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ABSTRACT

The enrichment and diversity of gut microbiota play an important role in sepsis, but the role of gut microbiota composition and early-life colonization in sepsis and septic shock has not yet been characterized. The impact of gut microbiota diversity on host immunological disorders and future treatments of inflammatory diseases are not yet fully elucidated. Further, the association between the microbiota and immune development in sepsis remains unknown, and the underlying mechanisms are not well understood. The altered composition of gut microbiota during sepsis is profoundly associated with a loss of commensal bacteria and an overgrowth of potentially pathogenic bacteria, especially AMR bacteria. Disruptions of gut microbiota diversity are directly associated with susceptibility to sepsis and a higher risk of adverse outcomes. Several studies have confirmed that a mutual association between gut microbiota and the host is important for the metabolism of essential nutrients for the organism, for gut development, and for the maturation and development of a fully functional immune system. Therefore, understanding the gut microbiota diversity, composition, and function during various inflammatory conditions and sepsis may provide a comprehensive knowledge of the mechanisms behind the pathogenesis of gut-derived infection in diseases and the design of new treatment options (e.g., probiotics or fecal microbiota transplantation).

Emerging evidence displays an important role of gut microbiota and their derived metabolites in modulating the host mucosal immune response and determining the susceptibility to, as well as outcomes of sepsis.

Keywords: Immune response, Inflammation, Metabolites, Microbiota, Sepsis



Received: November 16, 2022

Accepted: December 30, 2022

Published online: December 31, 2022

Corresponding author:

Dr. Dablu Lal Gupta

Assistant Professor

Department of Biochemistry

All India Institute of Medical Sciences (AIIMS)

Raipur, Chhattisgarh - India

dablugupta10@gmail.com

Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti

© 2022 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

Commercial use is not permitted and is subject to Publisher’s permissions. Full information is available at www.aboutscience.eu



Introduction

Antimicrobial resistance (AMR) also known as drug resistance, is a naturally occurring process that happens when germs like bacteria, fungi, viruses, and parasites develop the ability to defeat the drugs designed to kill them (1). Microbes change over time and no longer respond to antibiotics and other antimicrobial drugs, making infections harder to treat and increasing the risk of disease spread, severe illness, and death (2). Resistant infections can be difficult, and sometimes impossible, to treat. When the microorganisms become resistant to most of the antibiotics and other medications commonly used to treat the infections they cause, they are often referred to as “superbugs.” AMR is considered one of the leading public health threats of the 21st century (3). About 700,000 deaths have been reported due to drug-resistant infections (4). About 2.8 million people suffer from acquired drug-resistant infections across the globe and 35,000 patients die annually in the United States due to infections alone (5). It is responsible for an estimated 33,000 deaths per year in the European Union (EU) (6). In 2019, the World Health Organization (WHO) reported that, if left unchecked, the anticipated deaths due to AMR would rise to 10 million by 2050 (5). These infections have significant economic and human costs. Economic projections suggest that by 2050, the economic costs of healthcare-associated infections (HAIs) to the US healthcare system will range from 28 to 45 billion dollars per year (7). Further, recent data released by the UK government argued that AMR could kill 10 million people per year by 2050 (8). The WHO and numerous other groups anticipated that AMR is a global issue that requires a coordinated action plan to address. The way AMR infections are spreading could make many bacterial pathogens resistant to emerging antibiotics and more lethal in the future than they are today (9).

India is considered the AMR capital of the world. India has one of the largest numbers of antibiotic-resistant pathogens worldwide (10). The highest burden of multidrug-resistant tuberculosis cases has been reported in different parts of India, as alarmingly high-resistance bacterial cases (11). India is one of the largest consumers of antibiotics worldwide and consumption and sales of antibiotics continue to rise rapidly. Despite the decline in the number of cases of communicable diseases, the consumption of antibiotics continues to increase (12). On the one hand, emerging new multidrug-resistant (MDR) organisms pose newer diagnostic and therapeutic challenges in front of policymakers and health care workers, while on the other hand India is still striving to battle old enemies such as malaria, cholera, and tuberculosis (13). Infectious disease remains a leading cause of mortality in India. About 50,000 newborns lose the battle to sepsis annually due to pathogens resistant to first-line antibiotics (14). Two million deaths are anticipated in India due to AMR by the year 2050 (13). There are several factors such as illiteracy, congestion, poverty, malnutrition, and excessive antibiotic use that contribute AMR situation being worse in India. The lack of awareness about the pathogenesis of infectious diseases and their spread among the public and inaccessibility to healthcare further compound the situation. Easy availability of over-the-counter (OTC) antimicrobial drugs and self-prescription of these drugs without any professional knowledge regarding the dose and duration of treatment significantly contribute to AMR. The lack of tertiary care hospital facilities to diagnose patients with MDR, a significant load of resistant infections, and unregulated sales of antibiotics have contributed to a speedy rise in resistant infections in India. This has an enormous socioeconomic impact due to a large number of deaths and increased costs due to protracted stay in the hospital. Despite the high burden of AMR cases and the continuous rise in resistance cases, India spends only 4.7% of its total Gross Domestic Product (GDP) on health. However, the government shared only one-fourth (1.15%) of its GDP, making the task massive (15). The contribution of the Government of India to health is very poor (16). In 2017 the Government of India adopted a National Action Plan (NAP) on AMR. 

