotation, the abundance of the de-duplicated sequences was annotated. The characteristics and expression levels of miRNAs in PBMCs of B-ALL and controls were statistically analyzed. And DESeq software of R language (version 4.3.0) was used to analyze the differentially expressed miRNA and mRNA, while p < 0.05 and |log2FoldChange| >1.0 were defined as significantly differentially expressed mRNA or miRNA. Further, R language was used to cluster the differentially expressed miRNAs, predict the target genes, and perform functional enrichment analysis of the predicted target genes, including gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
Cell culture and transfection
Human B lymphoid leukemia cells Nalm-6 and human embryonic kidney cells H293-T were both purchased from Procell (Wuhan, China). H293-T cells were cultured in DMEM (Hyclone, United States) containing 10% FBS (CLARK BIOSCIENCE, United States) and 1% P/S (Hyclone, United States) and were used for double luciferase reporter assay. Nalm-6 cells were cultured in RPMI-1640 medium (Hyclone, United States) to analyze the role of miR-539-5p/BMP2 in the induction of Treg by Nalm-6 cells. Negative control-siRNA (NC-siRNA), siRNA targeting BMP2 (BMP2-siRNA), NC of pcDNA plasmid (pcDNA-NC), pc-DNA plasmid containing BMP2 sequence (pcDNA-BMP2), NC-mimic and miR-539-5p-mimic (all synthesized or purchased from Guangzhou Ribobio, China) were transfected into Nalm-6 cell by Lipofectamine 2000 (Beyotime, China).
Double luciferase reporter assay
The binding sites of miR-539-5p and BMP2 were predicted by online software Targetscan1, and the BMP2 wild-type (BMP2-WT) and mutant sequence (BMP2-Mut) were constructed and cloned into the dual luciferase reporter pmirGLO-UTR vector. H293-T cells were co-transfected with the reporter plasmid and NC-mimic or miR-539-5p-mimic for 48 h by Lipofectamine 2000. Firefly luciferase and renilla luciferase values were determined and luciferase activity was calculated using the dual luciferase reporter kit (Promega Corporation, United States).
Cell activity analysis
The proliferation activity of Nalm-6 cells was analyzed by Cell Counting Kit-8 (CCK8). After different treatments, Nalm-6 cells were incubated with 10 μL CCK8 detection reagent (cat. no. C0037; Beyotime, China) for 1 h. The absorbance was measured at 450 nm and the cell viability was calculated.
Apoptosis detection
Apoptosis was detected by Annexin V-FITC/PI double staining. Nalm-6 cells with different transfection were collected, resuspended with 500 μL Binding Buffer, stained with 5 μL Annexin V-FITC, and 5 μL PI (cat. no. C1062S; Beyotime, China) for 15 min at room temperature under darkness, and then analyzed by flow cytometer (BD FACSCanto, United States).
Sorting of CD4+CD25-T cells in PBMCs
The human CD4 T lymphocyte enrichment kit (cat. no. 557939; BD, United States) was used to enrich CD4+T cells in PBMCs of normal healthy subjects according to the manufacture instructions. Then, the number of enriched CD4+T lymphocytes was counted and washed by 1×BD IMag buffer (cat. no. 552362; BD, United States), and the BD IMag anti-human CD25 magnetic particle-DM (cat. no. 558005; BD, United States) was added to incubate for 30 min at room temperature. After bringing the BD IMag-particle labeling volumes up to 1–8 × 107 cells/mL with 1 × BD IMag buffer, the tubes were immediately placed on a cell separation magnet (cat. no. 552311; BD, United States) to incubate at room temperature for 9 min. Finally, carefully aspirate the supernatant, which contains the negative fraction (CD4+CD25-T cells).
Treg induction in vitro
Primary peripheral blood CD4+CD25-T cells were cultured in the RPMI-1640 medium containing anti-CD3 (5 μg/mL), anti-CD28 (5 μg/mL), IL-2 (100 U/mL) and retinoic acid (10 nM) at 37°C and 5% CO2 for 5 days for routine Treg induction. To analyze the role of miR-539-5p in Nalm-6 cell-induced Treg activation, subsequent experiments were divided into eight groups: control group, Nalm-6 cell supernatant group (NC), miR-539-5p-mimic transfected cell supernatant group (miR-539-5p-mimic), BMP2-siRNA transfected cell supernatant group (BMP2-siRNA), TGF-β1 positive control group (TGF-β1), TGF-β1+NC, TGF-β1+miR-539-5p-mimic, TGF-β1+BMP2-siRNA. The control group was treated by the routine induction method. Groups containing TGF-β1 were supplemented with 10 ng/mL TGF-β1. The NC, miR-539-5p-mimic and BMP2-siRNA groups were added with the culture supernatant of Nalm-6 cells transfected with NC, miR-539-5p-mimic and BMP2-siRNA at 1:1, respectively.
Treg cell ratio analysis
The proportion of Treg in peripheral blood of B-ALL patients was characterized by CD3+CD4+CD25+CD127- in this study. Briefly, 5 μL fluorescein-labeled monoclonal antibodies FITC-CD3 (cat. no. 11-0037-42; Invitrogen, United States), PerCP-Cy5.5-CD4 (cat. no. 45-0049-42; Invitrogen), PE-CD25 (cat. no. 12-0259-80; Invitrogen) and APC-CD127 (cat. no. 17-1278-42; Invitrogen) were added to 100 μL anticoagulant blood samples, and incubated at room temperature for 30 min away from light. Then, 2,000 μL of FACS Lysing Solution (BD, United States) was added and incubated at room temperature and away from light for 10 min. After washing and suspension with PBS, flow cytometer was used for detection. In addition, the proportion of Foxp3+ Treg in CD4+CD25-T cells after induction was also measured. The cells with different treatments were incubated with 5 μL FITC-labeled CD4 antibody (cat. no. 11-0041-82; Invitrogen) and APC-CD25 antibody (cat. no. MA5-16224; Invitrogen) at 4°C for 30 min. After washing with PBS, the membrane-breaking fixative was incubated at 4°C for 1 h. Then, 5 μL PE-Foxp3 antibody (cat. no. 12-4774-42; Invitrogen) was incubated at 4°C for 1 h. The proportion of Foxp3+Treg cells was detected by flow cytometer.
Proliferation activity of CD4+CD25-T cells
The isolated CD4+CD25-T cells were induced at 37°C and 5% CO2 for 5 days according to different groups. After centrifugation, the cells were incubated at 37°C for 20 min with 2 μM carboxyfluorescein succinimidyl ester (CFSE) staining solution (cat. no. C0051; Beyotime, China), neutralized and washed twice with RPMI-1640 containing FBS. CFSE was detected by flow cytometry, and the proliferation rate was calculated.
Animals experimental design
Eighteen NOD/SCID mice, weighing 18–20 g and aged 4–5 weeks, were purchased from Chengdu Dossy experimental animals Co., LTD. [animal license number: SYXK (chuan) 2019-189]. Animal experiments were approved by the Ethics Committee of West China Hospital of Sichuan University. The mice were randomly divided into three groups: control group, NC-mimic group and miR-539-5p-mimic group. Nalm-6 cells in the logarithmic growth phase were selected, and NOD/SCID mice were injected with 5 × 106 Nalm-6 cells, NC-mimic or miR-539-5p-mimic transfected Nalm-6 cells via tail vein, respectively.
Wright-Giemsa staining
After the bone marrow of mice was taken for smear, 2–3 drops of Wraith-Giemsa dye solution (cat. no. CR2012035; Servicebio, China) was added to dye for 2 min, then the same amount of 0.01 M phosphate buffer (pH6.4–6.8) was stained for 5 min. The morphological changes were observed by a digital slice scanner (Pannoramic 250, 3DHISTECH, Hungary).
ELISA detection
The expressions of BMP2, IL-10, IL-35, TGF-β1 and TGF-β2 in human/mouse serum and cells were detected by the corresponding ELISA kit (Beyotime, China), each sample was repeated at least three times.
Real-time quantitative polymerase chain reaction (RT-PCR)
Firstly, total RNA was extracted by Trizol reagent. For miRNA detection, the total RNA was reversed into cDNA by Bulge-LoopTM miRNA qRT-PCR Primer (cat. no. R10031.7; Ribobio, China), and Bulge-Loop miRNA qRT-PCR Starter Kit (cat. no. R11067.2; Ribobio) was used for PCR reaction with 20 µL reaction system. For mRNA detection, the cDNA was obtained by Prime Script RT reagent Kit (cat. no. RR047A; Takara, Japan). Then TB Green Premix Ex Taq Ⅱ (cat. no. RR820A; Takara) was used for PCR reaction. The relative expression levels were calculated using 2−△△CT methods. U6 was used as the internal reference for miRNA expression [20], and β-actin was used for mRNA. The primer sequences were shown in Table 1.
TABLE 1 | The primer sequences used in the study.
[image: Table 1]Western blot analysis
Total protein was extracted using protein lysate (cat. no. P0013; Beyotime, China), and quantified by BCA protein kit (cat. no. P0009; Beyotime). After denaturation, the total protein was separated by SDS-PAGE and transferred to the PVDF membrane (cat. no. ISEQ00010; Sigma-Aldrich, United States). The PVDF membranes were blocked with 5% skim milk for 2 h, then incubated with the corresponding primary antibody at 4°C overnight, and the secondary antibody at room temperature for 2 h for immune response. The protein was visualized by ECL luminescent solution (cat. no. KF001; Affinity, United States) through the chemiluminescence gel imager (Tanon, China). The primary antibodies BMP2 (cat. no. AF5163), PCAN (cat. no. DF10168), p38 (cat. no. AF6456) and p-p38 (cat. no. AF4001) were purchased from Affinity (United States); Bax (cat. no. ab32503), Bcl-2 (cat. no. ab182858), FOXP3 (cat. no. ab215206), Smad1 (cat. no. ab33902), p-Smad1 (cat. no. ab226821), Smad2 (cat. no. ab33875) and p-Smad2 (cat. no. ab188334) were purchased from Abcam (United Kingdom); ERK1/2 (cat. no. 11257-1-AP), JNK1/2 (cat. no. 66210-1-lg) and p-JNK1/2 (cat. no. 80024-1-RR) were purchased from Proteintech (United States); p-ERK1/2 (cat. no. AP0472) and β-actin (cat. no. AC026); were purchased from abclonal (China). Biotinylated goat anti-rabbit IgG (H+L) (cat. no. ab6721) and goat anti-mouse IgG (H+L) (cat. no. ab6789) were purchased from Abcam (United Kingdom).
Statistical analysis
All statistical results were analyzed using SPSS version 29.0 software package (IBM Corp., Armonk, NY United States). The Shapiro-Wilk test was used to check whether the data conform to the normal distribution. The data conforming to the normal distribution were expressed as mean ± standard deviation. And the difference between the two groups was analyzed by student's t-test, and the difference among multiple groups was analyzed by one-way analysis of variance. p < 0.05 was considered statistically significant.
RESULTS
Transcriptome sequencing of PBMCs in B-ALL
The expression characteristics of mRNA and miRNA in PBMCs were analyzed by microarray sequencing. In this study, five samples from the B-ALL and control groups were used for transcriptome mRNA expression analysis. Since only three samples in the B-ALL group were eligible for miRNA analysis, there were three cases in the B-ALL group and five cases in the control group in miRNA analysis. A total of 1,666 miRNA and 17,453 mRNA were obtained in this study. The results of the differential statistics were represented by volcanic maps (Figures 1A, B). Compared with the control group, there were 2,623 differentially expressed mRNAs in the B-ALL group, 1,385 mRNAs were significantly up-regulated and 1,238 were significantly down-regulated (Figure 1A). There were 239 differentially expressed miRNAs, 107 were significantly up-regulated and 132 were significantly down-regulated (Figure 1B). A total of 239 differentially expressed miRNAs were predicted to have a total of 18,319 target genes corresponding to 38,188 target sites. Bidirectional cluster analysis of the differential genes and samples showed that the mRNA and miRNA expression clusters of B-ALL were significantly different from those of the control group (Figures 1C, D). The statistics of the top 10 differentially up-regulated and down-regulated miRNAs and mRNA were shown in Figure 1E.
[image: Figure 1]FIGURE 1 | High-throughput sequencing was used to screen differentially expressed genes between B-ALL and controls. (A) Volcano map of differentially expressed mRNAs. (B) Volcano map of differentially expressed miRNAs. Red dots indicate upregulated genes, blue dots indicate downregulated genes. (C) Cluster analysis of differentially expressed mRNAs. (D) Cluster analysis of differentially expressed miRNAs. Horizontal represents genes, and each column is a sample. Red indicates high expression and green indicates low expression. (E) The top 10 differentially up-regulated and down-regulated miRNAs and mRNAs. (F) Bar chart of GO enrichment analysis of differentially expressed miRNAs. (G) Bar graph of KEGG pathway enrichment analysis of differentially expressed miRNAs. GO: gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.
To further clarify the functions of differentially expressed genes, we conducted an enrichment analysis. The GO enrichment analysis results of differentially expressed miRNA target genes showed that they were mainly enriched in intracellular, cytoplasm, organelle, binding, protein binding, and anatomical structure development, these differentially expressed target genes may play an important role in regulating cell development (Figure 1F). KEGG pathways enrichment were shown in Figure 1G. The results suggest that differentially expressed miRNA target genes had significant differences in regulating cell proliferation, survival and apoptosis, including the TGF-beta signaling pathway, Rap1 signaling pathway, cAMP signaling pathway and MAPK signaling pathway. MiRNAs regulating these pathways may be involved in the abnormal proliferation of B lymphocytes in ALL (Table 2). Among them, the TGF-β signaling pathway has the highest enrichment factor and also has significant differences (p < 0.05, Table 2). The involved differentially expressed miRNAs and differentially expressed target genes were analyzed, and miR-539-5p and BMP2 were preliminarily screened (Table 2).
TABLE 2 | miRNAs and their target genes in KEGG enrichment pathways related to cell proliferation and activation.
[image: Table 2]miR-539-5p/BMP2 was associated with Treg activation in B-ALL
To verify the accuracy of the sequencing data, blood samples were collected from 20 B-ALL patients and 15 controls. The miRNAs with significant expression differences were selected from the sequencing data, among which miR-548ba, miR-1266-5p, miR-466, miR-551a and miR-4484 were the top five miRNAs with up-regulated multiples, miR-539-5p, miR-1-3p, miR-133a-3p, miR-6718-5p, miR-11401 and miR-1250-5p were the top 6 miRNAs that found to be down-regulated, and the results of sequencing data were verified by RT-PCR. As shown in Figure 2A, the RT-PCR results were consistent with the sequencing results (p < 0.001). In addition, in order to study the relationship between the differential expression of miRNA and the proportion of Treg in peripheral blood of children with B-ALL, we divided B-ALL children into low expression group and high expression group with the median expression of each differentially expressed miRNA as the critical value, and analyzed whether there was a difference in the proportion of Treg between the low expression group and the high expression group. The results showed that there was no statistical significance in the proportion of Treg between miR-548ba (median: 3.03), miR-1266-5p (median: 1.53), miR-466 (median: 1.81), miR-4484 (median: 2.10), miR-1-3p (median: 0.73), miR-133a-3p (median: 0.68), miR-6718-5p (median: 0.71), miR-11401 (median: 0.59), and miR-1250-5p (median: 0.46) low expression group and high expression group (p > 0.05, Figure 2B). Only miR-551a (median: 2.07) and miR-539-5p (median: 0.67) had significant differences in the proportion of Treg cells between the low and high expression groups (p < 0.01, Figure 2B). Therefore, we further identified miR-539-5p as the object of follow-up research. Then, the expressions of TGF-β1, TGF-β2, IL-35 and IL-10 in the serum of B-ALL were analyzed by ELISA, which showed that TGF-β1, IL-35 and IL-10 were significantly increased in the B-ALL group (p < 0.01, Figure 2C). The proportion of Treg was significantly higher in the B-ALL group than that in the control group (p < 0.05, Figures 2D, E). Correlation analysis showed that the proportion of Treg was significantly negatively correlated with the expression of miR-539-5p (Figure 2F). In addition, the expression of BMP2 in serum was analyzed by ELISA, which showed that the level of BMP2 in the B-ALL group was significantly higher than that in the control group (p < 0.001, Figure 2G), and the proportion of Treg was significantly positively correlated with the expression of BMP2 (p < 0.05, Figure 2H). RT-PCR results also showed that the gene expression of BMP2 in the B-ALL group was significantly higher than that in the control group (p < 0.001, Figure 2I), and it was significantly negatively correlated with the gene expression of miR-539-5p (p < 0.05, Figure 2J). These results indicated that miR-539-5p could significantly regulate the gene expression and secretion of BMP2 to participate in Treg activation in B-ALL.
[image: Figure 2]FIGURE 2 | Expression of miR-539-5p/BMP2 in B-ALL and its relationship with Treg activation. (A) RT-PCR was used to verify the differential expressed miRNAs in more clinical samples. (B) With the median of differentially expressed miRNA expression as the critical value, B-ALL children were divided into low expression group and high expression group, and the proportion of Treg was analyzed. (C) The expressions of TGF-β1, TGF-β2, IL-35 and IL-10 in serum were detected by ELISA. (D) The proportion of Treg in peripheral blood was detected by flow cytometry. (E) Statistical bar graph of flow cytometry. (F) Correlation between miR-539-5p expression level and Treg ratio in B-ALL. (G) Serum BMP2 content was detected by ELISA. (H) Correlation between BMP2 concentration and Treg ratio in B-ALL. (I) The gene expression of BMP2 was detected by RT-PCR. (J) Correlation between expression levels of miR-539-5p and BMP2 in B-ALL. *p < 0.05, **p < 0.01, ***p < 0.001.
miR-539-5p directly targets BMP2
To further clarify whether there is a clear targeting relationship between miR-539-5p and BMP2, TargetScan was used to analyze the possible binding sites between miR-539-5p and BMP2 3′UTR. The result was shown in Figure 3A. After transfecting H293T cells with a 5 pmol NC mimic or miR-539-5p mimic, the gene expression of miR-539-5p was detected by RT-PCR, and results showed that miR-539-5p expression in the miR-539-5p mimic group was significantly increased compared with that of the NC mimic group (p < 0.01, Figure 3B). Then, the relationship between miR-539-5p and BMP2 was verified by double luciferase reporter assay (Figure 3C). The results showed that there was no significant difference in luciferase activity between NC-mimic+BMP2-Mut and miR-539-5p-mimic+BMP2-Mut groups (p > 0.05), while the luciferase activity was significantly decreased in the miR-539-5p-mimic+BMP2-WT group compared with NC-mimic+BMP2-WT group (p < 0.001), indicating that miR-539-5p directly targeted the 3′UTR region of BMP2, thereby affecting BMP2 gene expression.
[image: Figure 3]FIGURE 3 | Binding relationship between miR-539-5p and BMP2. (A) The predicted binding site of miR-539-5p and BMP2 3′UTR. (B) RT-PCR was used to detect the gene expression of miR-539-5p after transfecting NC mimic or mir-539-5p mimic. (C) Double luciferase reporter assay to verify the binding relationship between miR-539-5p and BMP2. *p < 0.05, **p < 0.01, ***p < 0.001.
Effects of miR-539-5p/BMP2 on proliferation and apoptosis of Nalm-6 cells
To clarify the role of the downstream target gene BMP2 in B-ALL cells, BMP2-siRNA and pcDNA-BMP2 were constructed to transfect Nalm-6 cells. The transfection efficiency analysis by WB showed that the protein expression of BMP2 was significantly reduced in the BMP2-siRNA group compared with the NC-siRNA, and was significantly increased in the pcDNA-BMP2 group compared with the pcDNA-NC group (p < 0.001, Figure 4A). In addition, compared with NC-siRNA or pcDNA-NC group, the BMP2-siRNA group significantly inhibited cell proliferation activity (p < 0.05, Figure 4B), promoted cell apoptosis (p < 0.001, Figures 4C, D), increased the protein expression of Bax, and decreased the protein expression of Bcl-2 and PCN2 (p < 0.05, Figures 4E, F), while pcDNA-BMP2 group showed the opposite effect (Figures 4B–F). These results suggested that BMP2, as the downstream target gene of miR-539-5p, could significantly promote cell viability and inhibit apoptosis in Nalm-6 cells.
[image: Figure 4]FIGURE 4 | Effects of miR-539-5p downstream gene BMP2 on proliferation and apoptosis of Nalm-6 cells. (A) After transfection with BMP2-siRNA or pcDNA-BMP2, the protein expression of BMP2 was detected by WB to verify the transfection efficiency. (B) CCK8 was used to detect the viability of Nalm-6 cells after intervention or overexpression of BMP2. (C) The apoptosis of Nalm-6 cells was detected by flow cytometry. (D) Histogram of percentage of apoptotic cells. (E) The protein expressions of Bax, Bcl-2 and PCAN were detected by WB. (F) Histogram of gray level analysis of protein bands. *p < 0.05, **p < 0.01, ***p < 0.001.
On this basis, we further analyzed the effects of miR-539-5p regulation of BMP2 on the proliferation and apoptosis of Nalm-6 cells. MiR-539-5p mimic and/or pcDNA-BMP2 were used to co-transfect Nalm-6 cells, and RT-PCR analysis showed that compared with the NC-mimic group, miR-539-5p-mimic significantly increased the gene expression of miR-539-5p (p < 0.05, Figure 5A). In addition, the expression analysis of BMP2 by RT-PCR and WB showed that miR-539-5p-mimic significantly decreased the gene and protein expressions of BMP2 compared with the NC-mimic group (p < 0.05, Figures 5B, C). And compared with the miR-539-5p-mimic+pcDNA-NC group, miR-539-5p-mimic+pcDNA-BMP2 significantly decreased the gene expression of miR-539-5p (p < 0.05, Figure 5A), and promoted the gene and protein expression of BMP2 (p < 0.05, Figures 5B, C). Analysis of the proliferation and apoptosis activity of Nalm-6 cells showed that miR-539-5p-mimic significantly decreased the cell viability (p < 0.05, Figure 5D), promoted apoptosis (p < 0.001, Figures 5E, F), increased the protein expression of Bax, and decreased the protein expression of Bcl-2 and PCN2 compared with NC mimic group (p < 0.05, Figures 5G, H). Compared with the miR-539-5p-mimic+pcDNA-NC group, miR-539-5p-mimic+pcDNA-BMP2 significantly reversed the effects of miR-539-5p-mimic on Nalm-6 cells. These results suggested that miR-539-5p might inhibit Nalm-6 cell proliferation and promote apoptosis by targeting BMP2.
[image: Figure 5]FIGURE 5 | Effects of miR-539-5p/BMP2 regulatory axis on proliferation and apoptosis of Nalm-6 cells. After transfection of Nalm-6 cells with miR-539-5p-mimic and/or pcDNA-BMP2, the gene expression of miR-539-5p (A) and BMP2 (B) was detected by RT-PCR. (C) The protein expression of BMP2 was detected by WB. (D) CCK8 was used to detect the viability of Nalm-6 cells. (E) The apoptosis of Nalm-6 cells was detected by flow cytometry. (F) Histogram of percentage of apoptotic cells. (G) The protein expressions of Bax, Bcl-2 and PCAN were detected by WB. (H) Histogram of gray level analysis of protein bands. *p < 0.05, **p < 0.01, ***p < 0.001.
Nalm-6 cell synergies with TGF-β1 to promote Treg activation through TGF-β1/Smads/MAPK pathways
To explore the effects of Nalm-6 cells on Treg activation, the culture supernatant of Nalm-6 cells was collected and incubated with human peripheral blood CD4+CD25-T cell induction medium at a ratio of 1:1 to stimulate Treg differentiation. The results showed that in the absence of TGF-β1 stimulation, the culture supernatant of Nalm-6 cells treated with different treatments could not directly induce the expression of Foxp3 in CD4+CD25-T cells (p > 0.05, Figures 6A–D). Compared with the control group, TGF-β1 significantly induced the Foxp3+ proportion (Figures 6A, B) and Foxp3 expression (Figures 6C, D) in CD4+CD25-T cells (p < 0.001), and also increased the mRNA expression levels of cytokines TGF-β1, IL-10 and IL-35 (p < 0.01, Figure 6E). When simultaneously stimulated with TGF-β1, the culture supernatant of Nalm-6 cells could further enhance the promoting effects of TGF-β1, showing a synergistic effect with TGF-β1 (p < 0.001, Figures 6A–D). In addition, the supernatant of miR-539-5p-mimic and BMP2-siRNA transfected cells attenuated the synergistic effect between the Nalm-6 cell supernatant and TGF-β1 (p < 0.001, Figures 6A–D). Similarly, in cell proliferation experiments, we also found that the culture supernatant of Nalm-6 cells in each group could promote the proliferation of CD4+CD25-T cells induced by TGF-β1, showing a synergistic effect with TGF-β1 (p < 0.001, Figures 6F, G). However, after transfected with miR-539-5p-mimic or BMP2-siRNA, the synergistic effect between the Nalm-6 cells and TGF-β1 decreased (p < 0.001, Figures 6F, G). These experiments indicated that Nalm-6 cells could cooperate with TGF-β1 to stimulate CD4+CD25-T cells to differentiate into Foxp3+Treg cells, which might be achieved by inhibiting miR-539-5p to promote BMP2 secretion.
[image: Figure 6]FIGURE 6 | Effects of miR-539-5p/BMP2 in Treg activation induced by Nalm-6 cells. (A) The effect of different induction methods on the proportion of Foxp3+ was detected by flow cytometry. (B) Statistical results of Foxp3+ cell percentage. (C) The effect of different induction methods on Foxp3 protein expression was detected by WB. (D) Foxp3 gene expression was detected by RT-PCR. (E) The effects of different induction methods on the gene expressions of TGF-β1, IL-10 and IL-35 were detected by RT-PCR. (F) The proliferation activity was analyzed by CFSE. (G) Statistical results of CFSE proliferation rate. *p < 0.05, **p < 0.01, ***p < 0.001.
In order to further clarify the downstream signaling pathway involved in Nalm-6 cells synergism with TGF-β1, the protein expressions of TGF-β/Smads/MAPK pathway in different treatment groups were detected (Figure 7). The results showed that compared with the control group, the supernatant of Nalm-6 cells alone could not promote the phosphorylation of Smad1, Smad2, ERK1/2, JNK and p38 in CD4+CD25-T cells (p > 0.05). TGF-β1 could significantly promote the phosphorylation of Smad1, Smad2, ERK1/2, JNK and p38 (p < 0.05). The induction and pro-phosphorylation effects were strongest when the supernatant of Nalm-6 cells was co-treated with TGF-β1 (p < 0.05). However, when TGF-β1 was treated with miR-539-5p-mimic and BMP2-siRNA supernatant, the induction and pro-phosphorylation effects were decreased, but still higher than those of the control group (p < 0.001). In conclusion, Nalm-6 cells and TGF-β1 cooperatively regulate TGF-β/Smads/MAPK pathways to promote Treg activation.
[image: Figure 7]FIGURE 7 | Effects of miR-539-5p/BMP2 on TGF-β/Smads/MAPK pathway in Treg induced by Nalm-6 cells. (A) The protein expressions of Smad1, p-Smad1, Smad2, p-Smad2, ERK1/2, p-ERK1/2, JNK1/2, p-JNK1/2, p38 and p-p38 were detected by WB. (B) Histogram of gray level analysis of protein bands. *p < 0.05, **p < 0.01, ***p < 0.001.
Effects of miR-539-5p/BMP2 on Treg induction in B-ALL mice
