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Abstract

:

Survivors of sepsis often suffer from prolonged post-critical illness syndrome secondary to the immune system’s reprogramming. It is unclear if this process is static and pervasive due to methodological difficulties studying long-term outcomes of sepsis. The purpose of this study is to evaluate transcriptional profiles longitudinally in Drosophila melanogaster in the aftermath of sepsis to provide preliminary data for targets playing a role in post-sepsis immunostasis. Adult Drosophila melanogaster were infected with E. coli, and survivors were euthanized at 7, 14, and 21 days. Control flies were subjected to sham stress. Gene profiling was done with RNA-seq, and potential miRNA factors were computed. Profiling identified 55 unique genes at seven days, 61 unique genes at 14 days, and 78 genes at 21 days in sepsis survivors vs. sham control. Each post-sepsis timepoint had a distinctive transcriptional pattern with a signature related to oxidative stress at seven days, neuronal signal transduction at 14 days, and metabolism at 21 days. Several potential miRNA patterns were computed as potentially affecting several of the genes expressed in sepsis survivors. Our study demonstrated that post-sepsis changes in the transcriptome profile are dynamic and extend well into the Drosophila melanogaster natural life span.
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1. Introduction


Under ideal conditions, sepsis eliminates the offending pathogen without significant collateral damage [1,2]. The immune system should refocus on repair and regeneration and eventually de-activate. This intricate process can be derailed, resulting in the host’s demise secondary to excessive, abnormal, persistent, or ineffective immune system activation [3,4,5,6].



The completeness of the resolution of sepsis and recovery of health has been questioned [6,7]. Experimental studies suggest a metabolome and immune system being affected in the long term [8,9,10]. Epidemiological studies demonstrate progressive organ damage and altered metabolism in sepsis survivors [3,11,12]. Pervasive increase in mortality is likely secondary to the emergence of alternative states of immunostasis that are distinctive from pre-insult health in victims of sepsis [4,5]. Mechanisms affecting access to DNA information (epigenetic, non-coding RNA, miRNA) were suggested to maintain the post-sepsis reprogramming [1,2,8,9,10,13,14].



There is a gap in knowledge of how gene reprogramming evolves in sepsis survivors. This is both an essential basic science and clinical management question [6,7]. Recovery from sepsis is likely to be as heterogenous as sepsis itself, particularly when temporal and longitudinal changes are considered. The considerable prevalence of sepsis, COVID-19 pandemic, and increasing survivorship render studies investigating sepsis’s long-term consequence of paramount clinical and societal importance [4,6,7,11]. Unfortunately, longitudinal studies are inherently difficult [6,7]. Long-term enrollment of human subjects is complicated by the unknown pre-sepsis immunological and transcriptional makeup, high inter-individual heterogeneity, and diverse clinical presentation of the disease [6]. Furthermore, studying the effect of sepsis or progression of the natural process of aging is inherently difficult as both processes are interconnected and affected by several variables [15,16]. Prior research demonstrated the emergence and, at minimum short-term persistence of several metabolomic and immunological abnormalities in the peri-septic period.



In order to overcome some of the methodological difficulties, several alternative models of sepsis have been proposed [6,17]. Non-human models were utilized to demonstrate several fundamental processes underpinning sepsis emergence and recovery [18]. Drosophila species have been a pivotal model for several essential research findings, including the discovery of toll-like receptors [19,20]. Sepsis can be induced in Drosophila using lipopolysaccharide exposure or bacterial inoculation, providing critical information about the pathogen interacting with the host [21,22,23,24,25]. Therefore, sepsis in fruit flies is defined by most researchers as the exposure itself to a sepsis trigger, not by physiological parameters as seen in clinical settings [6]. However, the effect of sepsis and bacteremia seems to be similar in patients, suggesting that interaction with a pathogen is critical for host performance, not downstream effects of sepsis [26,27,28]. Several highly conservative pathways (p38, NFκB, Rel, ubiquitins) were of particular interest in Drosophila sepsis [21,29,30]. Monocytes, a critical component of sepsis response, showed typical sepsis polarization and cytokine activation in Drosophila [31]. In particular, the downstream activation of the interleukin-1 family closely resembles events seen in clinical settings [2,17,21]. Finally, metabolomic responses were studied, demonstrating similar abnormalities as those seen in clinical sepsis [32]. Therefore, it is not a surprise that several Drosophila-based studies translated into successful studies in more clinically oriented settings, replicated studies from animal models of sepsis or observation from humans [22,24,25]. There is increased appreciation for Drosophila as a sepsis model, coupled with its potential to address several inherently difficult questions in sepsis responses. A shorter life span of the fly provides a convenient insight into the sepsis effects on aging. Experiments may be scaled easily and controlled for several variables, a frequent suggestion in sepsis research [1,6,7]. Finally, the effect of sepsis on embryonal life can be studied [33]. Nevertheless, the Drosophila model of sepsis seems to be underutilized given its potential.