We further used Nalm-6 cells to construct the B-ALL model in NOD/SCID mice, and explored the effect of miR-539-5p/BMP2 on Treg activation in vivo. Firstly, analysis of the expression levels of miR-539-5p and BMP2 in PBMCs showed that in the miR-539-5p-mimic group, the mRNA expression level of miR-539-5p was significantly increased (p < 0.001, Figure 8A), and the level of BMP2 was significantly decreased (p < 0.001, Figure 8B). Overexpression of miR-539-5p also inhibited BMP2 levels in mice. Then, the Wraith-Giemsa staining results of mouse bone marrow tissues were shown in Figures 8A, C large number of abnormal lymphocytes were observed in the control and NC-mimic groups, with large volume, dysregulated nucleo-plasmic ratio, basophilic cytoplasm, and large and hyperchromatic nuclei. In the miR-539-5p-mimic group, no obvious abnormalities were observed in all types of cells under the microscope. Furthermore, analysis of the proportions of CD4+CD25+Foxp3+Treg showed that the proportions of CD4+, CD25+ and CD4+CD25+Foxp3+ in the bone marrow and peripheral blood of the miR-539-5p-mimic group were significantly lower than those of the NC-mimic group (p < 0.001, Figure 8D). ELISA assay of serum cytokine levels showed that the levels of IL-35 and IL-10 in miR-539-5p-mimic were significantly lower than those in the NC-mimic group (p < 0.001), but there was no significant difference in TGF-β1 and TGF-β2 among all groups (p > 0.05, Figure 8E). WB assay showed that miR-539-5p-mimic reduced the levels of BMP2, Foxp3 and p-Smad2/Smad2 (p < 0.05, Figure 8F). In vivo experiments confirmed that miR-539-5p-mimic could inhibit BMP2 secretion and Treg differentiation in B-ALL model mice.
[image: Figure 8]FIGURE 8 | Effects of miR-539-5p/BMP2 on B-ALL mice in vivo. (A) RT-PCR was used to detect the expression of miR-539-5p in mouse PBMCs. (B) The content of BMP2 in plasma was detected by ELISA. (C) The cytopathic changes in bone marrow smears were observed by Wright-Giemsa staining. (D) The proportion of CD4+CD25+Foxp3+Treg cells in the bone marrow and peripheral blood was detected by flow cytometry. (E) The expression of TGF-β1, TGF-β2, IL-35 and IL-10 in plasma was detected by ELISA. (F) The protein expressions of BMP2, FOXP3, Smad1, p-Smad1, Smad2 and p-Smad2 in bone marrow were detected by WB. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
As an important regulatory factor of genes, miRNAs participate in physiological and pathological processes in vivo, and their abnormal expression is closely related to cancers [21]. In recent years, a large number of studies have confirmed that miRNA can directly participate in the cancer process [22], and can be used for the early clinical diagnosis, prognosis evaluation, chemotherapy drug resistance evaluation and toxicity prediction of cancers [23, 24]. Similarly, miRNAs can directly participate in ALL as proto-oncogenes or tumor suppressor genes [25], and may become an effective indicator related to B-ALL. In this study, the significantly low expression of miR-539-5p and its target gene BMP2 in B-ALL were screened out by high-throughput sequencing. Functional enrichment analysis showed that the main enrichment pathway involved the TGF-β pathway. Further analysis showed that miR-539-5p and BMP2 were significantly correlated with the proportion of Treg in B-ALL. In vitro and in vivo experiments confirmed that the low expression of miR-539-5p in B-ALL could directly target and promote BMP2 expression, and the increased BMP2 could further promote the proliferation and inhibit apoptosis of Nalm-6 cells, and cooperate with TGF-β1 to stimulate the differentiation of human CD4+CD25-T cells into Treg. TGF-β1/Smads/MAPK pathway played an important role in the regulation of Treg activation by miR-539-5p/BMP2.
MiRNA is a class of endogenous non-coding single-stranded small RNA, which is involved in the regulation of post-transcriptional gene expression by specifically binding to the target genes [26, 27]. MiR-539 has been confirmed as a suppressor factor in cancers, and plays an inhibitory role in a variety of cancers, including breast cancer [28], osteosarcoma [29], and pancreatic cancer [30]. However, there are no relevant research reports on miRNA-539-5p in B-ALL at present. Our study confirmed that the expression of miR-539-5p was significantly decreased in B-ALL, which may play a role in cancer suppression. There was a targeting site between miR-539-5p and BMP2, and miR-539-5p could negatively target the expression of BMP2 in B-ALL. BMP is a key regulator of various developmental stages and plays an important role in biological processes [31]. Studies have shown that BMP2 has a dual effect on tumorigenesis, which may promote [32–34] or inhibit [35] cancer progression. This study confirmed that BMP2 was significantly increased in B-ALL, and the high expression of BMP2 promoted the proliferation and inhibited the apoptosis of Nalm-6 cells, significantly decreased the expression of Bax, and increased the expression of Bcl-2 and PCNA. Bax is a regulator of Bcl-2 activity, both Bcl-2 and Bax play an important role in cell apoptosis [36, 37], and Bcl-2 is increased in most cancers, while Bax is decreased [38]. PCNA is a protein expressed in a specific phase of the cell cycle and is generally considered to be positively correlated with cancer cell proliferation [39]. In this study, further experiments suggested that miR-539-5p could regulate the proliferation and apoptosis of B-ALL cells by targeting BMP2.
BMP has been shown to promote T cell activation, and regulate the proliferative response of naive CD4+T cells [40]. When BMP signaling is inhibited, it leads to impaired maturation, differentiation and function of Foxp3+ Treg [41]. Similarly, miRNA has also been shown to inhibit the function of immune cells and promote immune escape by regulating the proliferation and differentiation of immune cells, and the secretion of effectors in the tumor microenvironment [42]. The analysis of this study showed that the significantly low expression of miR-539-5p and its target gene BMP2 in B-ALL were both significantly correlated with the percentage of Treg in B-ALL. Treg cells, a subset of T cells, play a critical role in maintaining the homeostasis of the immune system [43]. In the tumor microenvironment, Treg can inhibit anti-tumor immune response and promote tumor immune escape, thus affecting the development of tumors [44]. The inhibitory adaptive immune response induced by Treg is mediated through the expression of TGF-β1 [45]. The inhibition ability of Treg induced by BMP2 and TGF-β1 is stronger than that induced by TGF-β1 alone [46]. In this study, we found that the culture supernatant of Nalm-6 cells could cooperate with TGF-β1 to promote the proportion of Foxp3+Treg and increase the expression of Foxp3 in CD4+CD25-T cells. Transfection with miR-539-5p-mimic and BMP2-siRNA attenuated the synergistic effect of Nalm-6 cells and TGF-β1 on Foxp3 promotion. Studies have confirmed that Foxp3+Treg could be used as a therapeutic target to promote anti-tumor immunity [47]. Once Foxp3+Treg loses its transcription factor Foxp3, it will lose immunomodulatory function [48]. A recent relevant study recorded a slight insignificant increase in Treg cells in children with ALL compared to controls, and the increase in Treg appeared to occur due to a decrease in miR-155 [49]. A large number of studies have confirmed that miRNAs play an important role in the alteration of Treg in B-ALL [50]. Our study confirmed that miR-539-5p can regulate BMP2 to participate in Treg activation in B-ALL.
BMP belongs to the TGF-β superfamily, and a large number of studies have confirmed that TGF-β plays an important role in the inhibitory activity of CD4+CD25+T cells [51]. This study showed that the target genes of differentially expressed miR-539-5p in B-ALL were mainly enriched in the TGF-β pathway. TGF-β pathway is involved in cancer cell proliferation, differentiation, apoptosis and other functions [52]. When TGF-β binds specifically to the receptor, it initiates both classical Smad and non-Smad pathways [53]. MAPK pathway includes ERK, JNK and p38, which are the main signaling pathway for TGF-β to initiate non-Smad in cells [54]. Both Smad and non-Smad pathways are involved in the evolution of Treg differentiation induced by TGF-β [55]. This study found that the culture supernatant of Nalm-6 cells in collaboration with TGF-β1 could activate the phosphorylation of Smad1, Smad2, ERK, JNK and p38. In addition, the transfection of miR-539-5p-mimic and BMP2-siRNA inhibited the activation of the TGF-β1/Smads/MAPK pathway induced by Nalm-6 cells. These results suggested that the regulatory effect of Nalm-6 cells on Treg is achieved through the negative regulation of BMP2 by miR-539-5p to regulate the TGF-β1/Smads/MAPK pathway.
CONCLUSION
In conclusion, this study showed that miR-539-5p was one of the significantly down-regulated miRNAs in B-ALL and was significantly correlated with Treg expression, and BMP2 was the most differential expressed gene among miR-539-5p target genes, which was mainly enriched in the TGF-β pathway. The expression levels of miR-539-5p and BMP2 were both significantly correlated with the proportion of Tregs. In vitro and in vivo experiments confirmed that miR-539-5p could directly target BMP2, and the low expression of miR-539-5p in B-ALL resulted in significantly increased levels of BMP2. High BMP2 not only promoted Nalm-6 cell proliferation and inhibited apoptosis, but also cooperated with TGF-β1 to promote the expression of transcription factor Foxp3 to promote the differentiation of CD4+CD25-T cells into Foxp3+Treg through the TGF-β1/Smads/MAPK pathways. This study demonstrated that miR-539-5p targeting BMP2 was involved in the Treg activation through the TGF-β1/Smads/MAPK pathway and played an important role in B-ALL.
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Correlation between subcutaneous adipose tissue of the head and body mass index in children and young adults aged 8–19 years: implications for functional neuroimaging
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Abstract
High body mass index (BMI) is presumed to signify high amounts of fat (subcutaneous adipose tissue) distributed across the body. High amounts of fat co-occurring with increased BMI has been cited as a potential neuroimaging barrier. Presence of increased fat may result in high electrical impedance and increased light diffusion—resulting in low signal to noise ratios during electroencepholography (EEG), functional near-infrared spectroscopy (fNIRS), and transcranial direct current stimulation (tDCS) measurements. Examining if subcutaneous fat in the head increases with respect to total body fat percentage and BMI in school-aged children and adolescents is an essential next step in developing possible mathematical corrections for neuroimaging modalities. We hypothesized that percentage of subcutaneous adipose tissue in the head region would increase with respect to both total body fat percentage and BMI. Increased subcutaneous head fat percentage was associated with a positive linear relationship with BMI and a quadratic relationship with total body fat. The data indicate that participant age, sex, and adiposity should be considered in the development of model corrections for neuroimaging signal processing in school-aged children and adolescents. Strength of regression coefficients in our models differed from those in adults, indicating that age-specific models should be utilized.
Keywords: body fat, sex differences, EEG, fNIRS, obesity, tDCS, adolescents
IMPACT STATEMENT
This project serves to provide justification for the development of signal to noise correction algorithms for neuroimaging modalities such as electroencepholography (EEG), functional near infrared spectroscopy (fNIRS), and transcranial direct current stimulation (tDCS). Noise in each of these neuroimaging modalities exists due to differences in subcutaneous adiposity, sex, and age across participants. Consideration and correction of these sources of noise will have a significant clinical impact on reported outcomes and life-long treatments plans for pediatric patients.
INTRODUCTION
Increased body mass leading to overweight status or obesity is one of the most common health problems globally [1]. The World Health Organization (WHO) has recently estimated that more than 39 million school-aged children (aged 6–11 years) and 340 million adolescents (aged 12–19 years) are overweight or obese worldwide [2]. In the United States alone, over 20% of school-aged children and adolescents meet the criteria for obesity [3]. The definition of overweight is a Body Mass Index (BMI) ≥ 25 kg/m2 and the definition of obesity is BMI ≥ and 30 kg/m2, as per WHO guidelines [4]. High BMI is presumed to signify a large amount fat distributed across the body, whereas amount of body fat is measured via gold-standard techniques such as Dual-energy X-ray absorptiometry (DXA). Studies have shown that BMI differs from total body fat percentage across the lifespan [5, 6]. Specifically, it has been shown that BMI exhibits a non-linear relationship with body fat percentage that is impacted by both age and sex [5–7].
Despite the differences in adiposity measures, both high BMI and increased body fat are associated with the development of increased risk for cardiovascular diseases, metabolic disease (e.g., Type 2 Diabetes), musculoskeletal disease, cancer, and negative impacts to mental health across the lifespan [4, 8]. In recent years, increased subcutaneous adipose tissue has been cited as a barrier for non-invasive neuroimaging technologies, including electroencepholography (EEG), functional near infrared spectroscopy (fNIRS), and transcranial direct current stimulation (tDCS) [9, 10]. Recent interest in the impact of obesity on these neuroimaging technologies has manifested within the evidence base. In EEG [11–13] and tDCS [14, 15]-based research, the concern is that increased subcutaneous adipose tissue within the head may cause high electrical impedance and reduce the amplitude of signals detected through the derma during measurement. In fNIRS [16]-based research, the concern is that the increased subcutaneous adipose tissue will cause increased light diffusion from emitter optodes which will reduce the signal detected by the detector optodes during testing.
In each of these cases, the reduced signal strength to be detected during these evaluations is a major concern, leading to exclusion of participant or patient data due to low signal to noise ratios in individuals with increased amounts of adiposity. This exclusion is a form of phenotypic bias that disproportionally impacts underrepresented minorities, given the higher incidence of overweight and obesity in these populations [3, 17]. The presence of such phenotypic biases due to an inattention of adipose impacts on EEG, fNIRS, and tDCS signal to noise characteristics may reinforce and amplify gaps in assessment and treatment of significant life-long health conditions impacting neurological function and mental health in school-aged children and adolescents with increased adipose tissue, particularly in those individuals that belong to underrepresented minority groups [18].
As a countermeasure to these potential biases that can affect long-term health outcomes across the lifespan and disproportionally impacting underrepresented minority groups, adiposity should be considered as a potential confounder of cortical activity measurement occurring through the derma. Examining how subcutaneous adipose tissue in the head region increases with respect to percentage of total body fat and BMI in school-aged children and adolescents is an essential step in developing mathematical corrections to be implemented in these neuroimaging modalities, consisted with our prior findings in adults aged 20–89 years old [9].
Accordingly, the purpose of this project was to investigate how the percentage of subcutaneous adipose tissue in the head region in children and young adults aged 8–19 years is influenced by common adiposity metrics such as BMI and total body fat percentage. We hypothesized that percentage of subcutaneous adipose tissue in the head region would increase with respect to both percentage of total body fat percentage and BMI yet still carry influences of both age and sex, consistent with the adult models in our earlier work (Hypothesis 1). Consistent with our prior findings [9], we also expected total body fat to increase proportionally with BMI but that head fat percentage would increase modestly with BMI across the sample (Hypothesis 2). This information may be used by researchers and clinicians in improving neuroimaging signal to noise ratios for EEG, fNIRS, and tDCS data collected in pediatric populations as well as to avoid persistent exclusion biases due to physiologic characteristics (e.g., adiposity).
MATERIALS AND METHODS
Study participants
To evaluate the measures of interest for this study on a large scale, data from the National Health and Nutrition Examination Survey (NHANES) 2005–2006 were analyzed [19]. This particular data set included a body composition scanning protocol via DXA for a sample of individuals aged 8–69 living in the United States in addition to typical NHANES anthropomorphic data. Data from individuals in the 8–19 years old age groups were included in this project. Data from individuals aged 20–69 were assessed in a different project [9], as the sampling rates for individuals aged 20+ years were different from the 8–19 year-old age group (NHANES purposefully oversampled individuals aged ≤19 years). The data set in this study included a wide variety of BMI values. Specifically, BMI values within the data set ranged from 12.41 kg/m2 to 62.08 kg/m2. Data from 2,947 participants were included in this analysis (1,455 males and 1,492 females). Of the 2,947 participants within the NHANES 2005–2006 data set, 26 had data reported on only age and sex. A total of 2,921 participants with anthropometric data were assessed in the presented models. Demographics for the initial sample (n = 2,947) are located in Table 1. Characteristics of individuals in commonly considered BMI groups as per WHO anthropometry-based criteria [normal weight (NW), BMI ≤ 24.9 kg/m2; overweight (OW), BMI: 25.0–29.9 kg/m2; and the obese groups (OB), BMI ≥ 30.0 kg/m2] [4] are in Table 1. As this is a secondary analysis of the NHANES 2005–2006 data set (a de-identified data set), this project was considered exempt from review by the Institutional Review Board (IRB) at the University of Houston [20]. All NHANES participants provided written informed consent and/or assent in the original study.
TABLE 1 | Age, anthropometry, BMI, total body fat %, and subcutaneous head fat % for each commonly referenced BMI range within the assessed data set.
[image: Table 1]Procedure
In the NHANES study, body mass (kg) and height (m) were measured for each participant. BMI was calculated as kg/m2 as per WHO guidelines [4]. Total and region-specific body composition of each participant was measured via Hologic DXA (Hologic QDR-4500A, Hologic, Inc., Bedford, MA, United States). DXA measures of interest for this study included % of total body fat and head region composition (including head fat %).
Statistical analyses
Multiple regression analyses were performed via SPSS 25 (IBM Corporation, Armonk, NY, United States). All follow-up correlation analyses were performed via Minitab 17 (Minitab LLC, State College, PA, United States) to assess the strength of relationships among individual variables of interest. Consistent with our prior work, linear, quadratic, and logarithmic best fit regression models were assessed for measures of interest. In all models, age, BMI, total body fat %, and head fat % were considered continuous variables. Sex (two levels: coded as male = 0 and female = 1) was considered as a categorical variable. Anthropomorphic and DXA data were considered in imputation batches as recommended by the US Centers for Disease Prevention and Control (CDC) [21]. The data from the five NHANES imputation batches converged to the models presented in the results section. The model produced by imputation #1 is presented in this manuscript. After diagnosis using Cook’s D, no outliers were removed from the imputation #1 data set.
RESULTS
Means, standard deviations, and range values of age, body mass, height, BMI, total body fat %, and head fat % for all NHANES 2005–2006 study participants aged 8–19 years old are located in Table 1. Significant relationships among adiposity measures of interest (total body fat %, head fat %, and BMI) were found via regression (see Table 2). Age and sex significantly impacted all adiposity relationships. A logarithmic relationship between BMI and total body fat % was found. Linear relationships between head fat % and measures of full body adiposity (BMI and total body fat %) were noted. A quadratic model between head fat % and total body fat is also reported here; the quadratic model provided a modest improvement in R2 value as compared to the linear model.
TABLE 2 | Regression analyses output.
[image: Table 2]The correlation between log10(BMI) and total body fat % was found to be strong (r = 0.626), concurrent with moderate linear positive correlations between head fat % and general adiposity (r = 0.432 for head fat % vs. BMI; and r = 0.522 for head fat % vs. total body fat %). Figures 1A–E illustrates scatterplots of relationships among total body fat %, heat fat %, and BMI. Total body fat % strongly increased with BMI (an increase of 53.43% of total body fat was found across the sample groups); however, the increase in head fat % with BMI was much smaller, at only 3.16% across the sample groups. Differences in adiposity measures across WHO BMI categories are found in Figure 2. The Eqs. 1–4 describing the significant relationships among adiposity measures of interest found in Table 2 are below:
[image: Figure 1]FIGURE 1 | BMI, total body fat percentage, and head fat percentage data are presented for children aged 8–19 years. Black dots represent data points; the color-coded lines and corresponding color-coded equations are regression fits as per Table 2. Green indicates a logarithmic regression fit, red indicates a linear regression fit, and blue indicates a quadratic regression fit. All presented regression fits include age = 8 years (minimum age included in the data set) in the equation. The regression fit in (A) includes the sex indicator variable (1 = female). (A–C) Utilize the same axes values to show magnitude changes across the same scale; (D–E) illustrate data at a magnified scale. (A): Total body fat percentage vs. BMI. (B): Head fat percentage versus BMI (full scale). (C): Head fat percentage versus total body fat percentage (full scale). (D): Head fat percentage versus BMI (magnified scale). (E): Head fat percentage versus total body fat percentage (magnified scale).
[image: Figure 2]FIGURE 2 | BMI (black squares), total body fat percentage (blue diamonds), and head fat percentage (red circles) mean ± SD values across BMI groups in children aged 8–19 years.
With respect to the relationship between BMI and total body fat, the logarithmic equation describing their relationship is:
[image: image]
where age is in years, BMI is in kg/m2, total body fat is in %, and sex is coded as male = 0 and female = 1.
With respect to the relationship between total body fat % and subcutaneous head fat %, the equation describing their linear relationship is:
[image: image]
where age is in years, total body fat is in %, subcutaneous head fat is in %, and sex is coded as male = 0 and female = 1.
With respect to the relationship between total body fat % and subcutaneous head fat %, the equation describing their quadratic relationship is:
[image: image]
where age is in years, total body fat is in %, subcutaneous head fat is in %, and sex is coded as male = 0 and female = 1.
With respect to the relationship between BMI and subcutaneous head fat %, the linear equation describing their relationship is:
[image: image]
where age is in years, BMI is in kg/m2, subcutaneous head fat is in %, and sex is coded as male = 0 and female = 1.
DISCUSSION
The purpose of this manuscript was to investigate how the percentage of subcutaneous adipose tissue in the head region in children and young adults aged 8–19 years is influenced by commonly used adiposity metrics (e.g., BMI). Consistent with our prior work in adults and older adults, we hypothesized that percentage of subcutaneous adipose tissue in the head region would increase with respect to both total body fat percentage and BMI yet still carry influences of both age and sex (Hypothesis 1). Also in line with our prior findings [9], we expected total body fat to increase proportionally with BMI but that head fat percentage would increase modestly with BMI across the sample (Hypothesis 2).
With respect to Hypothesis 1, a significant increase in subcutaneous head fat percentage was found concurrent with increased BMI (r = 0.432) and total body fat percentage (r = 0.522). These correlation values were lower than similar comparisons in adults and older adults (r = 0.668 and r = 0.62, respectively) [9]. Relationships among measures of interest were also influenced by age and sex. In particular, age was found to have a stronger influence on the current data set (children and young adults aged 8–19 years, |t-values| ≥ 22.73) as compared to adults (|t-values| ≥ 4.50) [9]. In contrast, the magnitude of the influence of sex differences appears lower in children and young adults aged 8–19 years (|t-value| range = 7.22–44.13) as compared to adults (|t-value| range = 14.55–92.84) [9]. The relationship between total body fat percentage and head fat percentage was found to be strongest using a quadratic model, which offered a modest improvement in accounting for model variability (+4.68% as compared to the linear model), whereas adult and older adult data exhibited linear trends [9]. This indicates that head fat percentage appears to become linearly related to total body fat percentage as individuals move into adulthood.
In consideration of Hypothesis 2, head fat percentage exhibited a small increase with BMI as compared to total body fat percentage (3.16% versus 53.43%, respectively). This small increase is similar to our findings in adult models (7.8% and 56.5%, respectively) [9] and findings reported from MRI work [22]. Based on these findings, it is probable that an increased amount of subcutaneous adipose tissue within the head region interferes with neuroimaging tools that measure physiological signals through the derma—confirming concerns that have emerged in the evidence base [9–16]. These tools are particularly susceptible to subcutaneous adipose tissue given the increased electrical resistance of adipose tissue [23] as well as inconsistencies in light propagation across adipose tissue [24]. Consideration of subcutaneous fat as a confounder is important given emerging evidence altered cortical function in persons with obesity (e.g., impaired motor cortex plasticity), which may have life-long impacts [25]. The data in this manuscript indicate that age, sex, and adiposity measures should be considered in the development of model corrections for neuroimaging across the lifespan. Despite similarities in the regression factors in the models generated for children and adults, there are differences in the strengths of relationships within the developed models (e.g., magnitude of regression coefficients, t-values, etc.). Use of age-range specific models is highly encouraged (models developed for ages 8–19 years for children and young adults versus models developed for ages 20–89 years for adults and older adults). We acknowledge at this time that models are not yet developed for children aged 7 years and younger—this is a future direction of our work.
Given the similarity of r2 values across the models developed from this data set, use of either BMI or total body fat percentage in model corrections with respect to head fat percentage as a source of noise in neuroimaging is recommended for children aged 8–19 years. As BMI only requires basic anthropometric data such as height and mass, it is likely that BMI will be easier for the vast majority of investigators to use for model corrections. Use of total body fat in model corrections is encouraged for investigators who have access to DXA technology for more comprehensive physiological characterization in their model corrections. By accounting for the influence of subcutaneous adipose tissue of the head in neuroimaging studies, a more inclusive approach to neuroscience is permitted at the participant level. Current practices include discarding data with poor signal to noise ratios—an issue that may be caused by increased subcutaneous adipose tissue under the derma of the head. The equations developed in this manuscript may be used to counter this phenotypic bias across the lifespan, which may have a significant impact on reported outcomes in pediatric populations and life-long treatments plans for pediatric patients [17].
We acknowledge that signal to noise corrections with respect to subcutaneous head fat should be explored for individual measurement types (e.g., EEG, fNIRS, and tDCS) and manufacturers for the 8–19 years age range. The development of equations for specific equipment and manufacturers are outside of the scope of this project. The data in this project serve to provide justification in support of recent reports in the evidence base [11–16] for the practice of developing signal to noise correction algorithms due to adiposity measures, sex, and age.
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Abstract
This research aims to investigate the potential of using intrinsic optical signal (IOS) optoretinography (ORG) to objectively detect dark adaptation (DA) abnormalities related to rod photoreceptor degeneration. Functional optical coherence tomography (OCT) was employed in both wild-type (WT) and retinal degeneration 10 (rd10) mice to conduct this assessment. Dynamic OCT measurements captured the changes in retinal thickness and reflectance from light-to-dark transition. Comparative analysis revealed significant IOS alterations within the outer retina. Specifically, a reduction in thickness from external limiting membrane (ELM) peak to retinal pigment epithelium (RPE) peak was observed (WT: 1.13 ± 0.69 µm, 30 min DA; rd10: 2.64 ± 0.86 µm, 30 min DA), as well as a decrease in the intensity of the inner segment ellipsoid zone (EZ) in 30 min DA compared to light adaptation (LA). The reduction of relative EZ intensity was notable in rd10 after 5 min DA and in WT after 15 min DA, with a distinguishable difference between rd10 and WT after 10 min DA. Furthermore, our findings indicated a significant decrease in the relative intensity of the hypo-reflective band between EZ and RPE in rd10 retinas during DA, which primarily corresponds to the outer segment (OS) region. In conclusion, the observed DA-IOS abnormalities, including changes in ELM-RPE thickness, EZ, and OS intensity, hold promise as differentiators between WT and rd10 mice before noticeable morphological abnormalities occur. These findings suggest the potential of this non-invasive imaging technique for the early detection of dysfunction in retinal photoreceptors.
Keywords: rd10, rod degeneration, OCT, dark adaptation, IOS
IMPACT STATEMENT
Various eye diseases can lead to photoreceptor dysfunction, with rod photoreceptors being particularly susceptible. Therefore, it is crucial to assess rod photoreceptor function early for detecting eye diseases. This study showcases the potential of using intrinsic signal optoretinography to objectively detect dark adaptation abnormalities associated with rod photoreceptor degeneration.
INTRODUCTION
Ocular conditions like age-related macular degeneration (AMD) [1–3], retinitis pigmentosa (RP) [4, 5], and diabetic retinopathy (DR) [6, 7], can result in photoreceptor dysfunctions and eventually vision loss. Numerous eye diseases primarily affect retinal photoreceptors. Presently, there is no definitive cure for these degenerative retinal diseases, which cause permanent damage to photoreceptors and the retinal pigment epithelium (RPE). To prevent vision loss from retinal degeneration, preserving function and identifying progression early are crucial. Therefore, detecting potential biomarkers promptly is essential in prevention of these retinal diseases [8, 9].
Although structural changes like drusen and macular pigmentary abnormalities are valuable for evaluating eye conditions in AMD patients, they do not offer a comprehensive assessment of retinal function [10]. Physiological abnormalities in retinal cells can manifest before any noticeable morphological changes, such as cell loss or thickness alterations. Hence, it is crucial to evaluate the physiological conditions of the retina for the early detection of eye diseases.
Electrophysiological methods like electroretinography (ERG) objectively assess retinal physiology [11, 12]. It is known that ERG a-wave reflects stimulus-evoked physiological activation of photoreceptors, and b-wave reflects the physiological dynamics of neurons. ERG abnormalities were reported in eye diseases [13] and neurodegenerative conditions [14, 15] at an early stage. However, it can be complicated to accurately interpret ERG alterations in diseased conditions since its signal represents combined activities of retinal photoreceptors and inner neurons. It’s reported that a-wave abnormality may be attributable to a contamination of post-photoreceptor abnormality in retinal dysfunction [16]. Moreover, the spatial resolution of ERG is relatively low, and thus it is difficult to correlate physiological changes to morphological abnormalities revealed in high resolution imaging.
Intrinsic optical signal (IOS) imaging [17–22], also known as optophysiology [23], optoretinogram [24–28] or optoretinography (ORG) [29–33] allows for simultaneous assessment of retinal morphology and physiology. Optical coherence tomography (OCT) provides non-invasive depth-resolved imaging of retinal layers, making OCT-based intrinsic signal ORG a promising approach for studying human and animal retinas [27–31].
Functional OCT has been utilized to monitor photoreceptor-IOS changes in retinal degeneration 10 (rd10) mice over time [32]. Rd10 mice are a recognized model of rod photoreceptor degeneration [34–38] due to a spontaneous mutation in the genes encoding β-subunit of rod-phosphodiesterase (PDE), resulting in cGMP accumulation and subsequent rod degeneration [37–42]. Since the rods can express approximately 40% of endogenous PDE [41, 43], this degeneration in rd10 mice occurs relatively slowly, starting around postnatal day 16 (P16) to P17. After P21, the outer retina is massively reduced and unable to distinguish. Photoreceptor-IOS abnormalities were previously detected in rd10 mice at P17 by using functional OCT [32]. With a rapid time course to follow visible light stimulus, fast photoreceptor-IOS invoked by the light stimulation can reflect the early phase of phototransduction reaction chains [44]. Photoreceptor-IOS abnormalities were previously detected in rd10 mice at P17 using functional OCT. Fast photoreceptor-IOS responses were found to be similar in both wild-type (WT) and rd10 mice at P14, suggesting that this response occurs before PDE activation in phototransduction reaction chains [41]. The relative expression levels of rhodopsin and transducin in rd10 mice are comparable to those in WT mice [41, 43, 45], indicating that fast photoreceptor-IOS alone is not enough to evaluate PDE deficiency in rd10 before P15.
Dark adaptation (DA) is a method used to assess functional changes in retinal photoreceptors. During DA, eyes are exposed to dark environment and the retina shifts from cone to rod activities in the absence of light. PDE activation can impact the metabolic function of retinal photoreceptors, and thus may cause DA abnormalities. ERG studies have suggested that DA abnormalities may reflect retinal metabolic issues [40], as an early indicators of rod photoreceptor degeneration [46, 47]. The photoreceptor inner segment ellipsoid zone (EZ) is known to be the metabolic center with abundant mitochondria, and it has been demonstrated as a non-invasive OCT marker that reflects optical index changes of cell substances due to photoreceptor activity [48–50]. Recent research demonstrated the monitoring of DA-IOS kinetics within the outer retina, with a focus on the dynamics of the ellipsoid zone (EZ), in healthy adult mice [51]. This study aims to determine if DA-IOS kinetics in the outer retina, which involves downstream transducin activation and photoreceptor metabolism, can detect PDE deficiency-induced photoreceptor abnormalities at P14.
MATERIALS AND METHODS
Animal preparation
OCT images were collected from retinas of Six C57BL/6J mice and nine B6.CXB1-Pde6brd10/J mice (Jackson Laboratory, Bar Harbor, Maine, United States). Pre-experiment, the mouse eyes underwent light adaptation in a well-lit room for more than 5 h [52]. A mixed solution of 100 mg/kg ketamine and 5 mg/kg xylazine was used for anesthesia by intraperitoneal injection. Following anesthesia, 0.5% tropicamide was used for eye dilation. GenTeal gel (Alcon Laboratories, Fort Worth, Texas, United States) was applied to mice eyes during the OCT imaging to prevent dryness of the cornea. Post-experiment, mice were kept on a heating pad before recovering from anesthesia and then caged in the animal facility in the Biological Resources Laboratory at the University of Illinois Chicago.
OCT system
A custom-designed OCT system described in a previous paper [51] was used for imaging. Light source was a superluminescent diode (SLD) with a wavelength of 810 nm and a bandwidth of 100 nm (D-810-HP, Superlum, Carrigtwohill, County Cork, Ireland). Light from the SLD was split into the subject and reference arms using a fiber coupler (75:25, TW850R5A2, Thorlabs, Newton, New Jersey, United States). For the spectrometer, a custom-designed setup was assembled, featuring a line CCD camera with 2048 pixels (OCTOPLUS, e2v, Chelmsford, United Kingdom) and a transmission grating with 1200 lines per millimeter (Wasatch Photonics, West Logan, Utah, United States). The sensitivity of the OCT system was assessed using a mirror as the imaging subject, yielding a signal-to-noise ratio of 40 dB. The axial resolution was approximately 2.1 μm and lateral resolution was approximately 11 μm in mouse eye.
Data acquisition
OCT volumes were acquired in a well-lit laboratory room at noon to reduce the impact of circadian rhythm-related disk shedding [52, 53]. The mouse was fully anesthetized and transferred to an adjustable mount. The mouse head was securely fixed by a bite bar and two ear bars to prevent physical movement which may cause the imaging location or focus point change. During OCT imaging, a rodent surgical heating pad was used to keep the body warm.
Mouse retinas were measured at the dorsal quadrant over a 1.4 mm*1.4 mm area (Figure 1A). Each mouse retina was imaged for one experiment that contained 7 sequential OCT volumes for a total of 30 min recording, with a 5 min interval. The first OCT volume was imaged and adjusted under normal lighting conditions, while the subsequent six OCT volumes were sequentially recorded under dark conditions using identical settings. The focus point and location of the imaging area were optimized before turning off lights. Every OCT volume comprised 500 B-scans with 4 repeated scannings, covering a 1.4 mm × 1.4 mm area. Each B-scan contained 500 A-lines. The fps was 80 B-scans per second. All OCT operations were completed by the same person to reduce errors.
[image: Figure 1]FIGURE 1 | (A) Representative en face image of the dorsal quadrant of a mouse retina. Yellow arrows indicate projection shadows of hyaloid vessels. Yellow dashed line represented the selected area, approximately 0.7 mm from optical nerve head. (B1) Representative image stack of selected 50 B-scans with 4 repetitions, corresponding to the retinal region marked by yellow dashed line in a. (B2) Representative averaged OCT B-scan of b1. (B3) Flattened illustration of (B2). (C) Representative sequential recording, corresponding to the red window in (B3). Solid red line represents the averaged A-line reflectance profile of the B-scan at 0 min DA. Scale bar: 50 µm.
Image processing
Reconstruction of OCT volumes was processed through MATLAB using a custom-designed algorithm including k-sampling, interferogram extraction, apodization, fast Fourier transform (FFT). After OCT reconstruction, 50 consecutive B-scans with 4 repetitions at the retinal cross-section approximately 0.7 mm away from the optical nerve head (ONH) were selected for stack registration (yellow dash line in Figure 1A). The image stack contained 200 B-scans in total (Figure 1B1). Then the stack was registered using the first B-scan as a reference and subsequently aligned the following 199 B-scans to remove stack movement caused by mouse breathing. After that, the image stack was averaged into one B-scan (Figure 1B2) to increase image fidelity and reduce sparkle difference. Then, the A-lines of the B-scan were realigned for image flattening (Figure 1B3), which used the middle one A-line as a reference and all adjacent A-lines were aligned with a subpixel registration algorithm. Next, a central portion of the flattened B-scan, covering 100 to 150 A-lines, was extracted to generate an averaged A-line reflectance profile (Figure 1C). The reason to choose center A-lines instead of the whole B-scan was to avoid the shadow area caused by hyaloid vessels [54] (yellow arrows, Figure 1A) and distortion caused by the retina angle at both edges. Also, large blood vessels were avoided when choosing center A-lines, because the retina was thickened where the large blood vessel walls embedded. Retinal thickness and layer intensity were measured based on the A-line profile normalized using the outer nuclear layer (ONL) intensity as a reference [55–57].
Statistical analysis was performed using Origin’s one-way repeated-measures analysis of variance (ANOVA) with Bonferroni correction. A significance level of p-values < 0.05 was used, and standard deviation was represented as the error bar for each data point.
RESULTS
Morphological changes caused by photoreceptor degeneration
Morphological comparison was conducted to investigate the structural changes caused by photoreceptor degeneration. Representative OCT images from WT and rd10 mice at P14, P17, P21, and P28 under light-adapted (LA) conditions were presented in Figure 2. Retinal OCT morphological changes were observed in rd10, compared to WT mice from P17. Specifically, rd10 retinas exhibited unclear external limiting membrane (ELM) and “swollen” EZ structures (red arrow, Figure 2B), with significant reduction in outer retinal thickness at P21 and P28. Also, the interdigitation zone (IZ) could be observed in WT retinas from P17 to P28 (dark arrows, Figure 2A), whilst it’s not shown in rd10 retinas. As degeneration signs began around P17, morphologically intact retinas at P14 were chosen for comparative OCT measurements and analysis in the following sections. This stage represents an early phase before significant abnormality appeared.
[image: Figure 2]FIGURE 2 | Representative morphological OCT images of WT (A) and rd10 (B) retinas at P14 to P28. The red arrow in figure 2b2 marks the OS region of rd10 started dissembling at P17. NFL, nerve fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; EZ, inner segment ellipsoid; RPE, retinal pigment epithelium; Ch, choroid. Scale bar: 50 µm.
Functional changes of retinas during light to dark transition
OCT analysis of P14 WT and rd10 retinas under LA and DA conditions were compared in Figure 3. Inner retinal morphology showed no obvious differences in WT (Figure 3A1) and rd10 (Figure 3A2) mice between LA and DA. In both groups, the thickness from ELM peak to RPE peak (highlighted with red arrows, Figure 3A) was reduced during DA compared to LA. Figure 3B showed averaged A-line profiles of retinas form six WT mice and nine rd10 mice at LA condition and after 30 min of DA to further characterize the observed retinal shrinkage in WT (Figure 3B1) and rd10 (Figure 3B2) retinas. All mouse retinas were measured at P14. Standard deviations were represented as shadows accompanying the lines. For easy comparison, the location of ELM peak was normalized to 0 on the X-axis. In both groups, the RPE peak shifted toward the ELM in DA compared to LA. Additionally, OCT band intensities were altered, with a notable decrease in EZ peak intensity in both WT and rd10 during DA compared to LA. The OPL and ELM peak values also slightly decreased in DA.
[image: Figure 3]FIGURE 3 | Representative OCT images of mouse retinas from WT (A1) and rd10 (A2) in LA and after 30 min DA; Averaged A-line profiles of OCT images from six WT (B1) and nine rd10 mice (B2) in LA and after 30 min DA. Standard deviations were represented as shadows adjacent to the lines. NFL: nerve fiber layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; EZ: inner segment ellipsoid; RPE: retinal pigment epithelium; Ch: choroid; T1: trough 1. Scale bar: 50 µm.
A clear hyporeflective band, T1, situated between EZ and RPE, was visible in WT retinas (Figure 3B1). However, T1 was elusive in rd10 retinas after 30 min DA (Figure 3B2). As the T1 primarily corresponds to the photoreceptor outer segment (OS) region due to its location between EZ and RPE, this observation might indicate potential photoreceptor OS abnormalities, suggesting a physiological defect in rd10 photoreceptors.
Comparative analysis of retinal changes during light to dark transition
We proceeded to compare DA-IOS kinetics in WT and rd10 retinas during a 30 min transition from light to dark. Time-lapse OCT images were recorded, including seven sequential OCT volumes from 0 (LA) to 30 min of DA at a 5-min interval.
The thickness changes in inner and outer retina during DA were quantitatively assessed. Figure 4A illustrated inner retina thickness changes in both groups, with no significant alterations observed in the inner retina (NFL-OPL). Conversely, outer retina thickness (OPL-RPE) gradually decreased during DA, aligning with the shrinkage of outer retina observed in DA conditions in Figure 3. Figures 4C, D separately illustrated the ONL (OPL-ELM) and ELM-RPE thickness reduction. The thickness at LA condition (0 min) was set as standard and subtracted by the thicknesses at following time points. Both ONL and ELM-RPE thicknesses consistently decreased during DA. Results were shown in Figures 4C, D, that the ONL thickness change of WT (1.57 ± 0.73 µm, 30 min DA) was similar with rd10 (1.72 ± 0.78 µm, 30 min DA), however the ELM-RPE thickness change of WT (1.13 ± 0.69 µm, 30 min DA) was smaller than the rd10 (2.64 ± 0.86 µm, 30 min DA). Statistical significance was shown in rd10 after 5 min DA but not in WT (p < 0.001). Additionally, at time point 15 and 25, the difference was significant between the two groups (p < 0.01).
[image: Figure 4]FIGURE 4 | Comparative analysis of outer retina thickness changes during light to dark transition. (A) Inner retina (NFL-OPL) thickness; (B) Outer retina (OPL to RPE) thickness; (C) ONL (OPL to ELM) thickness change; (D) ELM to RPE thickness change. Standard deviation was represented as the error bar for each data point. **p < 0.001, ***p < 0.001, compared to 0 min within group and at same time point between groups, using one-way ANOVA with the Bonferroni correction. Data was averaged from six WT and nine rd10 retinas.
Figure 3B demonstrated a decrease in OCT intensity in the outer retina, particularly the EZ band in both retinas. Figure 5 followed this finding to further compare the relative intensity changes from outer retinal layers. The results indicated similar relative intensity changes in OPL (Figure 5A) and RPE (Figure 5D) bands between WT and rd10. However, significant DA-IOS kinetic differences were observed in EZ and T1 (Figures 5B, C). A significant intensity reduction was observed in EZ after 5 min DA in rd10 retinas (p < 0.001), while it occurred after 15 min DA in WT retinas (p < 0.001). Also, statistical difference was shown between WT and rd10 after 10 min DA (p < 0.001). Regarding the relative intensity reduction of T1, Figure 5C demonstrated the notable decrease in rd10 after 10 min of DA (p < 0.01), while in WT, this decrease was observed only after 30 min of DA (p < 0.05). Together, these results indicated that during DA the intensity of EZ peak and OS region decreased rapidly in rd10, compared to WT.
[image: Figure 5]FIGURE 5 | Comparative analysis of outer retina relative intensity changes during light to dark transition. (A) OPL relative intensity change; (B) EZ relative intensity change; (C) T1 relative intensity change. (D) RPE intensity change. Standard deviation was represented as the error bar for each data point. *p < 0.05, **p < 0.01, ***p < 0.001, compared to 0 min within one group and at same time point between two groups, using one-way ANOVA with the Bonferroni correction. Data was averaged from six WT and nine rd10 retinas.
DISCUSSION
Functional OCT was conducted to characterize morphological measurements and DA-IOS kinetics at the outer retina in WT and rd10 mice. First, we observed unclear ELM and “swollen” EZ at P17, as well as reduced outer retina at P21 in rd10 OCT images, and the IZ was observed only in WT OCT images after P17. According to these morphological changes, we then studied structural intact retinas at P14 using dark adaptation method, to observe functional morphological changes. Both WT and rd10 retinas displayed a decrease in ELM-RPE thickness and a reduction in EZ intensity during DA, as shown in Figures 4, 5. The observation aligns with prior reports of outer retina shrinkage in dark conditions [51, 52, 58]. However, it’s worth noting that the transient thickness change of ELM-RPE in rd10 during DA was larger compared to WT, as indicated in Figure 4D. The EZ and T1 intensity changes were distinguishable quickly in rd10 after 5 min and 10 min DA (Figures 5B, D). These results suggested that DA-IOS kinetics, particularly the ELM-RPE thickness, EZ and OS body intensity, can provide sensitive biomarkers for functional assessment of photoreceptor physiology.
Compared to previous study [51], the DA changes in thickness and intensity were more significant and the OCT reflectance itself was brighter in mature WT retina. A potential explanation could be that the metabolic condition and response in adult mouse retina are known to become more robust with maturation which was reflected in ERG [59]. In addition, it has been reported that at the structural and molecular level, photoreceptors are fully functional by P30, and protein expressions as well as synapse activity become mature after P30 [60].
We speculated some potential mechanisms behind the DA-IOS changes, specifically the observed shrinkage of ELM-RPE thickness and reduction of EZ intensity from P14 retinas. Many studies reported that enhanced RPE pumping activity [40, 58, 61, 62] and mitochondrial morphological changes during DA [50, 61] may reduce the fluid content, which leads to shrinkage of ELM-RPE thickness and decrease of OCT reflectance. Higher oxidative stress in rod photoreceptors of rd10 [63] could cause oxidative damage to photoreceptors and affect their functions [64]. Increased oxygen supply to the photoreceptor increased the respiratory metabolites including water content produced by mitochondria [65, 66]. After DA, the accumulation of metabolic fluid between ELM-RPE is reduced and leads to thickness shrinkage in the rd10 retina [58]. Thus, we hypothesized that the enhanced water content removal together with mitochondrial activity contributes to accelerated shrinkage of ELM-RPE thickness and reduction of EZ intensity in rd10.
Decrease of internal osmotic pressure in DA resulting in reversed cytoplasmic swelling and less backscattering could be another potential mechanism behind these DA-IOS changes. In the presence of light, rhodopsin absorbs photons and becomes active, then activates transducin and subsequent PDE-mediated cGMP hydrolysis, which turns off ion channels. This process may increase osmotic pressure with extra osmolytes and result in cytoplasmic swelling, causing increased ELM-RPE thickness and EZ intensity [67, 68]. However, in DA without light, rhodopsin is inactivated, and the cascade gradually stops. Without transducin activating PDE, cGMP contributes to ion flux through open ion channels, reducing internal osmotic pressure and promoting cytoplasmic fluid removal, leading to shrinkage of ELM-RPE thickness and reduction of EZ intensity [67]. This process occurs after transducin activation, which was expressed comparably in WT and rd10 retinas at P14 [41]. Therefore, in both groups the thickness shrinkage and intensity reduction were observed. However, rd10 retinas at P14 exhibited accelerated reductions in ELM-RPE thickness and EZ intensity compared to WT, possibly due to the pre-existing PDE deficiency in rd10 mice present from birth [38, 41, 43, 45], leading to less functional PDE proteins and higher cGMP accumulation in the OS [37]. The increased cGMP concentration may result in faster osmotic pressure reduction with restoration of cytoplasmic fluid removal in DA, contributing to accelerated thickness shrinkage and reduced backscattering in retinal photoreceptors of rd10 mice.
Based on the A-line reflectance profiles, we did not observe a hyperreflective peak (IZ) near RPE in P14 mouse like in adult WT mouse retina [51], but only the hyporeflective band T1 between EZ and RPE. Interestingly, the T1 intensity in rd10 was higher than that in WT in light condition, and it was almost same as the EZ intensity after dark adaptation (Figure 3B). It is known that hyporeflective band T1 between EZ and RPE was most correlated with OS body [32]. The intensity difference in OS may be result from the deficient PDE level in rd10 retina at P14 and need further investigation. Together, the observation of T1 intensity suggested that possible OS abnormality occurred during DA in rd10 retinas at P14.
CONCLUSION
Comparative OCT revealed DA-IOS markers, such as shrinkage of ELM-RPE thickness and reduction of EZ and T1 relative intensities, to differentiate WT and rd10 retinas at around P14 before notable morphological abnormality. Both WT and rd10 retinas consistently showed ELM-RPE thickness shrinkage together with EZ intensity reduction after DA. The DA caused thickness and intensity responses were observed to be significantly larger and quicker in rd10 compared to WT, providing non-invasive IOS markers for early detection of photoreceptors dysfunction due to degeneration. The hyporeflective band T1, corresponding to photoreceptor OS, also showed obvious intensity difference. The assessment of DA-IOS kinetics through intrinsic signal ORG presents a valuable non-invasive approach to detect early signs of rod photoreceptor degeneration.
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Abstract
Ultrasonographic characteristics of skeletal muscles are related to their health status and functional capacity, but they still provide limited information on muscle composition during the inflammatory process. It has been demonstrated that an alteration in muscle composition or structure can have disparate effects on different ranges of ultrasonogram pixel intensities. Therefore, monitoring specific clusters or bands of pixel intensity values could help detect echotextural changes in skeletal muscles associated with neurogenic inflammation. Here we compare two methods of ultrasonographic image analysis, namely, the echointensity (EI) segmentation approach (EI banding method) and detection of selective pixel intensity ranges correlated with the expression of inflammatory regulators using an in-house developed computer algorithm (r-Algo). This study utilized an experimental model of neurogenic inflammation in segmentally linked myotomes (i.e., rectus femoris (RF) muscle) of rats subjected to lumbar facet injury. Our results show that there were no significant differences in RF echotextural variables for different EI bands (with 50- or 25-pixel intervals) between surgery and sham-operated rats, and no significant correlations among individual EI band pixel characteristics and protein expression of inflammatory regulators studied. However, mean numerical pixel values for the pixel intensity ranges identified with the proprietary r-Algo computer program correlated with protein expression of ERK1/2 and substance P (both 86–101-pixel ranges) and CaMKII (86–103-pixel range) in RF, and were greater (p < 0.05) in surgery rats compared with their sham-operated counterparts. Our findings indicate that computer-aided identification of specific pixel intensity ranges was critical for ultrasonographic detection of changes in the expression of inflammatory mediators in neurosegmentally-linked skeletal muscles of rats after facet injury.