Our study sought to investigate the transcriptome in survivors of sepsis using Drosophila melanogaster inoculated with Escherichia coli. We hypothesized that post-sepsis, the reprogramming measured as transcriptional activity would reflect important pathways critical for prolonged alteration of immune homeostasis after sepsis.




2. Results


2.1. Survivorship and Morphological Changes in Survivors of the Sepsis


We inoculated 60 flies with Escherichia coli (C_0) and observed the survivorship compared to sham-operated insects. We noticed significant attrition in survivors, particularly at 14 and 21 days as compared to sham surgery group. Additionally, visual inspection of flies showed much smaller insects (data not provided; personal observation) among survivors.




2.2. RNA Profile in the Sepsis Survivors at 7, 14, and 21 Days


We analyzed gene expression over time after the sham procedure at 14 and 21 days. We found several genes differentially expressed at both time points (Figure 1A,B and Figure 2A). Consequently, we age-matched flies post-sepsis and post-sham to account for the post-sepsis time effect. The transcriptional profiling indicated that flies at 14 days and 21 days post-sepsis had significant changes to their transcriptomes compared to the sham-treated flies (Figure 2B,C). While the flies are closer to controls at 21 days than at 14 days, there are still highly significant differences in gene expression (Figure 2C). We identified 77 unique genes for early post-sepsis recovery (d7), 61 unique genes for middle recovery (d14), and 78 genes specific for late recovery (d21) (Figure 2B).



Analysis of the most dominant genes revealed that specific pathways were affected during different recovery times from sepsis. 14 days after surgery, the predominant genes affected were related to the neurotransmitter-related genes (Supplementary Figure S1). At 21 days, most of the genes were related to metabolomic and glutathione pathways, in particular (Supplementary Figure S2; Figure 3).



In addition to analyzing potential pathways and biological processes, we also examined the 3′ untranslated regions of all of the mRNAs (or genes) for the gene with altered expression at 14 and 21 days after sepsis. Five of the upregulated genes at 21 days showed potential targeting by miR-315-5p in an evolutionarily conserved manner [34]. In the group of downregulated genes, most did not reveal any evolutionarily conserved targeting by microRNAs in the 3′ untranslated region over multiple Drosophila variants. In the few that did, one gene, MtnD or metallothionein D, has a conserved binding spot for miR-315-5p; 6 other genes demonstrated a potential binding site for miR-315-5p but did not exhibit conservation over multiple Drosophila variants (Figure 4).





3. Discussion


Our results demonstrate that recovery from sepsis in Drosophila melanogaster is associated with specific transcriptional profiles that are time-dependent and distinct. This was suggested in prior work but not demonstrated [10]. Subsequent studies of RNA-seq expression showed several common findings [24]. As evidenced by the sheer number of genes studied, the effect of sepsis in Drosophila may have played an independent role in the decreased number of genes noted in later time points. Our report provides several potential suggestions to further investigate the mechanism-related to long-term abnormalities seen in sepsis survivors.



The metabolic signature at 21 days was related to the glutathione pathway, a critical pathway for detoxification, free radical prevention, sepsis, and aging processes [35,36]. The glutathione pathway is essential for the elimination of pathogens while protecting the host from collateral damage [36,37]. GstD8 is also involved in the activation of p38 and JNK kinases, essential elements of immune response [38,39]. This interaction could be the leading pathway to neurotoxicity and shortened survival in a free radicals-rich environment, as seen during and post-sepsis [37,40,41]. Furthermore, impairment of glutathione pathways leads to increased susceptibility to infection and is a hallmark of abnormal resolution of inflammation [5,6,21,28,41,42]. Several of these pathways are activated at the beginning of the infection or clean injury [24]. Persistence of these pathways after resolution of the bacterial inoculation suggests metabolomic reprogramming [6,17,24]. Activation of the ubiquitination pathway affects the survival of Drosophila and may be responsible for cachexia and increased mortality in our study [21,36,40]. One of the future directions of research is to establish activation of ubiquitin pathways in dying flies. Activation of Wnt and glutathione may be mimicking the cardiac and neuronal abnormalities seen in both Drosophila and human situations [11,17,21,32,41].