Keywords: rat, neurogenic inflammation, rectus femoris, inflammatory regulators, first order echotextural variables
IMPACT STATEMENT
Early detection of biochemical changes in skeletal muscles could greatly improve the diagnosis and treatment of various myopathies. There is a great deal of evidence to suggest that ultrasonographic characteristics of skeletal muscles can be used to determine their chemical composition. The main objective of the present experiment was to use computer-assisted image analysis of muscle ultrasonograms to estimate the content of neuroinflammatory regulators. We have designed and written a computer algorithm (r-Algo) to identify the specific ranges of echointensity values with the strongest correlation to the biochemical constituents of muscles in rats following the experimental facet injury. Mean echointensity values for r-Algo−detected pixel ranges (associated with the expression of affected inflammatory regulators) differed significantly between the surgery and sham-operated animals. These results indicate that r-Algo provides a novel and effective method of quantitative image analysis, with multiple potential applications in biomedical research, medicine, and industry.
INTRODUCTION
Muscle inflammation plays a significant role in the etiology of many diseases, including primary inflammatory myopathy and several muscular dystrophies [1]. Various approaches are available for diagnosing and monitoring muscle inflammation, including magnetic resonance imaging (MRI), computed tomography (CT), and skeletal muscle biopsies; however, these techniques are invasive (muscle biopsies), expose the individual to ionizing radiation (CT), or have limited accessibility (MRI) [2, 3]. Still, developing a non-invasive or minimally invasive method for detecting and monitoring microstructural and biochemical alterations during myositis (idiopathic or neurologic) has lagged behind [1, 4].
Ultrasound imaging (grey-scale B-mode) is a safe diagnostic method that permits visualization of internal organs and tissues with relatively high spatial resolution [5]. Its advantages can mainly be attributed to “real-time” capabilities and the fact that it enables the clinicians to sample patients with much greater frequency than with other imaging techniques, thereby providing greater sensitivity/specificity to the diagnosis and treatment responses of patients [4, 5]. This technique is increasingly used for soft tissue evaluations in a wide range of medical fields [4]. However, the interpretation of ultrasonographic findings is heavily dependent on the diagnosticians’ expertise and image quality. Furthermore, B-mode image echointensity is variable and likely dependable on the machine/system settings and operator, making comparisons across diagnostic centers difficult and inconsistent [4]. In 1989, Heckmatt et al. [6] developed quantitative sonography of skeletal muscles, which is less dependent on operator’s experience as well as more objective and accurate compared with visual inspection of ultrasonograms. Using this approach, muscle echotextural features are computed within a specific region of interest (ROI) [6]. Since then, numerical echo intensity (EI) values have become the most commonly used ultrasound-based measure of skeletal muscle status [7–10]. Several ensuing studies confirmed that muscle EI was a useful and practical surrogate measure of skeletal muscle health and functional capacity [7–10], particularly in diagnosing and evaluating the progression of numerous neuromuscular disorders associated with the inflammatory process [11]. However, EI still provides limited information on muscle chemical constituents [12]. The biochemical composition of skeletal muscles is known to change during the development of pathological conditions [1, 4]. Therefore, it is important to describe the accompanying echotextural changes in order for transcutaneous ultrasonography to become a useful technique in detecting and frequently monitoring muscle inflammation. Recently, Pinto and Pinto [13] observed that EI capturing a complete range of pixel intensities or numerical pixel values of the organ of interest (ranging from 0 (absolute black) to 255 (absolute white)) might convey inadequate information on their chemical composition and/or the extent of histomorphological changes. Therefore, assessing EI parameters and pixel distribution within different EI clusters of the grey-scale histogram may provide more accurate information on muscle internal characteristics [13]. New ultrasound image processing and analysis methods are urgently needed to obtain critical information on tissue chemical composition.
Given these lines of evidence, we developed a computer algorithm (provisionally called r-Algo). First, the program screens the numerical pixel values in the images/specified ROIs. Next, it identifies the conglomerates or groups of pixel values for which the linear correlations between echogenic and other quantitative characteristics of the tissue (including those determined ex situ with various laboratory techniques) are strongest (based on the value of correlation coefficient-r). The r-Algo calculates mean numerical pixel values for each possible combination of pixels in the image bitmap (with luminance values ranging from 0 to 255), and computes correlation coefficients between pixel intensity for all pixel ranges/clusters (input variables) and any equinumerous data set (output variables), using the Pearson Product moment analysis. Lastly, the software reports a continuous pixel range or a scattered group of pixels for which the strongest linear correlation between the two sets of quantitative data (echotextural and other) has been identified.
The aim of this work was to develop methodological and statistical criteria whereby the linear association between the combination of nominal pixel values and protein expression of inflammatory mediators in the affected skeletal muscles of rats could be established. In addition, we applied the r-Algo program to: i. assess the suitability of using the predictive pixel intensity ranges for detecting differences in the expression levels of inflammatory mediators; and ii. compare this approach with the EI banding method using two “arbitrary” pixel ranges most commonly employed in the past studies (with the 50- and 25-pixel intervals). The existence of such quantitative relationships would greatly enhance the sensitivity and specificity of this clinically-feasible diagnostic approach (ultrasound imaging combined with computer-aided image analysis) for the monitoring and management of inflammatory muscle disease.
MATERIALS AND METHODS
Experimental procedures
The Animal Care Committee of the University of Guelph (Guelph, ON, Canada) had approved all experimental procedures involving live animals. The present retrospective study used the original data and ultrasound images obtained and analyzed by Duarte et al. [14] and Ahmadi et al. [15], but with the new discriminating image analysis of muscle ultrasonograms. Twelve sexually mature male Wistar Kyoto rats, aged 13 ± 5 months, were housed (2–3 animals per cage) in a room with a 12-hour alternating light-dark cycle and a stable temperature (23.0 ± 1.0°C). All animals received pellet diet ad libitum. Animals were divided into two groups: surgery (animals that subsequently underwent facet compression at lumbar segments L4-L6 on the left side; Figure 1), and sham-operated (animals with left side facets exposed but without facet compression) [16, 17]. A non-steroidal anti-inflammatory drug carprofen (5 mg/kg body mass) was administered subcutaneously 30 min before surgical procedures. Both surgery and sham animals were anesthetized using 4% isoflurane and had a local anesthesia applied over the incision site (2–5 mg/kg of 50/50 lidocaine/bupivacaine). Once animals were anesthetized, a posterior midline incision of skin and subcutaneous tissue was made along the L2 to L6 spinous processes. A lumbar muscle at the L3-L4-L5 spinous process (multifidus) was resected to expose the lumbar facet capsule. In the experimental facet surgery group, the left L4-L5 and L5-L6 facet joints were then compressed with modified Kelly forceps. All muscles were sutured (braided 4-0 coated vicryl) and the skin was closed using stainless-steel staples. After regaining consciousness, rats were returned to their cages and maintained in the same conditions as prior to surgical manipulations. The effectiveness of surgical procedures was verified 21 days later with histopathological examinations and micro-CT scans (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental procedures (upper panels; scalpel incision and left L4-L5/L5-L6 joint compression using modified Kelly forceps) and histopathological (hematoxylin-eosin (HE) staining)/radiological (micro-CT) evaluations of the lumbar facet articular joint injury (L4-L5; lower panels) 21 days after surgical procedures in sham-operated (left) and surgery (right) rats. Targeted injury sites are delineated with rectangles. Photographic reproductions of histograms and a micro-CT scan insert show the intact L4-L5 facet joint in a sham-operated rat and the injured facet in a surgery group animal.
Ultrasound scanning and image acquisition
Transcutaneous ultrasonography of various muscle groups in the rats of the present sudy has been detailed previously [14, 15]. All ultrasound images of the rectus femoris muscle 21 days after surgical interventions were recorded in B-mode using the Vevo 2100 Visuals Sonic Ultrasound Diagnostic Medical Imaging System (Visual Sonic Inc., Toronto, ON, Canada; Figure 2). The equipment settings for transducer frequency (24 MHz), overall and near/far gain, contrast, and focal points were kept constant throughout the entire study. To eliminate a scale bar and all typed characters in the image text area, digital images were cropped, converted to grayscale images with a bit depth of eight ranges and pixel intensity from 0 (absolute black) to 255 (absolute white), and then normalized using a r-Algo and the following formula: Gi = T (fi−fmin)/(fmax−fmin), where fi was the original intensity in the range (fmin, fmax) and Gi was the corresponding scaled intensity to lie within (0,T).
[image: Figure 2]FIGURE 2 | (A) Schematic illustration of the scanning technique employed to visualize hindlimb muscles of experimental rats; (B) topographic location of vastus lateralis (VL), vastus intermedius (VI), rectus femoris (RF) and vastus medialis (VM) muscles; (C) a normalized ultrasonogram containing individual muscles with a green line illustrating a possible positioning of a polygonal region of interest (ROI) used for determining echotextural characteristics of RF parenchyma; and (D) a summary of digital image analysis performed with ImageProPlus® computer software (Mean, mean numerical pixel values; Std Dev, pixel heterogeneity; X Min and X Max, minimal and maximal pixel intensity values within ROI; and Sum, a total number of pixels encapsulated by an ROI; a red graph is a pixel distribution histogram with pixel intensity values along the x-axis and the numbers of detected pixels of specific intensities on a y-axis).
Western blotting of inflammatory regulators
All animals were euthanized with carbon dioxide on Day 21 of the experiment (Day 0 = surgery) and the samples of the rectus femoris were collected for Western blot analyses of inflammatory regulators, as described previously by Ahmadi et al. [15]. Muscle samples (each 20–30 mg) were frozen and then homogenized with cell lysis buffer (NP40 CLB-FNN0021; Thermo Scientific Fisher, Canada) containing protease inhibitor and serine protease inhibitor phenylmethylsulphonyl fluoride (PMSF). A copper-based assay using bicinchoninic acid (BCA) protein detection kit (Pierce BCA Protein Assay; Thermo Scientific, Canada) was used to determine protein content in the homogenized samples [18]. Equal amounts of muscle sample proteins (15 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel (15%) electrophoresis and transferred for 1 h at 0.2 A onto a polyvinylidene difluoride membrane. Membranes were blocked in 5% non-fat skim milk tris-buffered saline (TBS-T) containing 0.1% tween-20 for 1 h at room temperature followed by an overnight incubation at 4°C with primary antibodies diluted in 5% bovine serum albumin. The primary antibodies used were as follows: anti-substance P antibody at 1:500 (orb215527), anti-calcitonin-gene related peptide (CGRP) 1:250 (orb182870) and anti-protease-activated receptor-2 (PAR2) antibody at 1:500 (orb385619); Biorbyt Ltd., San Franciso, CA, United States; anti-proline-directed kinases (ERK1/2) antibody at 1:1,000 (#9102); and anti-Ca2⁺/calmodulin-dependent protein kinase II (CaMKII) antibody at 1:1,000 (#4436); Cell Signaling Technology, Denver, MA, United States. After three washes in TBS-T, the membranes were incubated at room temperature for 1 h with the secondary antibody (anti-rabbit—1:2000, A0545; Sigma-Aldrich, Oakville, ON, Canada). Protein bands were detected using enhanced chemiluminescence (PerkinElmer; Waltham, MA, United States) and relative protein content was quantified by densitometry using a chemiluminescence detection system (Alpha Innotech Fluorchem HD2, Fisher Scientific, Hampton, NH, United States); all results were normalized against the loading control (alpha-tubulin protein, ab7291; Abcam, Cambridge, MA, United States).
Image analysis based on arbitrarily chosen clusters of echointensity values (EI bands)
The regions of interest in the images containing the largest cross-sectional area of the rectus femoris were delineated using a polygonal tool and subjected to the bitmap analysis using ImageProPlus® analytical software (Media Cybernetics Inc., Rockville, MD, United States). Bitmap analysis organizes and displays the values of individual pixels in a bitmapped image/rectangular ROI. Using the “Save” command on the “Histogram and Bitmap Analysis” file tab, the results of the analysis were stored in a file for processing with other applications at a later date. All tabulated pixels from the grayscale (B-mode) matrix were exported to a customized Excel spreadsheet to calculate the mean pixel intensity (numerical pixel values-NPV) and heterogeneity (standard deviation (SD) of mean numerical pixel values) in the ranges of: i. 0–50, 51–100, 101–150, 151–200, and 201–255 or 0–25, 26–50, 51–75, 76–100, 101–1,025, 126–150, 151–175, 176–200, 201–225, 226–250, and 251–255.
Image analysis using in-house Python algorithm r-Algo
The mean value for pixel intensities for each possible combination of individual pixel values (0–255) within each bitmap ([image: image] 1,099,511,627,776) were calculated by r-Algo. The program also computed coefficients of correlation between averaged values for all pixel value combinations/clusters (input variables) and the expression of inflammatory mediators (output variables: Figure 3). Lastly, the r-Algo identified a pixel range with the strongest linear correlation (highest correlation coefficient) for each output variable.
[image: Figure 3]FIGURE 3 | A simplified r-Algo (computer algorithm) operating flow chart.
Statistical comparisons and correlational analyses
All statistical tests were completed using the SigmaPlot® program (Systat Software Inc., San Jose, CA, United States). The percentages of pixels in different numerical pixel value ranges (EI bands 50 and 25) as well as the differences in mean pixel intensity and heterogeneity values between the two groups of animals (surgery and sham-operated) were analyzed for each EI range by Student t-test. Similarly, pixel distribution, as well as mean pixel intensity and heterogeneity values for specific pixel ranges identified with the r-Algo, were compared between surgery and sham-operated rats by Student t-test. Correlational analyses between first order echotextural variables or pixel frequencies/distribution and the expression of inflammatory regulators utilized the Pearson Product Moment test. p-value < 0.05 was considered statistically significant and all results are expressed as mean ± standard error of the mean (SEM).
RESULTS
Western blot studies revealed an occurrence of a 2.4-fold, 2.7-fold and 1.9-fold rise in CaMKII, ERK1/2 and substance P concentrations, respectively, in the rectus femoris of surgery rats compared with sham-operated animals (Figure 4). No effect of facet injury on the protein expression of CGRP or PAR2 in the rectus femoris was noted on Day 21 after initial experimental interventions (p > 0.05). The mean pixel intensity for the rectus femoris muscle did not vary significantly between surgery and sham-operated groups of experimental rats (67.5 ± 8.1 compared with 67.8 ± 7.7, respectively), and there were no correlations (p > 0.05) among echotextural variables determined in original ROIs and protein expression of the inflammatory regulators studied.
[image: Figure 4]FIGURE 4 | Relative protein expression of inflammatory mediators determined in left rectus femoris homogenates obtained post-mortem 21 days after experimental procedures from sham-operated and experimental surgery (lumbar L4-L6 facet injury) Kyoto Wistar rats. Ponceau is the generic name for a family of azo dyes used for gel staining. CaMKII, Ca2⁺/calmodulin-dependent protein kinase II; ERK1/2, proline-directed kinases; CGRP, calcitonin-gene related peptide; and PAR2, protease-activated receptor-2. ab, p < 0.05.
The proportions of pixels (pixel frequency distribution), as well as mean pixel intensity and heterogeneity values for different EI bands, are shown in Figure 5. Only one surgery group rat and no sham-operated animals had pixel intensities for the rectus femoris muscle in the 201–255 range. Similarly, only one sham-operated rat and three surgery rats had pixel intensity values within the 176–200 range. All animals’ ultrasonograms contained numerical pixel values in the lower intensity ranges or bands (≤175). There were no significant differences in the mean pixel intensity and heterogeneity for different EI bands between the surgery and sham-operated groups (Figures 5B, C, E, F). There were no significant correlations (p > 0.05) among pixel percentages (Tables 1, 2) or first order echotextural variables in the 50 or 25 EI bands (Tables 3, 4) and the expression of inflammatory regulators studied.
[image: Figure 5]FIGURE 5 | Mean (±SEM) pixel frequency distribution (A,D), intensity [numerical pixel values; (B,E)], and heterogeneity (C,F) of the rectus femoris muscle ultrasonograms for echointensity (EI) bands with the 50- (A–C) or 25-pixel intervals (D–F). Ultrasonographic images of the hindlimbs were taken 3 weeks after the lumbar (L4-L6) facet injury in six sham-operated and six surgically treated rats.
TABLE 1 | A summary of correlational analyses among pixel frequency distribution (EI%) within individual echointensity bands (EI 0–50 to EI 151–200) and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 1]TABLE 2 | A summary of correlational analyses among pixel frequency distribution (EI%) within individual echointensity bands (EI 0–25 to EI 151–175) and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically-treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 2]TABLE 3 | A summary of correlational analyses among mean numerical pixel values (NPV) and pixel heterogeneity (SD of numerical pixel values) within individual echointensity bands (EI 0–50 to EI 151–200) and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 3]TABLE 4 | A summary of correlational analyses among mean numerical pixel values (NPV) and pixel heterogeneity (SD of numerical pixel values) within individual echointensity bands (EI 0–25 to EI 151–175) and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 4]The ranges of pixel intensities identified with the r-Algo program, for which there were the strongest linear relationships with the protein expression of inflammatory mediators measured in the rectus femoris of surgery and sham-operated rats, were as follows: PAR2: 54–57; CGRP: 56–57; ERK1/2 and substance P: 86–101, and CaMKII: 86–103. Images illustrating the spatial distribution of pixels within the pixel ranges above are given in Figure 6. There were no differences (p > 0.05) in the percentages of pixels within specific ranges (relative to all pixels in ROI) between the surgery and sham-operated groups (Figure 7A). Mean NPVs for the pixel ranges corresponding to ERK1/2 and substance P (86–101) and CaMKII (86–103) were greater (p < 0.05) in surgery rats compared with their sham-operated counterparts (Figure 7B). However, no significant differences were observed for pixel heterogeneity values of any specific pixel range (Figure 7C). There were no significant correlations among the percentages of pixels in the pixel ranges determined with the r-Algo and the expression levels of inflammatory mediators (Table 5). Pearson Product Moment analyses revealed a lack of linear relationships among NPV values in the non-corresponding pixel ranges and the expression of inflammatory regulators. There were no significant correlations among pixel heterogeneity and the expression of inflammatory regulators except for pixel heterogeneity SD (56–57) and CGRP protein expression (r = −0.94, p = 0.00002) and SD (56–57; an NPV region partially overlapping the 54–57 region specific for PAR2) and PAR2 protein expression in the rectus femoris of rats (r = −0.78, p = 0.004; Table 6).
[image: Figure 6]FIGURE 6 | The threshold mapping of specific pixel intensity ranges identified by the r-Algo computer program for which mean numerical pixel values were highly and significantly correlated with the protein expression of neuroinflammatory regulators in the rectus femoris muscle of rats (sham-operated and surgery) after the experimental L4-L6 facet injury. Abbreviations in the top left panel are as follows: VL-vastus lateralis; VI-vastus intermedius; RF-rectus femoris; and VM-vastus medialis. White arrows in a top right panel indicate the perimysial layers and arrowheads point at scattered epimysial septa.
[image: Figure 7]FIGURE 7 | Mean (±SEM) pixel frequency distribution (A), intensity [numerical pixel values; (B)], and heterogeneity (C) of the rectus femoris muscle ultrasonograms, for specific echointensity (EI) ranges identified by the r-Algo computer program (for which mean numerical pixel values were highly and significantly correlated with the protein expression of neuroinflammatory regulators). Ultrasonographic images of the hindlimbs were obtained in 6 sham-operated and 6 surgery rats that underwent the experimental L4-L6 facet injury. Abbreviations used are follows: Ca2⁺/calmodulin-dependent protein kinase II (CaMKII); proline-directed kinases (ERK1/2); calcitonin-gene related peptide (CGRP); and protease-activated receptor-2 (PAR2).
TABLE 5 | A summary of correlational analyses among pixel frequency distribution (EI%) within individual echointensity bands identified by the r-Algo program and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 5]TABLE 6 | A summary of correlational analyses among mean numerical pixel values (NPV) and pixel heterogeneity (SD of numerical pixel values) within individual echointensity bands identified by the r-Algo program and the protein expression of inflammatory mediators measured in the rectus femoris muscle of sham-operated rats and their surgically treated counterparts that underwent experimental lumbar facet (L4-L6) injury.
[image: Table 6]DISCUSSION
Transcutaneous ultrasonography has evolved significantly over the past decade. The advent of high-frequency micro-ultrasound systems enabled detection of a wide range of pathological muscle conditions, not only in clinical settings but also in non-clinical fields, particularly in studies involving small laboratory rodents [11, 19, 20]. Although ultrasound technique offers a secure means to observe the development or progression of the disease and to assess the effectiveness of treatment(s) applied, only a limited number of studies have explored the functional and morphological aspects of rodent skeletal muscles using ultrasonography [19, 20]. Despite their highly organized microarchitecture, striated muscles exhibit significant structural heterogeneity caused mainly by varying proportions of different muscle fiber types [21], fascial tissue [22, 23], innervation [24], and blood/lymphatic drainage [25]. Changes in muscle echogenicity could be related to microscopic changes occurring in any of these compartments [26]. A major difficulty in detecting and/or quantifying factors critical to inflammatory outcomes in skeletal muscles lies in the complexity of their pathomorphological arrangement. Methodical analysis of ultrasongrams is crucial for achieving proper standardization in non-medical and medical ultrasonography (i.e., enhancing the interpretation of preclinical data and thus facilitating the broader application of ultrasound imaging in clinical settings).
Muscle echogenicity is frequently used to evaluate its structural and functional integrity [19]. Several methods can be employed to assess muscle echotextural parameters. The simplest method is to visually compare the echogenicity of the muscle to that of other structures, such as subcutaneous tissue [19]. The results obtained using this approach are often imprecise due to the potential human error interpreting the differences among multiple “shades of grey” [27]. Semi-quantitative method described by Heckmatt [6] and comparing muscle echointensity with bone echogenicity has greater sensitivity to accurately diagnose pathological conditions of skeletal muscles compared with visual assessment. However, quantitative methods utilizing the computation of echointensity values in a region of interest (ROI) have proven to be the most sensitive (90 percent overall) in detecting an array of neuromuscular disorders [6], including neuromuscular diseases (NMDs) in children [11, 28], Duchenne and Becker muscular dystrophy [29], Floppy disease [30], and spina bifida aperta [31].
Recently, Pinto and Pinto [13] have shown that assessing the concentration of pixels within different clusters of pixel echointensities (EI bands) of the grey-scale histogram can provide more accurate information on muscle constituents than the whole-image quantitative analysis. In contrast to the results of Pinto and Pinto [13], we found no significant differences in pixel echointensity, heterogeneity and distribution concentration in the rectus femoris muscle (neurosegmentally-linked myotomes) between the sham and surgery groups of rats when using the EI bands technique (with either 50- or 25-pixel intervals). Clearly, partitioning the “pixel pallete” into five or eleven bands did not “capture” or “sequester” pixel intensity values associated with the changes in an affected myotome.
Alternatively, a new method of image processing and analysis using the r-Algo, an algorithm written in Python, did identify specific ranges of pixel intensities for which mean numerical pixel values of rectus femoris were strongly correlated (r ≥ 0.77) [32] with the protein expression of inflammatory mediators determined in our study. Mean pixel intensities for the identified regions that corresponded to inflammatory regulators differing significantly between sham-operated and surgery rats, also varied between the two subsets of animals. However, pixel frequency distribution and heterogeneity for these ranges did not vary between the surgery and sham-operated groups, and with the two exceptions (SD (54–57) vs. CGRP and SD (56–57) vs. PAR2) they did not relate to the expression of inflammatory regulators studied. Moreover, the specific EI ranges were identical for substance P and ERK1/2 (86–101), and there was a considerable overlap between the ERK1/2-substance P range (86–101) and that for CaMKII (86–103). This is intriguing since not only were the three inflammatory factors the only ones whose expression was affected 3 weeks after the experimental facet injury, but they also function synergistically during the course of neurogenic inflammation. Substance P has been shown to regulate the activation of inflammatory signaling pathways via ERK1/2 activation in macrophages, neutrophils, smooth muscle cells and muscle lymphatics, and this cascade of intracellular events mediated jointly by substance and ERK1/2 is dependent on intracellular increase in calcium [33]. Changes in p-CaMKII expression result in altered activity of the sarcoendoplasmic reticulum calcium ATPase (SERCA) pump involved in Ca2+ transport in muscle cells [34]. Both CGRP and PAR2, albeit exhibiting similar expression levels in the rectus femoris of surgery and sham-operated rats, also had overlapping r-Algo identified pixel intensity ranges, and their role during the neurogenic inflammation is clearly synergistis: activation of PAR2 stimulates the release of SP and CGRP from sensory nerve endings, reinforcing the neurogenic inflammation milieu [35, 36]. Collectively, these observations can be interpreted to suggest that range-specific pixel luminosity values were primary echotextural variables altered in response to the specific alterations elicited in the skeletal muscles of experimental rats by individual inflammatory regulators.
Additional ultrasonogram mapping was performed in an attempt to determine the spatial distribution of the pixels in specific ranges within the ultrasonographic images of the rectus femoris muscle. By performing the threshold mapping using ImageProPlus® program, the pixels specific for CaMKII, ERK1/2 and substance P were observed mainly near the fibroadipose septa of the muscle. It has been shown that inflammatory processes not only alter the echointensity of muscle fascicles, but also the echointensity of fibroadipose septa as they fill with inflammatory exudates [37]. Furthermore, perimysium and epimysium (fibroadipose septa) contain nerve endings that release neuropeptides, including substance P, and it has been shown that substance P stimulates transforming growth factor-1 (TGF-1), which leads to the development of fibrotic tissue in those regions of the muscle [38]. Even though it is only a speculation, it is attractive to suggest that r-Algo-aided detection of numerical pixel values associated with specific biochemical constituents may serve as an indicator of their locality and/or the extent of histomorphological changes induced by their elevated expression or accumulation.
CONCLUSION
Our present results indicate that identifying specific pixel intensity ranges was necessary to find significant quantitative correlations between mean numerical pixel values and protein expression of inflammatory mediators (related to putative microstructural changes in the neurosegmentally-linked skeletal muscles of rats after experimental facet injury). The application of this method of image processing and analysis may enable the extraction of critical information on quantitative relationships among first-order ultrasonographic image attributes and an array of output variables (e.g., chemical constituents or histomorphological features of the ultrasonographically examined tissue of interest). This potential feature of r-Algo warrants further studies.
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A phase 1 trial of human telomerase reverse transcriptase (hTERT) vaccination combined with therapeutic strategies to control immune-suppressor mechanisms
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Abstract
The presence of inhibitory immune cells and difficulty in generating activated effector T cells remain obstacles to development of effective cancer vaccines. We designed a vaccine regimen combining human telomerase reverse transcriptase (hTERT) peptides with concomitant therapies targeting regulatory T cells (Tregs) and cyclooxygenase-2 (COX2)-mediated immunosuppression. This Phase 1 trial combined an hTERT-derived 7-peptide library, selected to ensure presentation by both HLA class-I and class-II in 90% of patients, with oral low-dose cyclophosphamide (to modulate Tregs) and the COX2 inhibitor celecoxib. Adjuvants were Montanide and topical TLR-7 agonist, to optimise antigen presentation. The primary objective was determination of the safety and tolerability of this combination therapy, with anti-cancer activity, immune response and detection of antigen-specific T cells as additional endpoints. Twenty-nine patients with advanced solid tumours were treated. All were multiply-pretreated, and the majority had either colorectal or prostate cancer. The most common adverse events were injection-site reactions, fatigue and nausea. Median progression-free survival was 9 weeks, with no complete or partial responses, but 24% remained progression-free for ≥6 months. Immunophenotyping showed post-vaccination expansion of CD4+ and CD8+ T cells with effector phenotypes. The in vitro re-challenge of T cells with hTERT peptides, TCR sequencing, and TCR similarity index analysis demonstrated the expansion following vaccination of oligoclonal T cells with specificity for hTERT. However, a population of exhausted PD-1+ cytotoxic T cells was also expanded in vaccinated patients. This vaccine combination regimen was safe and associated with antigen-specific immunological responses. Clinical activity could be improved in future by combination with anti-PD1 checkpoint inhibition to address the emergence of an exhausted T cell population.
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IMPACT STATEMENT
Difficulty in generating activated effector T cells and the presence of inhibitory immune cells are obstacles to development of tumour vaccines. hTERT is overexpressed in >90% of malignancies. We conducted a Phase 1 trial, in which patients with different multiply-pretreated solid tumours were vaccinated with an hTERT-derived 7-peptide library, with a novel adjuvant strategy, selected to ensure presentation by both HLA class-I and class-II in 90% of a European population. Adjuvants were Montanide and topical TLR-7 agonist, to optimise antigen presentation. Oral low-dose cyclophosphamide, to modulate regulatory T cells, was combined with celecoxib to block cyclooxygenase-2-mediated immunosuppression. The primary objective was determination of vaccine/adjuvant safety and tolerability, with immune response and detection of antigen-specific T cells as exploratory endpoints. This vaccine was safe. The data demonstrates the induction of immunological responses, including clonal expansion of hTERT reactive T cells and clinical disease stabilisation for over 6 months in a quarter of these therapy-resistant patients.
INTRODUCTION
Immune therapy of cancer using vaccination strategies has had limited success to date, due to low immunogenicity of selected antigens, poor stimulation of effector T cells, and incomplete tumour specificity. Human telomerase reverse transcriptase (hTERT) is expressed at elevated levels in >90% of human tumours [1–3], and offers a potential target for active vaccination mediated immune therapy of cancer. Recognition of hTERT peptides by αβ T cells is HLA-restricted, requiring the selection of subsets of patients with specific HLA haplotypes (e.g., HLA-A2) in previous hTERT vaccination studies. In order to maximise eligibility for vaccination, we chose to use an hTERT peptide library compatible with multiple HLA haplotypes. This library was predicted to be suitable for direct presentation by at least one HLA class-I and one HLA class-II allele in over 90% of a European population [4–6]. The uptake and processing of long peptides, which involves the active uptake, processing and presentation of such peptides by the professional antigen presenting cells, require no HLA-selection [7]. No long peptides were included in our hTERT library.
The selected hTERT library consisted of seven peptides identified as immunogenic self-antigens that are predicted to bind directly, without intracellular processing, to common HLA proteins (4 to class I and 3 to class II) [8–12]. These were subsequently confirmed to have a high binding affinity to the predicted HLAs.1 We also used a novel adjuvant strategy. Adjuvants employed were Montanide (ISA-51 VG), a water-in-oil emulsion composed of a mineral oil and a mannide mono-oleate surfactant, injected intradermally with the peptide library. In addition, imiquimod, an agonist for toll-like receptor 7 (TLR-7) was applied topically, in order to stimulate innate and acquired immune responses [13]. Each 3-weekly dose of vaccine was preceded by oral low dose cyclophosphamide (50 mg twice daily for the first 10 days of each cycle), in order to reduce immune suppressive regulatory T cells (Tregs) and myeloid derived suppressor cells (MDSCs) [14–17]. A cohort of 15 patients also received celecoxib, to inhibit cyclooxygenase-2 (COX-2), with the intention of suppressing pro-tumourigenic prostaglandin levels. This trial is the first step in a strategy termed “Combined Adjuvants for Synergistic Activation of Cellular immunity” (CASAC) [18, 19].
The aim of this study was to investigate the safety of this vaccine, and also to assess whether it could induce an antigen-specific cell-mediated immune response in a cohort of patients with advanced, therapy resistant solid tumours. Multi-dimensional immunophenotyping and T cell receptor (TCR) sequencing analysis were used to assess the specificity and magnitude of post-vaccination immunological responses.
MATERIALS AND METHODS
Trial design
We conducted a Phase 1 clinical trial in patients with advanced metastatic solid tumours for whom further standard therapy was unavailable or not suitable. This was an open label, fixed dose trial (see trial flow chart, Supplementary Figure S1). The primary objective of the study was to assess the safety and tolerability of the vaccine and associated therapy. Secondary objectives were to document vaccination-mediated stimulation of antigen-specific cellular immune responses (CD4+/CD8+ T cell), and to assess any clinical evidence of anti-tumour activity. The trial was approved by the Medicines and Healthcare products Regulatory Agency (EudraCT Number 2014-003025-18). Patients were recruited and treated at three UK cancer centres.
Patients
Eligible patients were aged ≥16, had histologically proven solid cancer, prior anti-cancer treatment completed ≥4 weeks previously, with no further suitable anti-cancer therapy option being available, and with a WHO performance status ≤2. Excluded comorbidities were autoimmune disorders, ongoing immune-suppressive therapy including steroids, central nervous system malignancies (primary and secondary), coronary artery disease, other major cardiac disease (documented left ventricular ejection fraction <50%), poorly controlled hypertension (diastolic >100 mmHg), and requirement for anticoagulation.
Trial treatment
Patients received 10 days of oral cyclophosphamide (50 mg twice daily orally on days 1–10), followed by the hTERT peptide vaccination emulsified in the Montanide adjuvant delivered intradermally on day 15 of 3-weekly cycles, and topical imiquimod (Meda Pharmaceuticals, Stockholm, Sweden). Of the 29 patients recruited, 15 were allocated non-randomly to receive additional continuous daily oral celecoxib, provided there was no contra-indication to receiving non-steroidal anti-inflammatory drugs. Seven GMP grade peptides were synthesised (4 class-I hTERT peptides: designated p324/325, p611, p865, p973; and 3 class-II hTERT peptides: p672, p766, p1123; designation numbers signify amino acid residue in the full-length hTERT protein; American Peptide Company, Sunnyvale, CA, United States) and transferred to a GMP facility (Rayne Institute, King’s College London), where peptides were formulated as a mixture at equimolar concentrations (10 μg/mL). The hTERT peptide sequences, frequency of HLA linkage (haplotype population prevalence), and their avidity scores (SYFPEITHI database for MHC-peptide-prediction, University of Tubingen, Germany1) are listed in Supplementary Figure S2. These hTERT peptides bind with high affinity to specific HLA molecules; the vaccine was designed to permit the presentation of at least one Class-I and one Class-II peptide by the HLAs present in >90% of patients.
Immediately prior to vaccination, the seven peptides in 1 mL phosphate buffered saline were thawed and emulsified at the bedside by mixing with 1 mL Montanide ISA-51 VG. The emulsion was injected intradermally (2 mL) at multiple sites, at each injection site with a volume of 0.1–0.2 mL, in a 5 cm × 5 cm area of the anterior abdominal wall. New vaccination sites were used for each subsequent cycle. Patients received up to 8 cycles of vaccination in the absence of tumour progression or intolerable toxicity. Patients considered to be benefiting from treatment were allowed to continue beyond eight cycles.
Patient evaluation
Patients were clinically assessed at baseline and every cycle for disease symptoms and treatment-related adverse events. This included analysis of blood samples for renal and liver function tests, full blood count and, where relevant, tumour markers. Serial CT scans performed every 3 cycles were used to evaluate measurable disease. A sub-set of patients underwent additional intradermal injections (100 μL) of peptide mixture only (without either Montanide adjuvant or imiquimod) in cycles 1, 3 and 6 to investigate delayed type hypersensitivity (DTH) responses. Peripheral blood samples were collected from patients prior to, during and post-vaccination, to characterise patients’ cellular immune response to vaccination.
Immunophenotyping
Frozen peripheral blood mononuclear cells (PBMCs) were used for immunophenotyping [Supplementary Material (materials and methods)]. To assess the specificity of the response to vaccine peptides, cells obtained from HLA-A0201 patients were challenged in vitro with the hTERT peptide library overnight, in the absence of any adjuvants but in the presence of protein transport inhibitor GolgiPlug (BD Biosciences, Erembodegem, Belgium). An irrelevant WT1-derived HLA-A0201-presented peptide 126–134 (RMFPNAPYL, referred to as RMF), served as a control. Cells were subsequently fixed, permeabilised, and stained with a selection of antibodies specific to T cells, regulatory T cells, T cell degranulation, T cell activation, immune check-points, T cell apoptosis markers and cytokines: CD3, CD8, CD4, CD45RO, CD127, CD25, CD107a, CD137, CD69, CD154, CD95, TCR Vd2g9, FoxP3, HLA-DR, CTLA-4, PD-1, TIM-3, IL-2, TNF-α and IFN-γ.
Ex vivo T cell stimulation assay
Patients’ PBMCs were subjected to two weekly cycles of ex vivo stimulation in culture, in the presence of hTERT peptides at 70 μg/mL in X-Vivo 15 (Lonza, Bioscience) to allow more detailed immunopenotyping of antigen-specific lymphocyte populations. These cultures were supplemented with 5 ng/mL of interleukins (IL)-4 and -7 on the first and second day. The culture was maintained for 2 weeks with addition of fresh medium, containing 40 IU/mL IL-2 (Peprotech, London, United Kingdom), every second day. After 2 weeks, genomic DNA was extracted for TCR-β chain analysis by high-throughput sequencing.
TCR-β chain sequencing
DNA was extracted (Qiagen’s DNeasy mini-columns, QIAGEN Inc., Germantown, MD, United States) from PBMC either without in vitro stimulation or after two rounds of hTERT peptide stimulation over 2 weeks. All TCR-β characterisation was performed by Adaptive Biotechnologies Corp (Seattle, WA, United States), using the ImmunoSEQ TCR-β human assay [Supplementary Material (materials and methods)].
Statistical analysis
The analyses of statistical significance of the differences between groups (pre- and post-vaccination) were performed using the Brown-Forsythe test. All other tests, unless otherwise indicated, were performed using the Student’s t-test. A p-value ≤ 0.05 was considered statistically significant. For the statistical analysis of TCR-β chain similarity index, all Hamming distances were calculated for each of the pairwise patient-combinations [20]. The average and the standard deviation values for Hamming distances were calculated to generate standard error.
RESULTS
Safety and anti-tumour activity
Twenty-nine patients with different solid tumour types underwent vaccination (Table 1). All patients had received prior systemic therapy, in many cases multiple lines of treatment; no further standard therapy was available or considered suitable. The study treatment was generally very well tolerated and almost all treatment-related adverse events were low grade (≤2). The most common events were injection site reactions, fatigue and nausea (Table 2). Erythema and limited cutaneous induration confined to the vaccinated area was commonly seen, usually maximal after 1 week and gradually fading thereafter. Two patients experienced a hypersensitivity reaction at the vaccination site with a much more marked area of localised oedema and overlying erythema, associated with pruritis. These patients were withdrawn from the study. No other treatment discontinuations due to treatment-related toxicity occurred. In the subset of patients who received intradermal injections of peptide only (without the Montanide adjuvant) no DTH responses were observed, so the injection site reactions were likely to be due to the use of adjuvant. There were no RECIST radiological or tumour marker responses. Seven patients (24%) had disease that remained stable for at least 6 months after trial initiation.
TABLE 1 | Summary of patient characteristics.
[image: Table 1]TABLE 2 | Treatment-related adverse events.
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We first used screening with conventional flow cytometry, using a limited number of antibodies (CD3, CD8, CD107a, CD137, TNF-α, IFN-γ, and IL-2) to identify potential T cell responses following vaccination. Sufficient serial PBMC samples were obtained from 24 patients enrolled in the trial for immunophenotyping. We characterised changes in immune cell populations of un-challenged PBMCs from patients following vaccination. The proportions of both memory CD4+ and CD8+ T cells (CD45RO+) were significantly higher in the post-vaccination samples (p = 0.01 and p = 0.04, respectively; data not shown).
We then re-challenged cells ex vivo with hTERT, or an irrelevant peptide as control. The proportions of both CD4+ and CD8+ cells expressing cytokines IL-2 (p = 0.01, p = 0.02), TNF-α (p = 0.03/p = 0.02) and IFN-γ (p = 0.03/p = 0.02) increased significantly compared to pre-vaccination levels in response to re-challenge with hTERT, but not in response to the irrelevant peptide.
Deep immunophenotyping analysis of unchallenged/challenged patient samples
To further analyse the phenotype of T cells following vaccination, with and without hTERT rechallenge, we used a multi-colour flowcytometer with the capacity to analyse 20 markers [using multidimensional flow cytometry with a panel of 17 markers (CD3, CD8, CD4, CD45RO, CD127, CD25, CD107a, CD137, CD69, CD154, CD95, TCR Vd2g9, FoxP3, HLA-DR, CTLA-4, PD-1, TIM-3, TNF-α, IFN-γ and IL-2)]. (BD FACSymphony™ flowcytometer), as well as an in-house automated clustering algorithm for analysis of multidimensional flowcytometry data2 as described in Supplementary Material (Materials and Methods). Initially, various clusters of CD8+ and CD4+ T cells were identified in unchallenged samples by visualization of t-distributed stochastic neighbour embedding (viSNE).
We have then used downstream clustering methods to determine the detailed phenotypes of the expanded T cells post-vaccination in both the unchallenged state and following in vitro re-challenge of the PBMC, respectively. In the unchallenged PBMC, expanded CD4+ T cells expressed significantly higher levels of activation markers after vaccination, including CD154 (p = 0.01), HLA-DR (p = 0.006), CD107a (p = 0.005) as well as the exhaustion marker PD1 (p = 0.01), and Fas marker CD95 (p = 0.007); exhausted CD4+ T cells display reduced production of effector cytokines such as TNF-α and IFN-γ and increased Fas death markers (Figure 1).
[image: Figure 1]FIGURE 1 | Memory and activated hTERT-responsive CD4+ and CD8+ T cells increase post-vaccination. (A) Median expression of the selected markers in pre- and post-vaccination PBMCs from 24 patients as identified by clustering algorithm CytoClustR on a subset of 400,000 cells proportionally selected from all samples. Each row represents a cell cluster and each column represents a marker. Heatmap plot generated from SPADE analysis. Expression values were transformed using the arcsin function in a cofactor of 5. The plot shows a difference in the immunological signature between pre- and post-vaccination T lymphocytes, a phenotype that shows increased presence of memory (CD45RO) activated (CD107a, HLA.DR) CD8+ T cells. These stimulated cells appear to express inhibitory co-receptors (PD-1, TIM3), as well as CD95 (APO-1/Fas), which are known to be increased in post-vaccination T cells. (B,C) Quantitation of T cell activation markers in different clusters of unstimulated cells, with significantly increasedexpression post-vaccination in a cluster (cluster 5) CD8hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi CD45ROhi, CD95hi, CD107ahi, CD137hi. Error bars are standard error of mean. Two-way Anova analysis of variance test was used for statistical analysis. *p < 0.05.
Similarly, post-vaccination CD8+ T cells expressed significantly higher levels of activation markers including CD154 (p = 0.02) and CD107a (p = 0.008), as well as Fas/CD95 (p = 0.01). While the number of Tregs was decreased post-vaccination (CD4+, CD25high, CD27low), this decrease did not reach statistical significance (Figure 1C).
hTERT specificity of T cell response
After in vitro overnight stimulation with hTERT, or an irrelevant peptide as control, the proportions of both CD4+ and CD8+ T cells expressing cytokines IL-2 (p = 0.01, p = 0.02), TNF-α (p = 0.03/p = 0.02) and IFN-γ (p = 0.03/p = 0.02) increased significantly in response to re-challenge, compared to pre-vaccination levels (Figure 2), but not in response to the irrelevant peptide (Supplementary Figure S3). There were no changes in NK, γδ T cell or Treg populations following vaccination (Supplementary Figure S4).
[image: Figure 2]FIGURE 2 | Immunological signature of PBMCs from patients in the VAPER study. (A) Median expression of the selected markers in pre- and post-vaccination PBMCs from 24 patients as identified by clustering algorithm CytoClustR on a subset of 400,000 cells proportionally selected from all samples. Each row represents a cell cluster and each column represents a marker. Heatmap plot generated from SPADE analysis. Expression values were transformed using the arcsin function in a cofactor of 5. The plot shows a difference in the immunological signature between pre- and post-vaccination T lymphocytes, a phenotype that shows increased presence of memory (CD45RO) activated (CD107a, HLA.DR) CD8+ T cells. These stimulated cells appear to express inhibitory co-receptors (PD-1, TIM3), as well as CD95 (APO-1/Fas), which are known to be increased in post-vaccination T cells. (B,C) Quantitation of T cell activation markers in different clusters of stimulated cells, with significantly increased expression post-vaccination in two clusters of cells (cluster 5 and cluster 7).Cluster 5: CD8hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi TCRVD2hi CD45ROhi CD137hi CD107ahi, IL-2hi, TNF-ahi, Cluster 7: CD4hi, HLADRhi, PD-1hi, CTLA4hi, TIM-3hi CD45ROhi CD107ahi, IL-2hiError bars are standard error of mean. Two-way Anova analysis of variance test was used for statistical analysis. *p < 0.05. The re-challenged cells showed a similar phenotype with unchallenged cells; in addition re-challenged cells also expressed significantly higher cytokines TNF-a, IFN-g and IL-2 after vaccination.
To confirm these findings and to eliminate any bias, automated unsupervised clustering PhenoGraph was applied independently and it further confirmed these observations in both unchallenged (Figure 1B) and the in vitro re-challenged (Figure 2C) PBMC samples. Unsupervised clustering PhenoGraph has identified a cluster of cells, the phenotype of which has altered after vaccination. Subsequent statistical analysis of these cell clusters showed that the frequency of some of these cell clusters changed after vaccination. The most notable of these changes is a significant increase in the population of activated memory CD8+ T cells in the unchallenged PBMCs (Figure 1B). A further overnight in vitro stimulation of the PBMCs with the hTERT peptides present in the VAPER vaccine identified additional populations of T cell subsets with significantly enhanced antigen-specific activation markers in both memory CD4 and CD8 T cells as presented in Figure 2. The re-challenged cells also expressed significantly higher cytokines TNF-α, IFN- γ and IL-2 after vaccination. In contrast with the phenotype of T cells exposed to hTERT peptides ex vivo, stimulation with the irrelevant peptide RMF did not result in CD8+ or CD4+ T cell expansion, nor was there an increase in T cell subsets displaying activation, memory or apoptotic markers in the post-vaccination samples (data not shown). This suggests that expansion after vaccination was substantially hTERT-specific.
The antigen specificity of expanded T cells
TCR Vβ CDR3 sequencing of patients’ T cells was performed, pre- and post-vaccination, to assess the antigen-specificity of responses to vaccination. Six patients with maintained stable disease (SD) and two with early disease progression (PD) were selected for study. TCR-β sequence analysis of PBMC DNA revealed the emergence of oligoclonal populations of T cells after hTERT vaccination in both SD and PD patients. The 20 most prevalent clones are presented in Figure 3A and Supplementary Figure S5A.