Computational analysis of the upregulated genes in the 21-day group revealed a commonality in potential targeting by microRNA 315-5p that is evolutionarily conserved in Drosophila species. The genes involved are related to glutathione metabolism, sodium channel components, transcription factors, and genes with unknown function as of this writing [21,22,40]. Additionally, the down-regulated gene group at 21 days revealed multiple genes that could bind to miR-315-5p. These genes include GstE7, MtnD, CG14820, Lectin-galC1, kappaTry, among others. miR-315-5p has been frequently cited as playing a pivotal role in activating the Wg (wingless) pathway in Drosophila. Wg has an evolutionary relationship with Wnt in mammals [34]. Although the mechanism remains to be elucidated, the role of miR-315-5p is suspected of activating the Wg pathway by increasing the expression of Axin and Notum, both key proteins in controlling the canonical beta-catenin pathway [34]. Further, miR-315-5p and miR-8 play intertwining roles in Wg pathway activation [34,43]. Upon re-review of our gene expression database, miR-8 has come up less frequently to target genes in an evolutionarily conserved manner. There were no other evolutionarily conserved microRNAs in this study that came up as frequently. This is not to suggest that there are no microRNAs involved in sepsis and the response seen in Drosophila. Further in vitro studies would be needed to characterize these microRNAs binding to potential targets and assess for function in cell and animal models. Together, microRNAs are proposed to temper or amplify gene expression when needed rather than cause an absolute on or off expression pattern [1,13,41,43]. More importantly, the diverse clinical presentations of inflammation in sepsis and requirements of multiple factors suggest a role for closely tempering and amplifying gene products as needed; in this setting, microRNAs may play a key role.



The results of the study provide pilot data to support for Wg/Wnt involvement in post-sepsis homeostasis. Wg (Wingless) has been studied extensively in Drosophila and is arguably one of the most extensively studied intracellular signaling networks [19,36,43]. The function of Wg extends beyond body formation and involves controlling cytoplasmic levels of beta-catenin/Armadillo (Arm), differentiation of hematopoietic stem cells into B cells, and dendritic cell function [44,45]. Wnt signaling is an essential factor in microglia activation, rheumatoid arthritis, and the emergence of tumor-associated macrophages [46,47]. Finally, Wnt/beta-catenin signaling has been implicated in tissue remodeling, including in normal (wound healing) and pathological healing (lung fibrosis) [48,49].



A limitation of our study is the sole use of E. coli as the model of sepsis. Other models of sepsis might result in different findings as to the activation pattern change over time and are stimulus dependence [24,42,50]. To minimize environmental influence, we controlled the temperature and diet strictly, and samples were handled by very experienced staff. Furthermore, our study does not follow a typical clinical trajectory for humans where antibiotics would be employed early [7]. Our control group involved a sham surgery that provided confidence in the results as it removed the procedural element from the test group and variable. Finally, the gene expression was measured using RNA-seq. In vitro studies are needed to demonstrate the clinical importance of suggested miRNA induction of mRNA degradation as clinically relevant. Considering our report’s pilot and exploratory nature, we believe that future readers could browse the attached genomic database, identify, and verify targets of interest. Finally, one could question the clinical applicability of our study. The translational potential of each model of sepsis has to be questioned [6,17,25]. Drosophila may ideal to study mechanism of action in sepsis but not for immediate clinical bedside testing. The Drosophila model provides striking similarity at the level of metabolomic response, monocyte polarization activation of several innate immunity pathways [21,23,28,30,31,38,39,44,45]. Activation of these mechanisms translates into abnormalities in the cardiovascular and neuronal system similar to those seen in septic shock of mammalian models [2,10,17,22,30,32]. Drosophila models were instrumental in discovering several important immunological mechanisms and suggested future studies and treatments [1,2,17,22,25,28,31,37,40,44]. Most of the translation is indirect as the findings are fundamental and homologous in scientific and clinical nature [1,2,17,22,25,28,31,37,40,44]. Finally, the introduction of bacteria may mimic bacteremia but not sepsis [2,7,22,27]. The former is devoid of end-organ failure, but the immune system response is similar. Some of the prolonged immune abnormalities are triggered by the pathogen’s interaction with the host [25,26,27].



Our study demonstrates that changes in gene expression patterns extend long after the resolution of sepsis and are dynamic. This is an important fundamental finding that strengthens clinical observation of the prolonged effect of sepsis in survivors. Sepsis early in life triggered the expression of several transcriptional modules as the survivors age. Finally, our study suggests mRNA as one of the potential mechanisms affecting gene expression in sepsis survivors.