[image: Figure 3]FIGURE 3 | TCR-β sequencing identifies the emergence of new clonal populations of T cells after hTERT vaccination. (A) New clonal populations of T cells emerge after vaccination in patients with both maintained stable disease (SD) and disease progression (PD). DNA was extracted from fresh frozen PBMCs collected prior to and after vaccination and analysed for TCR-β oligoclonality. TCR sequence analysis identifies the emergence of oligoclonal populations of T cells at the frequencies indicated, the 20 most prevalent of which are presented for 1 patient each with SD or with PD, representative of a total of 6 SD and 2 PD patients analyzed. Time points are indicated in weeks from starting vaccination (for example, T8 = week 8). (B) Evidence for hTERT specificity among expanded T cells clones. TCR-β oligoclonality was further analysed following 2 weeks of ex vivo stimulation with hTERT peptides, in order to assess T cell specificity for hTERT. hTERT-driven expansion of a subset of the oligoclonal T cells is most evident in patients with maintained SD rather than PD. (C) Sequence similarity analysis (distance score by Hamming metric) supports true hTERT specificity of T cell clones responding to ex vivo culture with hTERT peptide. The Hamming distance (HD) amongst the peptide sequences encoded by the CDR3 region of TCR-β was measured in the 20 most prevalent clones of T cells that had expanded after in vitro stimulation with hTERT. Samples from six patients with stable disease (SD; red bars) are compared with those from two with more rapidly progressing disease (PD; blue bars). Mean and standard deviation values for HD are shown ≥ the corresponding x-axis value. Error bars are calculated only for the SD group, which includes more than one inter-patient pairwise comparison. HD is scaled between zero (identity) and one (no similarity). The left-skewness of the PD group distribution and higher fractions of lower HD values for the SD group indicates a strong convergence at the sequence level for patients with SD, and therefore a higher similarity in the MHC antigen targets recognized by the oligoclonally expanded T cells, compared to the PD group.
To investigate the specificity of TCR clones, TCR-β clonality was also analysed after two rounds of ex vivo stimulation with hTERT peptides over 2 weeks, in the absence of any adjuvants. This data showed further hTERT-driven expansion of a subset of the oligoclonal T cells which was predominantly evident in patients with maintained stable disease (median: 6.9%; range: 1.1%–23%) compared to patients with progressive disease (3.1%), providing evidence for hTERT specificity of a subset of the clonally expanded T cells (Figure 3B; Supplementary Figure S5B). We then examined TCR similarity, among the T cell clones that had increased in frequency after in vitro hTERT stimulation, by calculating the pairwise Hamming distances across the CDR3 sequences of these clones, as a measure of the likelihood of two separate TCRs recognising the same HLA/antigen complex. The Hamming distances amongst CDR3 sequences in the top 20 hTERT-expanded T cell clones, i.e., the most prevalent clones were substantially shorter in the vaccinated patients who maintained stable disease (SD) compared with patients who had developed a progressive disease. These results provide a strong indication of similarity between different TCR clones in the group with SD, and further support for hTERT-specificity of oligoclonally expanded T cells appearing after vaccination (Figure 3C).
DISCUSSION
hTERT is overexpressed in >90% of cancer cells but not in normal tissues, apart from stem cells and mitotically active normal cell populations [1–3, 21–27]; therefore representing an attractive tumour antigen target for therapeutic vaccination in a range of cancers [28]. hTERT peptides are naturally processed by tumour cells, and are presented in the context of HLA class-I and -II molecules [29]. Therapeutic hTERT peptide vaccination has been previously investigated in patients with cancer, and shown to be safe [30]. Clinical responses have been variable [31–33], but vaccination-induced stimulation of prominent specific T cell responses have been previously documented [9, 34–36], and hTERT peptides bind with high affinity to particular HLA haplotypes. However, class-I binding hTERT peptides used in previous trials have limited therapeutic applicability because of HLA haplotype heterogeneity in patients [4, 33, 37–39]. In this trial we have used a combination of peptides selected for high binding affinities to a number of commonly expressed HLA haplotypes. This strategy aimed to ensure that at least one component of the peptide library is likely to be effectively presented by the HLAs that are present in 90% of European patients. HLA haplotyping was not necessary to use this treatment; we selected a pool of seven hTERT peptides to ensure presentation by both HLA class-I and class-II in 90% of patients. For the future studies, a wider mixture of peptides that can be presented by different HLA classes, combined with suitable adjuvants, can possibly be used to cover a larger population of patients.
We applied the TLR-7 agonist imiquimod topically, with the aim of promoting antigen uptake by dendritic cells (DCs) and activation of the release of pro-inflammatory cytokines [40]. Stimulation of immature DCs with TLR agonists upregulates CCR7, increasing their migration to draining lymph nodes [41]. Animal models have shown that imiquimod can enhance dendritic cell survival, as well as promoting tumour–specific T cell priming, trafficking and accumulation in lymph nodes [42, 43]. Appropriately formulated adjuvants such as Montanide provide a depot for the prolonged release of antigens, preventing rapid degradation, and ensuring a continuous delivery of antigen to the regional lymph nodes. Trials using Montanide have demonstrated significant enhancement of T cell immune responses and improved clinical outcomes [44, 45]. Combination of hTERT peptides with Montanide has previously led to the induction of effective CD8+ T cell responses [46]. Metronomic low dose cyclophosphamide depletes Tregs whilst preserving overall lymphocyte numbers [47], and augmented effector T cell responses are also reported [48–51].
The vaccination strategy developed here is safe, with hypersensitivity to the Montanide/peptide mix being the only adverse event warranting treatment discontinuation. There were no RECIST responses in this phase 1 trial conducted in patients with therapy-resistant, metastatic disease. Despite their advanced cancers, maintained stable disease for at least 6 months was observed in 24% of patients, with a range of tumour types (colorectal, lung, pancreas, prostate, breast, cervix, ovary, upper GI and pleural).
Strong CD4+ and CD8+ T cell responses were evident following vaccination with this hTERT peptide mixture. Using an unbiased clustering method, we show that these expanded T cells have an activated phenotype but that they also express markers of exhaustion and apoptosis. This data suggests that combining hTERT vaccination with immune checkpoint blockade may further improve the magnitude and longevity of the overall immune response. Interestingly, we did not find a significant change in the frequency or phenotype of other immune cell populations such as NK cells, γδ T cells or Tregs after vaccination. A numerical reduction in Tregs did not reach statistical significance, possibly due to small sample size.
The expanded T cells showed far less sequence diversity in their CDR3 region as evident by the number of expanded clones post-vaccination. The dominant clones were further expanded following in vitro rechallenge with hTERT peptides but not the irrelevant peptide, indicating the hTERT-specificity of the clonally expanded T cells. However, considering the variety of HLA haplotype in these patients, finding similar CDR3 sequences to confirm that T cells from different patients share specificity is challenging. To overcome this issue, we calculated the Hamming-distance similarity index For the largest expanded clones as a proxy for convergence. Sequence convergence indicates sequence similarity between the CDR3 regions of different oligoclonally expanded T cell populations, supporting the conclusion that the expanded T cell clones from different patients have been selected to detect the same HLA-peptide complexes.
This trial is a first step in the clinical development of a cancer vaccine using a strategy that has been termed “Combined Adjuvants for Synergistic Activation of Cellular immunity” (CASAC) [18, 19]. Our pharmacodynamic data indicates that this vaccination strategy induces immunological responses against a tumour-associated self-antigen, hTERT. Specifically, we have demonstrated that hTERT peptide vaccination, in combination with adjuvants and metronomic cyclophosphamide therapy, can generate activated hTERT-specific CD4+/CD8+ T effector responses against this tumour associated antigen in cancer patients with therapy-resistant solid tumours. However, the best clinical responses seen in this trial were prolonged stable disease, and no tumour shrinkage by RECIST criteria occurred, possibly because of persistent PD1-positive Tregs. Future combination of this vaccination strategy with PD-1/PD-L1-targeted immune checkpoint inhibition may improve clinical efficacy, as has been observed in other pairings of vaccination with checkpoint inhibitors [52–56].
CONCLUSION
We conclude that this vaccine combination is associated with antigen-specific immunological responses and can generate activated hTERT-specific CD4+/CD8+ effector responses against this tumour associated antigen in patients with therapy-resistant solid tumours. Clinical response could be improved by combination with anti-PD1 checkpoint inhibition to address the emergence of an exhausted T cell population.
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Abstract
Acute myeloid leukemia (AML) is one of the most threatening hematological malignances. cGAS-STING pathway plays an important role in tumor immunity and development. However, the prognostic role of cGAS-STING pathway in AML remains unknown. Firstly, The expression of cGAS and STING was analyzed by bioinformatics analysis. Subsequently, Bone marrow samples were collected from 120 AML patients and 15 healthy individuals in an independent cohort. The cGAS and STING expression was significantly elevated in AML patients compared with healthy controls. Patients with high cGAS and STING expression had a higher NRAS/KRAS mutation rate and lower complete remission (CR) rate. High cGAS and STING expression was significantly associated with lower overall survival (OS) and disease-free survival (DFS). Our findings revealed that the expression levels of cGAS and STING in AML are elevated. High expression of cGAS and STING correlated with worse OS and DFS and may be a useful biomarker for inferior prognosis in AML patients.
Keywords: cGAS, STING, expression, prognosis, acute myeloid leukemia
IMPACT STATEMENT
Acute myeloid leukemia (AML) is an aggressive hematopoietic malignancy with a high incidence rate and poor clinical prognosis. However, the current understanding of the molecular mechanism of AML development and progress is very limited. In our study, we evaluated the expression of cGAS and STING by collecting bone marrow samples from 120 AML patients and 15 healthy individuals, and found that cGAS-STING pathway was involved in the pathogenesis of AML. The high expression of cGAS and STING is related to the worse OS and DFS, which may be useful biomarkers for the poor prognosis of AML patients. Our research fills the gap in the pathogenesis of AML and provides potential biomarkers for clinical diagnosis and treatment.
INTRODUCTION
Acute myeloid leukemia (AML) is an aggressive hematopoietic malignant disease resulted in high morbidity and unfavorable clinical outcome [1]. Cytogenetics is the backbone for risk stratification, facilitating the classification of AML patients into favorable, intermediate, and poor prognostic groups. However, more than half of AML patients are classified as an intermediate cytogenetic risk group but their clinical outcomes turn out to be distinct [2, 3]. A large percentage of AML patients will suffer from disease recurrences due to the heterogeneous AML clones [4, 5]. The current perception of molecular mechanisms on the development and progression of AML is limited to date [6]. Thus, the identification of new molecular biomarker and revealing of novel mechanism are needed to prompt a more precise risk stratification and develop targeted therapies for AML.
As a vital DNA sensor, cyclic guanosine monophos-phate (GMP)-adenosine monophosphate (AMP) (cGAMP) synthase (cGAS) initiated an innate immunity pathway through binding deviant DNA in the cytosol. cGAMP can activate stimulator of interferon genes (STING), leading to a signaling cascade which produces type I interferons and other functional cytokines [7]. cGAS-STING pathway was previously introduced as a crucial initiator of innate immune and anti-virus responses [8]. Recent studies have revealed the multiple role of cGAS-STING pathway in cancer. Activated cGAS-STING pathway in tumor cells lead to upregulation of various inflammatory genes, such as Type I interferon and impedes the neoplastic progression [9]. There are also related reports in AML, and therefore, many scientists have attempted to increase the expression of type I interferons by upregulating STING, thus achieving the goal of treating AML [10–13]. Yet, mounting evidence indicates that cGAS-STING pathway might provoke inflammation, leading to tumor transformation, development and metastasis in certain diseases [14–16]. Consequently, the relationship between the expression levels of cGAS and Sting in AML and patient prognosis remains unclear.
In this study, we found that cGAS and STING expression levels were higher in AML patients compared with healthy controls by using Gene Expression Profiling Interactive Analysis (GEPIA) and Gene-Set Enrichment Analysis (GSEA) with further validation performed in our cohort. Furthermore, we investigated the impact of cGAS and STING expression on the clinical outcomes of AML patients. Our results indicated that higher expression of cGAS and STING was associated with inferior survival in AML patients.
MATERIALS AND METHODS
Datasets
The GEPIA1 integrated the two databases including The Cancer Genome Atlas (TCGA)2 and the Genotype-Tissue Expression Project (GTEx)3. This platform can perform gene expression analysis based on RNA-seq expression data for 9,736 tumor samples and 8,587 control samples [17]. In this study, the GEPIA was used to analyze the expression of cGAS and STING in different tumors. Two gene expression profile datasets (GSE63270 and GSE30029) which involved expression data for healthy and AML bone marrow samples were downloaded from Gene Expression Omnibus (GEO,4) [18].
Clinical patients and reverse transcribed quantitative PCR (RT-qPCR)
A total of 120 non-M3 AML patients diagnosed in our department during 2018–2020 were enrolled in the present study. Additionally, 15 healthy allo-HSCT donors were enrolled as control. All patients were diagnosed and classified according to French -American—British (FAB) group and World Health Organization (WHO) classification. Complete remission (CR) was defined by <5% blast cells in the bone marrow and normalization of the peripheral blood counts at 4 weeks after starting induction therapy, without any evidence of extramedullary disease. The written informed consents were provided from all patients in accordance with Declaration of Helsinki.
Ficoll-Hypaque density gradient column (Cytova, Uppsala, Sweden) was used to isolate monocytes. The total RNA was isolated from monocytes by Trizol (Invitrogen, United States), then reverse transcribed into cDNA using BioTeke super RT Kit (BioTeke, Beijing, China). RT-qPCR was performed with an ABI PRISM 7500 real-time PCR system (PE Applied Biosystems, Foster City, CA, United States). We selected β-actin as a control gene to compensate for variations in quality and quantity of RNA and cDNA. The amplification conditions were as follows: 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. Sequences were as follows:
cGAS - Forward: 5′- CAC​GAA​GCC​AAG​ACC​TCC​G -3′
cGAS - Reverse: 5′- GTC​GCA​CTT​CAG​TCT​GAG​CA -3′
STING - Forward: 5′- CCA​GAG​CAC​ACT​CTC​CGG​TA -3′
STING - Reverse: 5′- CGC​ATT​TGG​GAG​GGA​GTA​GTA -3′
β-actin - Forward: 5′- TGT​GGC​ATC​CAC​GAA​ACT​AC -3′
β-actin - Reverse: 5′- GGA​GCA​ATG​ATC​TTG​ATC​TTC​A -3′
The relative expression levels of above genes were calculated using the 2−ΔΔCT method (fold change over control expression).
Statistical analysis
All data were analyzed with SPSS (version 20.0; Chicago, IL) and GraphPad Prism 5.0 (GraphPad Software Inc., United States). Overall survival (OS) was calculated from the date of diagnosis until death caused by any reason. Disease-free survival (DFS) was defined as the time from achievement of CR to relapse or the last follow-up. Mann–Whitney U test and Chi-square test were used for continuous and categorical variables respectively. The probabilities of OS and DFS were estimated using the Kaplan-Meier method. The expression of cGAS and STING as well as other variables were included in the univariate analysis. Only variables with p < 0.1 were included in a Cox proportional hazards model with time-dependent variables. Spear-man rank correlation was used to analyze the correlation between two variables. Unless otherwise specified, p values were based on two-sided hypothesis tests. Alpha was set at 0.05.
RESULTS
Elevated expression levels of cGAS and STING in AML
Firstly, we analyzed the expression levels of cGAS and STING in different types of tumors using GEPIA database. The analysis revealed that cGAS and STING expression levels were higher in AML compared to other tumors (Figure 1A). In addition, the dataset from GEPIA which involved 173 AML and 70 healthy control samples showed that cGAS and STING gene expression was higher in AML samples than healthy controls (Figure 1B). We then analyzed available molecular data from GSE63270 (involved 62 AML and 42 normal controls) and GSE30029 (involved 46 AML and 31 normal controls). In both cohorts, cGAS and STING gene expression levels were higher in AML samples than normal controls in consistence with the result from GEPIA analysis (p < 0.0001, Figures 1C, D). To validate the results from above publicly available datasets, we collected bone marrow samples from 120 AML patients and 15 healthy donors and performed the detection of cGAS and STING gene expression. We found that the expression of cGAS and STING was also elevated in AML patients from our cohort (p < 0.0001, Figure 1E). Taken together, these results demonstrate that up-regulation of cGAS and STING is a common feature in AML.
[image: Figure 1]FIGURE 1 | The expression levels of cGAS (MB21D1) and SING (TMEM173) were elevated in AML. (A) Analysis of the expression of cGAS and SING in different types of tumors, from GEPIA database. (B–D) Up-regulated cGAS and STING expression in AML patients compared with normal controls, from GEPIA database (173 AML and 70 normal controls), GEO: GSE63270 (62 AML and 42 normal controls) and GSE30029 (46 AML and 31 normal controls), respectively. (E) Validation of cGAS and STING expression of AML patients and normal controls in an independent cohort (120 AML and 15 normal controls). *p < 0.05; **p < 0.01; ***p < 0.001.
Patient characteristics
The baseline characteristics of patients are shown in Table 1. We dichotomized the patients into two high and low groups based on the median values of cGAS and STING expression respectively. The distribution of risk stratification was significantly different in cGAS high and low groups with more patients at high risk in cGAS high group (p = 0.040). Patients with higher cGAS expression had a higher NRAS/KRAS mutation rate (p = 0.040) and lower CR rate (p < 0.0001). Similarly, patients in STING high group had a higher NRAS/KRAS mutation rate (p = 0.002) and tended to have a lower CR rate (p = 0.076). The other characteristics including age, white blood count, hemoglobin, platelet, lactate dehydrogenase, bone marrow blast percentage, karyotypes, FLT3-ITD mutation, isolated biallelic CEBPA mutation, NPM1 mutation and other mutation between patients with high and low cGAS or STING expression were not significantly different.
TABLE 1 | Clinical characteristics of AML patients.
[image: Table 1]High cGAS and STING expression correlated to inferior survival in AML
We further analyzed the overall survival (OS) in an adjusted cohort which excluded 18 untreated patients, 18 patients received allo-HSCT and 5 patients lost to follow-up. The remaining patients received similar treatments. In analysis of disease-free survival (DFS), 6 patients who didn’t achieve CR after treatment were further excluded. Kaplan-Meier analysis showed that patients with higher cGAS expression had a shorter OS (377.6 vs. 626.7 days, p = 0.007, Figure 2A) as well as a shorter DFS (312.2 vs. 543.9 days, p = 0.012, Figure 2B). Likewise, patients with higher STING expression had a shorter OS (332.9 vs. 612.7 days, p = 0.004, Figure 2C) as well as a shorter DFS (178.3 vs. 507.8 days, p = 0.034, Figure 2D).
[image: Figure 2]FIGURE 2 | Kaplan-Meier survival curves of OS and DFS in patients grouped by median values of cGAS and STING expression. (A) Survival curves of OS in cGAS high and low groups. (B) Survival curves of DFS in cGAS high and low groups. (C) Survival curves of OS in STING high and low groups. (D) Survival curves of DFS in STING high and low groups. OS, overall survival; DFS, disease-free survival.
Univariate and multivariate analysis of factors affecting OS and DFS
The correlation between high cGAS and STING expression with inferior survival in AML patients indicated cGAS and STING expression levels might be of prognostic importance for AML. The results of univariate and multivariate analysis of factors affecting OS and DFS were shown in Table 2. The factors shown in patient characteristics were included in univariate analysis and variables with p < 0.1 were further analyzed in multivariate analysis. In multivariate Cox regression analysis, high cGAS expression was associated with inferior OS (HR = 2.348, 95% CI: 1.012–5.447; p = 0.047) and DFS (HR = 2.420, 95% CI: 1.071–5.469; p = 0.034). Nevertheless, it showed that there was no association between STING gene expression and OS or DFS. Besides, DNMT3a mutation, TET2 mutation were shown to be associated with worse OS and DFS while receiving allo-HSCT was associated with improved OS and DFS.
TABLE 2 | Multivariate analysis of factors associated with OS and DFS.
[image: Table 2]Positive correlation between cGAS and STING gene expression
As the above results showed, cGAS and STING expression was up-regulated in AML patients compared with normal controls. Although cGAS and SING are the entry of cGAS-STING pathway, previous study showed cGAS and STING expression could be regulated inconsistently in NSCLC [19]. We wondered whether cGAS and STING were up-regulated in a synchronized manner on the context of AML. Our result showed that in AML, cGAS expression was positively correlated with STING expression (R = 0.77, 95% CI: 0.6884–0.8301, p < 0.0001, Figure 3).
[image: Figure 3]FIGURE 3 | There existed a strong positive correlation between cGAS and STING expression (R = 0.77, 95% CI: 0.6884–0.8301, p < 0.0001).
DISCUSSION
AML is a highly genetically heterogeneous malignant myeloproliferative disorder of bone marrow, accounting for ∼10% of all hematological diseases [1, 20]. While the next-generation sequencing technology has been tremendously developed, numerous recurrent point mutations, epigenetic changes as well as cytogenetic abnormality have been thoroughly recognized [21, 22]. Cytogenetics combined with mutations form the basis of the risk classification system, which facilitates the risk stratification for patients. However, up to 50% patients have been diagnosed as intermediate risk AML with a wide range of clinical outcomes. Thus, the identification of vital mechanisms affecting AML management and patient survival may boost the development of AML specific targeted therapies and meticulous risk stratification.
The results from current study indicated that high cGAS and STING expression correlated to inferior survival in AML. In multivariate analysis, only cGAS expression was found to be an independent factor affecting OS and DFS. It was intriguing that the expression level of STING showed impact on OS but not on DFS. Since our result showed cGAS and STING had a strong positive correlation, there might exist an overlapped effect of cGAS and STING expression on the clinical outcomes. Besides, recent work has demonstrated that cGAS and STING may act in an independent way from one another. Upon etoposide-induced DNA damage, STING could be activated independently from the catalytic function of cGAS [23]. The exquisite molecular mechanism defining the acting pattern of cGAS and STING in AML remained undetermined. In this regard, future studies are needed to investigate whether combination of cGAS and STING expression detection is necessary and cGAS gene expression alone can be an indicator for prognosis in AML.
Previous studies indicated the activation of cGAS-STING pathway contributed to cancer suppression by promoting host immuno-surveillance and inducing cellular senescence [24–27]. In line with these findings, cGAS-STING pathway was identified as a prognostic biomarker for improved clinical outcomes in hepatocellular carcinoma and non-small cell lung cancer (NSCLC) [19, 28]. However, other studies revealed that cGAS-STING pathway promoted tumor development and progression in Lewis lung carcinoma, brain and colorectal cancer [14, 15, 29]. One possible mechanism was that chronic stimulation of cGAS-STING pathway might lead to inflammation-driven carcinogenesis [30]. The topic that pro-inflammatory mediators are linked to AML cell growth has gain traction in recent years. Plenty of studies reported that chronic immune-stimulatory or autoimmune disease could be sick factors for developing AML [31, 32]. Here, our results suggested that cGAS-STING pathway also had a potential role in driving malignant programs and suppressing antitumor functions in AML. Whether hyper-activation of cGAS-STING pathway fueled the progression of AML via induction of inflammation requires further exploration. Also, future studies will be required to elucidate mechanism of hyper-activation cGAS-STING signaling in AML.
At present, NRAS/KRAS mutations are widely considered to be associated with poor prognosis in a variety of cancers, including colorectal cancer and serous ovarian cancer [33, 34]. NRAS mutations were identified in 10%–11% of AML, and KRAS mutations in an additional 5% [35, 36], however, how it affects cGAS-STING levels in AML has not been reported. Only one study in KRAS-mutant non-small-cell lung carcinoma lung cancer (NSCLC) may be relevant. In this study, the authors found that NRF2 promotes the transcription and expression of BRCA1 to repair DNA damage, leading to inactivation of the STING pathway [37]. In our study, the frequency of NRAS/KRAS mutation was higher in both cGAS and STING high group. TBK1 is the important downstream effector program of cGAS-STING signaling [7]. Previous work presented that TBK1 supported key, context specific tumorigenic activity in Ras-mutant/mesenchymal NSCLC [38]. The interaction between cGAS-STING pathway including its downstream signaling with NRAS/KRAS mutation on the context of AML would be an interesting area of research. Additionally, we found that elevated expression of cGAS was associated with higher risk stratification and a lower CR rate. Chromosomal instability (CIN) is a hallmark of cancer as well as a primary source of cytosolic dsDNA and it promotes the activation of cGAS-STING [39]. Intriguingly, some scholars found that cGAS could exert the function of maintaining CIN, which potentiated tumor evolution [40, 41]. In our study, AML patients had shown hyper-activation of the cGAS-STING pathway before treatment. The following chemotherapy further induced CIN, which might cooperate with cGAS-STING, leading to further perturbation of this pathway. Yet, the underlying mechanisms that define the effect of cGAS-STING pathway on treatment response in AML patients need further exploration.
In summary, our data revealed a prognosis role of cGAS-STING pathway for clinical outcomes and a positive correlation between cGAS and STING in AML. However, we recognize the limitations to our study, including the limited number of patients enrolled and the lack of relevant mechanism studied. In addition, the cGAS-STING downstream signaling programs including TBK1, IRF3, JAK2/STAT3, NF-κB were not studied in this study. Besides, it is important to note that the dichotomous roles of cGAS-STING in tumor immunity and development are cell and context - dependent [42]. Thus, in future study, a pinpoint cGAS-STING expression state should be better characterized in both immune cells and non-immune cells including tumor cells as well as stromal cell resident in bone marrow environment of AML patients. Despite various approaches for AML investigated, treatment resistance remains a leading cause of AML-related deaths [43]. Based on the results of this study, further studies of novel approaches targeting the cGAS-STING pathway in AML may provide potential for advancing AML therapeutic strategies.
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Abstract
Bunyamwera virus (BUNV) (Bunyamwera orthobunyavirus) has been found in Sub-Saharan Africa and demonstrated recently as cocirculating with Rift Valley Fever Virus (RVFV). Little is known regarding the breadth of transmission modalities of Bunyamwera. Given its co-occurence with RVFV, we hypothesized the transmission system of BUNV shared similarities to the RVFV system including transmission by Ae. aegypti mosquitoes and environmentally mediated transmission through fomites and environmental contamination. We exposed Ae. aegypti mosquitoes to BUNV and evaluated their ability to transmit both vertically and horizontally. Further, we investigated the potential for a novel transmission modality via environmental contamination. We found that the LSU colony of Ae. aegypti was not competent for the virus for either horizontal or vertical transmission; but, 20% of larva exposed to virus via contaminated aquatic habitat were positive. However, transstadial clearance of the virus was absolute. Finally, under simulated temperature conditions that matched peak transmission in Rwanda, we found that BUNV was stable in both whole blood and serum for up to 28 days at higher total volume in tubes at moderate quantities (103–5 genome copies/mL). In addition, infectiousness of these samples was demonstrated in 80% of the replicates. At lower volume samples (in plates), infectiousness was retained out to 6–8 days with a maximum infectious titer of 104 PFU/mL. Thus, the potential for contamination of the environment and/or transmission via contaminated fomites exists. Our findings have implications for biosafety and infection control, especially in the context of food animal production.
Keywords: Orthobunyavirus, Bunyamwera, Aedes aegypti, environmental transmission, transovarial transmission
IMPACT STATEMENT
In many areas where infection control and/or the use of personal protective equipment is not common, there is a risk of transmission via fomites when pathogens are environmentally stable. Our findings demonstrate that BUNV, though an RNA virus, is very environmentally stable and retains infectiousness under certain conditions. Our findings establish the proof-of-principle for this novel transmission modality of environmental contamination of BUNV.
INTRODUCTION
Bunyamwera virus (BUNV) (Bunyamwera orthobunyavirus) has been found in Sub-Saharan Africa and demonstrated recently as cocirculating with Rift Valley Fever Virus (RVFV) [1]. RVFV is a mosquito-borne arbovirus of One Health importance. Infected ruminates can experience hemorrhagic fever, spontaneous abortions, and potentially death, especially in young animals [2]. This has not only the obvious animal health implications but can be economically devastating in areas where cattle are a main source of food and/or income [3]. Humans infected with RVFV can also experience hemorrhagic fever, ocular complications, sever flu like symptoms, and death [4]. Originally isolated during an outbreak in the Rift Valley of Kenya in 1930 [5], RVFV has since been found in countries in across Africa and on the Arabian peninsula [6]. As seen with other mosquito-borne viruses, viral transmission of RVFV can often be tied to environmental factors, such as heavy seasonal rainfall and flooding events [7].
During an outbreak of RVFV in Rwanda, BUNV was found to be the etiological agent of abortions in cattle where clinical diagnosis would have attributed such symptoms to RVFV [1]. These two viruses are from the same order (Bunyavirales) and are both arboviruses transmitted by mosquitoes [8–13]. BUNV has historically been found in Sub-Saharan Africa. While BUNV can infect humans as well, causing mild symptoms including fever, myalgia/arthralgia, and rashes, the virus has been most often associated with ruminate infection and disease, including spontaneous abortions [1, 14–18]. These symptoms overlap with RVFV, though the transmission patterns of BUNV remain to be fully characterized, and is likely under surveilled. However, given the coincident transmission of RVFV and BUNV, it is reasonable to hypothesize that the BUNV transmission system may share similarities with that of RVFV.
The current understanding of the RVFV transmission cycle includes outbreak/epidemic and maintenance subcycles (Supplementary Figure S1) [9]. The maintenance cycle involves mosquitoes–believed to be including the genus Aedes–obtaining infected bloodmeals, subsequently developing a systemic infection, including the ovaries, which results in transovarial transmission [19–21]. Aedes spp. eggs are resistant to desiccation [22, 23], allowing for survival through the dry season and, the return of seasonal rains facilitate the hatch of floodwater and container Aedes mosquito eggs and the subsequent emergence of infected adults [24]. This mechanism of maintenance through the dry season then seeds a seasonal outbreak, which transitions into the outbreak subcycle, as large numbers of Culex spp. mosquitoes hatch after rain events [25, 26]. Additional transmission pathways exist that do not involve the vector. RVFV is a bloodborne pathogen and transmission to humans occurs with handling of infectious fluids from ill livestock, as well as processing raw meat [27–29]. Risk of infection also increased with handling of abortive material [28], which suggests that environmentally mediated infections are an important piece of the transmission puzzle. Adding to the risk of environmentally mediated transmission of RVFV, stability and persistence of infection was noted when originally isolated, as it was found that RVFV is stable in a citrine solution at room temperature for over 7 days [5], and subsequently, this phenomena was replicated at a wide variety of temperatures [30–32], including a potential infection occurring from a sample months old [33]. Further, contamination of larval habitat has been shown to infect larva and emerge as infected adults, indicating that environmentally mediated transmission is a non-negligible part of RVFV transmission risk [34].
Aedes aegypti, an important vector of a multitude of human pathogens, is one of the Aedes spp. competent for RVFV and BUNV, and several strains were found to be competent vectors of a closely related North American Orthobunyavirus species, Cache Valley virus [35–40]. Transovarial transmission of RVFV in Aedes aegypti was implicated in the 2007 outbreak in Sudan [41] and has been shown to be successful and stable for three ovarian cycles [20], as well as for a related Orthobunyavirus, LaCrosse virus. But transovarial transmission has not been rigorously studied in Ae. aegypti for BUNV [42]. Previously, it was demonstrated that BUNV retained infectiousness in cell culture for up to 30 days at 37°C [43]. This sustained persistence led to the consideration of whether BUNV might overlap in the environmentally mediated transmission subcycle of RVFV, as well. Herein, we explore the potential that the BUNV transmission cycle is complex and multi-faceted, like that of RVFV. We investigate the competence of Aedes aegypti for vertical and horizontal transmission, and examine factors associated with risk for environmentally mediated transmission under relevant temperature conditions.
MATERIALS AND METHODS
Daily Rwandan temperature profile
To simulate relevant temperature conditions, publicly available weather data was mined to generate a daily temperature profile for RVF transmission season in Rwanda, May through July, per the 2018 outbreak [1]. A data scraper collected temperature data in half-hour increments from May 18th through July 12th, 2018, and the temperatures from the same time point each day were averaged to make a single average day. The environmental chamber was then programed to mimic these conditions and a digital thermometer was placed within to confirm the temperature (Supplementary Figure S2). Humidity was maintained at approximately 85% during the experiments roughly matching historical humidity in Rwanda [44].
Viruses and mosquitoes
BUNV was obtained from the World Arbovirus Reference Center at UTMB had been passaged through suckling mouse cells 47 times and Vero cells 6–8 times prior to the experimentation. Stocks were titered via crystal violet plaque assay and determined to be ∼5.0 × 106 pfu/mL. Aedes aegypti mosquito (Rockefeller colony) eggs from were vacuum hatched for 45 min in ddH20 and allowed to emerge as in [45].
qRT-PCR and plaque assay
Viral RNA extraction was performed via MagMax 96 viral isolation as in [43]. qRT-PCR was performed on a Roche Lightcycler 96, using Quantbio Ultratough master mix and previously published primers and probes [43]. Viral RNA quantification was analyzed via comparison to previously crystal violet plaqued stock from above. Standard crystal violet plaque assays were performed [46]. Virus titer was averaged from countable plaques at each dilution [47].
qRT-PCR sensitivity assay for mosquito pools
Ae. aegypti reared as above were allowed to mature to adults. Adult mosquitoes were cold anesthetized and separated by sex and placed in to 900 µL BA-1 media with 2 stainless steel BBs in a 2 mL locking Eppendorf tube in pools of 10 and homogenized as previously described [45] and a known titer of virus was added to each tube of titers of 105, 103, 101, and 100 pfu/mL. Five replicates per pools sex were performed at each titer.
Mosquito competence and transstadial transmission
Adult Aedes aegypti females, 2 days post emergence (dpe) were offered an infectious blood meal of ratio 2:1 of bovine blood in Alsevers (Hemostat Labs, Dixon, CA, United States) and BUNV infectious supernatant (total infectious titer 1.7 × 106) via the Hemotek feeding apparatus (Discovery Labs, Blackburn, United Kingdom). Engorged females were separated by aspiration and cold anesthetization, then placed in individual 4-ounce containers and provided 10% sucrose solution ad libitum. Each container was supplied with egg paper that was moistened daily and collected when eggs were observed for an additional 18 days. Three females died prior to the end of the experiment and were collected and tested for virus in the legs and bodies as described below. At 18 days post infectious bloodmeal, mosquitoes were processed to determine infection status of bodies, legs, and saliva as in [48].
There is mixed evidence for the role of second bloodmeals in enhancing vector competence [48–51]. Thus, a second cohort of mosquitoes was offered an infectious bloodmeal as above at 3–4 days post emergence. A second uninfected bloodmeal was offered starting at 4 days following the first bloodmeal [50] and repeated attempts were made until all females had taken a second bloodmeal (maximum 9 days following first bloodmeal). The mosquitoes were maintained as described above until processed following egg collection at 22–24 post initial, BUNV infectious bloodmeal.
Environmental mediated transmission of BUNV to Ae. aegypti (transstadial transmission)
Ae. aegypti were hatched and reared as described above. Fourth instar larva were collected and rinsed in ddH20 and placed into water contaminated with BUNV. Briefly, BUNV supernatant was added to rearing water, and samples were collected at 0–5 days to establish the presence of BUNV RNA [34]. Exposed larva were allowed to mature and were collected as pupa, rinsed, and transferred to a cage for emergence. Pupa were separated based on number of days spent exposed to infected rearing water. Upon emergence, adult mosquitoes were cold anesthetized and separated by sex into pools of up to five based on exposure time. Remaining unemerged individuals were collected at 6 days post contaminated water exposure, rinsed as above, and collated into pools of up to ten for testing by qRT-PCR.
BUNV environmental stability study
To assess environmental stability of BUNV under environmentally relevant conditions, 110 𝛍L of virus was added to 4.39 mL of two different substrate types–either whole blood or serum for a final concentration of 1 × 105 pfu/mL. The virus-substrate mixture was added to individual units (either falcon tubes or 6-well plates, see Supplementary Methods) and placed into the environmental chamber under Rwanda temperature conditions. Tubes were uncapped and the six-well plate lids lifted to allow air exposure; all units were placed in secondary containment for safety and contamination avoidance. Tubes were sampled at days 0, 1, 7, 21, and 28, while plates were sampled each day until dry. Plates were sampled daily until dry, which occurred between 6 and 8 days. Collected samples were placed into a −80°C freezer until further analysis. Samples were tested starting with the latest timepoint (tubes) or with the day before the plate was dry (Dry Day −1). If a sample was found not to be infectious at a timepoint (I.e., timepoint X), the timepoint immediately preceding (i.e., timepoint X-1) was tested and this pattern continued until we found the latest time of infectivity. Ten replicates of each unit type were conducted per substrate type. Samples were assayed for stability of RNA via qRT-PCR as above and for infectivity via a growth assay on Vero cells as in [43].
Statistics
For the sensitivity assay, a Kruskal Wallace non-parametric analysis of variance was used to determine if a difference in detection ability existed between sexes of the pools. A linear regression model was used to evaluate the relationship between the initial input into the mosquito pool and the qRT-PCR output. The limit of detection (LOD) was determined using a qPCR LOD calculation R script (at 95% confidence) [52, 53]. The lowest concentration of consistently detectable RNA was determined by running multiple iterations of a standard curve assay tied to a plaque assay. The plaque assay revealed that maximum stock titer was 5.3 × 106 PFU/mL. The standard curve runs determined that the consistent point at which there was below 95% confidence detection was 5.3 × 10−1 PFU/mL. Growth was assessed via non-parametric t-test between day 1 and day 7 where a significantly higher titer at day 7 indicated growth and thus infectiousness. To evaluate stability, RNA recovered at each timepoint was compared via a Kruskal-Wallace test where day was a factor; a post hoc Dunn’s test (Bonferroni correction) test was performed where appropriate. Additionally, comparisons between RNA recovered from each substrate at the same timepoint or day until dry were done via Wilcoxon Ranked Sum tests. Significance was assessed at the α = 0.05 level. Analyses were performed using R Studio (2023.03.1 + 446) and R (4.3.0) and associated packages [54]. Minimum infection rate was determined by calculating the rate of infection as if only one individual per positive pool was infected, as in [55].
RESULTS
Sensitivity assay
The qRT-PCR assay used herein was highly sensitive for BUNV in the context of mosquito pool testing (LOD = 6.6 copies/mL with 95% confidence). There was no significant difference in the amount of viral RNA detected in pools of males versus females (Supplementary Figure S3, p > 0.05), indicating the assay was sensitive in pools of both sexes. There was only one discrepant result where 5/5 male pools versus 4/5 female pools were positive at the lowest titer of 100 pfu/mL. Combining sexes, at titers of 101 and above, successful detection of virus was 100% (n = 10). At 100, BUNV was detected in 90% of pools (n = 10, p > 0.05).
Ae. aegypti transmission capabilities for BUNV
We found our colony of Ae. aegypti were not competent for BUNV and thus not able to horizontally or vertically transmit the virus after a single bloodmeal (n = 27). A single mosquito that died at 1 day post exposure tested positive for a midgut infection, but was not included in the analysis as this was more than likely residual RNA from the infectious bloodmeal (midgut titer 1.3 × 103 pfu/mL). Mosquitoes receiving a second bloodmeal also showed no BUNV midgut infection (n = 19).
Rearing water contaminated with BUNV remained positive for RNA for the 5 days monitored. Initial quantification of RNA copies were approximately at 104.5 genome equivalents/mL on days 0–1, while this dropped and remained consistent at 102.5–3 for days 2–5. Attempts to quantify BUNV in rearing water via plaque assay were unsuccessful. Despite detection of BUNV RNA, no adult pool tested positive for BUNV. Similarly, a single pool of two pupa that had not emerged by day 6 were also negative for virus (Table 1, see Supplementary Methods). Additionally, larva that had not pupated by day 6 were also pooled and tested. Of the 19 pools, 5 (26%) tested positive for BUNV RNA with low titer (Table 1).
TABLE 1 | Infection of larva through contaminated water and subsequent transstadial transmission.
[image: Table 1]Extracellular stability of BUNV RNA under ecologically relevant conditions
Under simulated Rwandan conditions, in both whole blood and serum, BUNV RNA was detectable at moderate genome copies/mL up to 28 days in tubes (Figure 1A). The difference in average titer of genome copies between whole blood and sera was statistically significant at all time points (p < 0.05). Of interest, both in whole blood and sera, BUNV RNA remained moderately high out to day 28 (6.06 × 103 and 1.89 × 105, respectively). RNA was stable over all days collected for sera. In whole blood a significant decrease in RNA compared to baseline at day 0 was observed starting on day 21, but no further significant decrease was observed between days 21 and 28 (Figure 1A, p < 0.05). Unsurprisingly, liquid volume in plates evaporated quickly relative to tubes (Supplementary Figures S4–S5) and plate wells were dry between 6 and 8 days post inoculation. The last day of sampling is referred to as Day Dry—1 (Dry-1, see Supplemental Methods). On average, 4.22 × 104 BUNV genome copies/mL was recovered on Dry-1 for whole blood, while the average recovered genome copies in sera was significantly more (p < 0.05) at 1.21 × 105 copies/mL on Dry-1 (Figure 1B). In sera the genome copies were stable as no significant differences were found between the RNA recovered on day 0 and Dry-1 (p > 0.05), while the RNA copies recovered in whole blood increased from day 0 to Dry −1 (p < 0.05). In a subset of plates (n = 5), media was added to dried out wells, collected, and subsequently tested for BUNV RNA (see Supplementary Methods). BUNV RNA was detected in the reconstituted samples, with an average of 6.87 × 104 RNA copies/mL in the reconstituted sera samples, and 6.74 × 104 RNA copies/mL in the reconstituted whole blood samples.
[image: Figure 1]FIGURE 1 | Environmentally stable BUNV. Genomic copies of BUNV recovered at each collection for both higher volume tubes (A) and lower volume plates (B) over time when exposed to Rwandan environmnetal temperatures.
Infectivity of stable BUNV
For whole blood in tubes, the last day of infectiousness was day 28 for 80% (8/10) of samples and day 21 for the remining 20%. In tubes containing sera, the last day of infectiousness was day 21 for 50% (5/10) of replicates while the other 50% retained infectiousness out to day 28. Cytopathic effects (CPE) were observed in all infectious samples. Attempts to plaque sera and whole blood at these later time points were unsuccessful due to the consistency of the samples (see Supplementary Methods, Supplementary Figure S4). In 6-well plates, the range of days where infectiousness was retained was 5–7 days post inoculation but was dependent on the remaining volume in the well (Supplementary Figure S3; Supplementary Table S1). Relative to the first day of no volume, 50% (5/10) of the whole blood replicates retained infectiousness at Dry-1, and 100% at Dry-2. For sera however, all replicates retained infectiousness at Dry −1. We were able to plaque plate samples to further investigate the infectious titer of environmentally stable BUNV on the last day of infectiousness. Overall, whole blood had a significantly lower average infectious titer (1.04 × 103 PFU/mL) compared to sera (2.45 × 104 pfu/mL) (Figure 2, p < 0.05). No CPE was observed in vitro for any of the reconstituted dried samples, indicating a lack of infectivity despite moderate quantitative recovery of ∼104 RNA copies/mL (see Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Infectious titer of BUNV in plates. The titer of infectious BUNV recovered from plates on the last day of observed infectiousness was significantly higher for sera than for whole blood (p < 0.05) relative to the day the plate was dry (Dry Day).
DISCUSSION
BUNV was previously found to co-circulate with RVFV, and as such BUNV has been hypothesized to share aspects of the RVFV transmission cycle [1, 8]. However, the details surrounding the modalities of BUNV transmission remains understudied. RVFV has the potential to be transmitted both vertically and horizontally by Ae. aegypti [20, 40]. Further, other Orthobunyaviruses, such Lacrosse virus, Cache Valley virus (a strain of BUNV), and others have been shown to be transmitted by Ae. aegypti [35, 36, 42, 56]. We demonstrated that none of the exposed Ae. aegypti herein became infected with BUNV via oral exposure, which in turn meant there was no opportunity for ToT. We did show some potential uptake of virus from contaminated larval habitat, but no subsequent transstadial transmission was observed. Thus, there is some potential for refraction to BUNV in Ae. aegypti populations as our population did not support infection. As seen with RVFV [34], other Ae. spp may be involved in this alternative BUNV transmission modality. Likely there are overlapping ecological factors that contribute to the similarities in the observed transmission of BUNV and RVFV, such as an overall suitability for multiple mosquito species in the region, including seasonal rainfall and other weather patterns that affect mosquito population dynamics in general. However, our data do not rule out the possibility of urbanization of BUNV in other Ae. aegypti populations, as another population of this species was found to be moderately competent [39].
These data could also be of use during surveillance efforts during a BUNV disease outbreak. The sensitivity assay demonstrates a high level of sensitivity for this primer set, as 9/10 samples with approximately ∼5 RNA copies per 10 mosquitoes in 1,000 uL and 100% of samples with ∼50 copies tested positive for BUNV via qRT-PCR, with a calculated LOD of 6.6 copies. Previous RT-PCR assays have low-end detections of BUNV RNA at relatively similar levels (700 copies and 2–20 copies per mL) [57, 58]. Further, it was previously found that in Ae. spp infected with Cache Valley Virus, an Orthobunyavirus in the Bunyamwera serogroup, the average titer of infectious virus ranged from approximately 3–5 logTCID50 [35]. This assay falls well within these limits and is competitive with other available assays, suggesting use as a surveillance tool is plausible.
In areas with RVF transmission, contact with blood and fluids from cattle is highly associated with seropositivity to RVFV [27, 59], indicating the importance of environmentally mediated transmission for the epidemiology of this virus. Our data does support the potential for environmentally mediated transmission of BUNV through blood and/or sera contamination, possibly from processing of meat or contaminated fomites/instruments. In higher volumes (up to 5 mL initial volume in tubes), infectiousness was retained for up to 28 days. At lower volumes over larger surface areas (plates), infectiousness was shorter owing to the shorter time to dried up substrate, but was still retained up to a week. The importance of identifying this potential novel transmission modality of BUNV lies in the potential for education and increased biosafety and infection control practices in at-risk communities, where PPE use is not high [60]. Recently, it was reported that fomite transmission might contribute to the movement of RVFV from rural areas to urban, as cattle may be moved to satiate the demand for meat in human dense areas [61]. This risk is shared by BUNV, as this data demonstrates this similarity in risk of environmentally mediated transmission between RVFV and BUNV. Further, the finding that dried samples were unlikely to harbor infectious virus speaks to the possibility for moisture control as a biosafety measure in areas where this risk exists.
Additionally, the stability of BUNV in whole blood at an environmentally relevant temperature may also inform surveillance efforts. Blood collected from suspected BUNV infected cattle that was unable to be immediately preserved via cooling may still be of use for qualitative surveillance purposes. This also suggests a potential use of blood that was collected indirectly or from meat processing facilities. Butchers and slaughterhouses as a point of surveillance may help inform on the epidemiology of an outbreak due to the concentration of animals to a central location [61]. Furthermore, environmental stability of BUNV in liquid may assist in less conventional surveillance methods for arboviruses, as the potential for wastewater surveillance of other arboviruses has been discussed [62].
While this experiment simulated field conditions in terms of temperature and humidity, additional factors may affect long-term BUNV stability and infectivity that we did not address herein. Both abiotic and biological contaminates found in the environment may alter the stability and infectivity by affecting the length of stability and/or probability of infectiousness over time. Furthermore, the physical environment may also influence BUNV stability, such as the moisture content of soil or rain influencing substrate moisture content which may extend the duration of infectiousness. While this is a limitation of our study, it only further emphasizes a need for a One Health and systems approach when characterizing understudied pathogens.
Given the role of animal and environmental factors and the potential to infect humans, viewing understudied Orthobunyaviruses such as BUNV through a One Health scope is immensely important, as changes animal, human, or the environmental conditions in the area may alter the epidemiology of BUNV. Thus, the data herein is an important addition to the knowledge of this neglected tropical disease and highlights the need for considering atypical transmission routes when cataloging the eco-epidemiology of viruses. It is important that we continue to investigate the interplay between these factors to be prepared to respond to the dynamic pressures of viral transmission and disease outbreaks.
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Grade 1/2 Grade 3
“Injection site reaction 14 (45%)
Fatigue 7 (23%)
Nausea | 5 (16%)
» Diarrhoea 3 (10%)
Lymphocytopenia 3 (10%)
ALP elevation 1(3%) 1(3%)
‘Anaemia | 2 (6%)
Anorexia 2 (6%)
VWeight loss 2 (6%)