4. Materials and Methods


4.1. Fly Stock Maintenance and Experimental Procedure


Wild-type Drosophila stocks were maintained in standard corn meal–yeast agar medium vials at 25 °C. Seven to ten-day-old males were then inoculated in the thorax with concentrated E. coli pellets using a sterilized tungsten needle. The sham group was inoculated with a sterile phosphate buffer solution. Twenty flies were anesthetized with carbon dioxide and sacrificed at 7, 14, and 21 days following bacterial inoculation or sham surgery.




4.2. RNA Extraction and Quantification


A total of 20 flies from each group (experimental and sham) were collected, weighed, and processed for RNA extraction at each time point. Five flies were pooled for each extraction, which was achieved through a spin column purification method (Zymo Research®, Orange, CA, USA). RNA purification was quantified using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were defined as having acceptable purity with a 260/280 ratio greater than or equal to 2 using Nanodrop.




4.3. RNA Sequencing and Analysis


Before the library building, the samples underwent the quality check utilizing agarose electrophoresis and RNA integrity checks on a Agilent 2100 platform. mRNA was enriched using oligo(dT) beads, followed by random fragmentation and cDNA synthesis using random hexamers and reverse transcriptase. After first-strand synthesis, a custom second-strand synthesis buffer was added with dNTP, RNAase H, and E. coli polymerase I to generate the second strand by nick translation. The final cDNA library was ready after additional purification, terminal repair, A-tailing, ligation of sequencing adapter, size selection, and PCR enrichment.



Library concentration was quantified using Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA) and adjusted to 1 ng/uL before checking insert size on the Agilent 2100 platform and quantitative PCR with the goal of library activity >2 nM. RNA sequencing was performed using an Illumina next-generation sequencing platform.



The original raw data were transformed to sequenced reads by base calling. Raw data were recorded in the FASTQ file. The error rate for each base was calculated as a Phred score. The quality of data was analyzed by A/T/G/C content distribution. Finally, the data were filtered to discard reads with adaptor contamination, uncertain nucleotides more than 10%, and low-quality nucleotides, defined as base quality less than 20 constituting more than 50% of reads.



Bowtie2 was chosen for mapping the reference genome. The mismatch parameter was set to two, with other parameters as default. Only filtered reads were used to analyze the mapping of RNA-seq to the reference genome. Total Mapped Reads of Fragments was larger than 70%, and Multiple Mapped Reads or Fragments was below 10%. Mapped regions were classified as exons, introns, or intergenic regions.



After mapping to the reference genome, gene expression levels were quantified by measuring transcript abundance. HTSeq software was used in union mode. Differential gene expression was done after read-count normalization, model-dependent p-value estimation, and FDR value estimation using multiple hypothesis testing; padj of less than 0.05 was utilized as we had replicates. GO ontology was conducted using GOseq to analyze differentially expressed genes;these genes were utilized to create KEGG pathways.




4.4. 3′ Untranslated Region and microRNA Analysis


The gene lists generated from HTSeq software were analyzed using ENSEMBL gene browser for 3′ untranslated region. The list of genes were analyzed individually and in batches using TargetScanFly (TargetScanFly 6.2). Potential targets were analyzed using the database software for candidate microRNAs. Additional information about candidate microRNAs was evaluated using RNA22 (RNA22|MicroRNA Target Predictions|Computational Medicine Center at Jefferson University). A further 3′ untranslated region analysis was also done using miRFocus (microRNA 2007—Predict your UTR (weizmann.ac.il)).




4.5. Statistical Analysis


The Shapiro–Wilk W test and distribution plots were used to test the normality of distribution variables. Parametric variables will be expressed as mean ± SD and compared using the t-Student test. Statistical analyses was performed with the Statistica 11.0 (StatSoft Inc., Tulsa, OK, USA).





5. Conclusions


The temporal changes in gene expression in the Drosophila survivors of sepsis had distinct patterns in the long term after sepsis resolution.
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Figure 1. Distribution and number of genes that were differentially expressed at 14 (C_14) (A) and 21 (C_21) (B) days as compared to animals without surgery (C_0). 
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Figure 2. Sham surgery resulted in changes in gene expression over time (A), which was to a certain degree observed in sepsis survivors (B). Distinctive gene expression was seen when comparing flies surviving 21 days after sepsis compared to one and two week survivors or control animals. Unique gene patterns at 7, 14, and 21 among sepsis survivors can be seen (C). 
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Figure 3. Abnormal expression of glutathione gene among Drosophila surviving sepsis is the dominant trait seen in our study. 
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Figure 4. All of the genes analyzed had potential targeting sites by different microRNAs. The frequency of miR-315-5p in the gene list was highest and, notably, evolutionarily conserved among multiple Drosophila species unlike any other microRNAs studied. The involvement in miR-315-5p suggests several potential targets. 
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