Adverse events reported as related to study medications in more than one patient.

No grade 4 events were observed.
ALP, alkaline phosphatase.

*njection site reaction includes erythema, osdema, pruritis and discharge.
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Coefficient

Log(BMI) and total body fat regression model (r = 0.8476, adjusted r* = 71.84%)

Age (years) -1.0262 -35.01 <0.001
Toguo(BMI) [logio(kg/m?)] 62,8960 7007 <0.001
Sex 7.7910 44.13 <0.001
Regression constant | ~44.7900 ~40.56 <0.001

Total body fat and head fat linear regression model (r = 0.6939, adjusted r* = 48.16%)

Age (years) -0.0544 -2273 <0.001
Total body fat (%) 00456 4479 <0.001
Sex | 04571 -2527 <0.001
Regression constant 235743 522.98 <0.001

Total body fat and head fat quadratic regression model (r = 0.7269, adjusted r* = 52.84%)

Age (years) ~0.0609 -2634 <0.001

Total body fat (%) ~0.0492 866 <0.001

Total body fat (%)]* 00015 1694 <0.001
ly

Sex -0.4026 -2293 <0.001

Regression constant 249762 267.81 <0.001

BMI and head fat regression model (r = 0.7056, adjusted * = 49.78%)

Age (years) -0.1069 -41.99 <0.001
BMI (kg/m?) 0.0624 4646 <0.001
Sex: -0.1125 722 <0.001

Regression constant 24,0467 622.37 <0.001
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Normal weight (NV

Overweight (OW)

ese (OB)

Entire sample

# Subjects. 2,050 474 397 2,947
Males:Females 1,052:998 214:260 176:221 1,455:1,492

| Mean + SD [min-max] Mean + SD [min-max] Mean + SD [min-max] Mean + SD [min-max]
Age (years) 133 [8-19] 15+3 [8-19] 16£3 (8-19] 143 (8-19]
Height (m) 1.57 + 0.15 [1.12-2.00] 162 +0.12 [1.23-1.93] 1.65 + 0.10 [1.38-1.97] 1.59 £ 0.15 [1.12-2.00]
Mass (kg) 49.85 £ 13.72 [20.00-88.20] 7224 £ 1131 (42.50-106.10] 97.21 £ 20.28 [61.20-215.3] 59.92 £ 22.19 (20.00-215.30]
BMI (kg/m?) 19.82 + 277 [12.41-24.99] 27.27 + 140 [25.02-29.99] 3517 £ 537 [30.04-62.08] 2312 + 630 [12.41-62.08]
Body fat (%) 2629 +7.23 [10.10-46.80] 3525 + 746 (16.2-50.00] 4033 £ 6.19 [25.20-58.00] 29.60 + 8.90 [10.10-58.00]
Head fat (%) 23.78 £ 042 [21.90-25.70] 24.13 £ 0.68 [22.60-26.60] 24.53 £ 0.76 (22.90-27.40] 23.94 £ 0.59 [21.90-27.40]
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Variable Univariate analysis Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value

0s

cGAS expression 2910 (1.378-6.146) 0.005 2.348 (1.012-5.447) 0.047

STING expression 2.855 (1.282-6.358) 001

DNMT3a mutation 2543 (1.008-6.418) 0.048 3420 (1.254-9.324) 0016

TET2 mutation 2.039 (0.936-4.446) 0.073 2,521 (1.050-6.048) 0.038

allo-HSCT 0.205 (0.049-0.862) 0.031 0.171 (0.040-0.737) 0018
DFS

cGAS expression 2411 (1.119-5.195) 0.025 2.420 (1.071-5.469) 0.034

DNMT3a mutation 2568 (1.015-6.5) 0.047 3.900 (1.441-10.774) 0.008

TET2 mutation 2481 (1.090-5.645) 0.03 2,936 (1.189-7.250) 0.02

allo-HSCT 0.198 (0.047-0.836) 0.028 0.158 (0.035-0.709) 0016
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Gene Primer

miRNA hsa-miR-548ba Bulge-Loop hsa-miR-548ba Primer Set (cat. no. MQPS0001824-1-200; Ribobio, China)
hsa-miR-1266-5p Bulge-Loop hsa-miR-1266-5p Primer Set (cat. no. MQPS0000526-1-200; Ribobio,
China)
hsa-miR-466 Bulge-Loop hsa-miR-466 Primer Set (cat. no. MQPS0001494-1-200; Ribobio, China)
hsa-miR-551a Bulge-Loop hsa-miR-551a Primer Set (cat. no. MQPS0001855-1-200; Ribobio, China)
hsa-miR-4484 Bulge-Loop hsa-miR-4484 Primer Set (cat. no. MQPS0001400-1-200; Ribobio, China)
hsa-miR-1-3p Bulge-Loop hsa-miR-1-3p Primer Set (cat. no. MQPS0000625-1-200; Ribobio, China)
hsa-miR-133a-3p Bulge-Loop hsa-miR-133a-3p Primer Set (cat. no. MQPS0000607-1-200; Ribobio,
China)
hsa-miR-1250-5p Bulge-Loop hsa-miR-1250-5p Primer Set (cat. no. MQPS0000499-1-200; Ribobio,
China)
hsa-miR-539-5p Bulge-Loop hsa-miR-539-5p Primer Set (cat. no. MQPS0001793-1-200; Ribobio,
China)
hsa-miR-11401 Homo sapiens miR-11401 stem-loop (cat. no. HmiRQP4695; FulenGen, China)
hsa-miR-6718-5p Homo sapiens miR-6718-5p stem-loop (cat. no. HmiRQP2994; FulenGen, China)
mRNA TGF-p F: 5'-GCCGACTACTACGCCAAGGAGGTCA-3'

R: 5'-CGGTTGCTGAGGTATCGCCAGGAATT-3"
BMP2 F: 5'-GACGTTGGTCAACTCTGTTAAC-3"

R:5'-GTCAAGGTACAGCATCGAGATA-3

1L-10 F: 5-GTTGTTAAAGGAGTCCTTGCTG-3'
R: 5'-TTCACAGGGAAGAAATCGATGA-3'

1L-35 F: 5"-CCTTGCACTTCTGAAGAGATTG-3'

R: 5-GGTCTCTCTGGAATTTAGGCAA-3'

Foxp3 F: 5'- AGGCTCCAGAGAAGCAGCGGACACT-3"

R: 5"-TCAGGTTGTGGCGGCTGGCGTTCTT-3"

B-actin F: 5'-GAAGATCAAGATCATTGCTCC-3

R: 5'-TACTCCTGCTTGCTGATCCA-3"
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GG path ID FDR miRNA Target EDGs
TGF-beta signaling pathway hsa04350 0976 0.046 068 hsa-miR-3176 up TGE-B1 down
hsa-miR-3120-3p down TGE-p2 up
hsa-miR-6852-3p down SMADI1 up
hsa-miR-539-5p down BMP2 up
Rapl signaling pathway hsa04015 0961 0028 0.65 hsa-miR-548ba up RAPIA down
hsa-miR-654-5p down RAPIGAP up
MAPK signaling pathway | hsa04010 0956 0025 0.65 hsa-miR-1286 up RASGRP4 down
hsa-miR-96-5p up RASGRP3 down
CAMP signaling pathway | hsaoso2s 0959 0.040 0.65 hsa-miR-1-3p down RAPGEF3 up
hsa-miR-6718-5p down ATP2B4 up
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