The gut microbiota is essentially required to maintain gut homeostasis by mutually interacting with intestinal epithelial cells and mucosal immune cells (17). During prolonged inflammation, this interaction could become pathological due to changes in the composition and diversity of gut microbiota (18). The loss of diversity and compositions of gut microbiota may lead to disruption of intestinal homeostasis and deleterious clinical manifestations (19). Recent studies reported the key role of microbiota and their metabolites in the development of gut-derived infection, sepsis, and multiple organ dysfunctions in sepsis (20). Therefore, it is important to understand the gut microbiota composition, diversity, and functions of their metabolites during sepsis and other inflammatory conditions. The present review article may provide a more inclusive understanding of the mechanisms of gut-derived infection in the pathogenesis of sepsis and the design of new treatment options. Here, we present current knowledge and key concepts linking gut microbiota to the development and function of the immune system. Through this article, we discuss how AMR causes the defective host immune system activation by modulating the gut microbiota, the current progress in the field, and identify the need for experimental studies investigating the use of these treatments in sepsis management. Finally, we highlighted the challenges and perspectives of microbiome-targeted approaches in studying disease pathogenesis and developing new microbiome-related treatments.



Gut microbiota in health and disease

The mammalian gut contains highly diverse and wide varieties of the microbial community called the microbiome, which includes mostly bacteria, viruses, fungi, etc. Gut microbiota includes about 1,000 to 1,500 bacterial species (21). Gut microbiota is highly dynamic and varies from one individual to another individual. The diversity of gut microbiota can be imagined from the data obtained from an individual that contains only about 160 bacterial species (22). It indicates that the composition of gut microbiota is highly diverse among individuals and depends on nutrition, environmental changes, and genetic inheritance (21,22). Nutrition and environmental factors are very important in determining bacterial richness and diversity among individuals (23). A direct mutual association between gut microbiota and the host is reported in several studies. The gut provides a favorable condition for the growth and development of microbiota, and the gut microbiota supports the maturation of the mucosal immune system and metabolic system by providing beneficial nutrients such as vitamins and short-chain fatty acids (SCFAs) (24). Therefore, understanding the association between the gut microbiota and its metabolites with the intestinal immune system is vital for the development and maturation of the mucosal immune system.

A change in the richness and diversity of the microbiome profile in the gut is known as dysbiosis. The dysbiosis of gut microbiota is closely linked to several diseases, such as type 2 diabetes, obesity, hypertension, necrotizing enterocolitis (NEC), inflammatory bowel disease (IBD), etc. (18,25). Gut dysbiosis leads to the development of gut barrier dysfunction and bacterial translocation. It impairs the ability to maintain mucosal membrane function and contributes to systemic inflammation (26). When dysbiosis occurs, bacteria and bacterial endotoxins or toxins can leak from the gut, along with food particles. This systemic translocation of bacteria and bacterial products is responsible for other clinical manifestations in critically ill patients (27). The different bacterial genera present in the gut are likely to affect the intestinal environment of the hosts and alter the metabolic patterns and influence the occurrence of diseases. The altered gut microbiota is also associated with metabolic parameters, sex hormones, and the mediators of the gut-brain axis (22,28). Several studies have confirmed the role of gut microbiota in sepsis, but the direct association of gut microbiota diversity with the pathogenesis of disease and outcomes has not yet been fully understood (20). Figure 1 shows the association of gut microbiota dysbiosis with changed metabolites and immune system dysregulation in critical illness and disease.



Role of gut microbiota in sepsis and septic shock

Sepsis, defined as life-threatening organ dysfunction caused by a dysregulated host response to infection, affects 1.7 million people annually in the United States (14). About 20%-30% of patients die annually across the globe due to sepsis (29). It is recognized as a global health emergency by WHO (30). The overwhelming inflammatory response is a hallmark property of sepsis. The exaggerated inflammatory response that occurs during sepsis may lead to immune suppression and dysregulated immune response (31). These dysregulated host immune responses during sepsis may lead to the dysfunction of multiple organ systems, which includes the cardiovascular, renal, pulmonary, hepatic, and gastrointestinal systems (31). Sepsis-induced hyperactivation of immune cells and immune suppression may be considered the main contributors to the pathophysiology of sepsis (32). Immune suppression often increases the individual’s susceptibility to secondary infections, further increasing the risk of death (33). The recent development of molecular-based sequencing tools has exposed the importance of gut microbiota diversity in human health and disease (34). Several studies have reported gut dysbiosis with a sharp decrease in diversity, overgrowth of pathogenic bacteria, and loss of commensal bacteria (21). Recent studies have elucidated key immune pathways that are modulated by gut microbiota and their metabolites (24). The altered gut microbiota during sepsis may influence inflammatory responses and increase gut barrier permeability, which could enable the translocation of pathogenic bacteria to the systemic circulation and distant organs. The increased gut permeability during inflammatory conditions and sepsis may lead to the translocation of enteric bacteria from the gut to the systemic circulation served as the motor of multiple organ dysfunction syndromes (MODS) and, subsequently, cause acute septic responses (35). The altered gut microbiota composition and diversity during inflammatory conditions and subsequently enhanced translocation of gut microbiota may cause mucosal immune dysfunction (35). The loss of membrane integrity and translocation of enteric bacteria and its metabolites from the gut to the systemic circulation is a hallmark property of sepsis and other inflammatory diseases (17). Further, the antibiotics treatment may change the composition and diversity of gut microbiota that may lead to the translocation of enteric bacteria and their metabolites across the epithelium, which may provide vital information about the importance of the microbiota in host resistance against pathogens (36).
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Fig. 1 - Gut microbiome dysbiosis predisposes to selection for pathogenic bacteria that leads to immune dysregulation, and decreased production of beneficial metabolites by the gut microbiome. AMPs = antimicrobial peptides; DCs = dendritic cells; ILC = innate lymphoid cell; LPS = lipopolysaccharides; PAMPs = pathogen associated molecular patterns; SCFAs = short-chain fatty acids


Despite the recent findings of gut dysbiosis to sepsis outcomes, the precise mechanisms underlying the protective effects of gut microbes in sepsis have not been well defined. Further, the role of gut microbiota and their metabolites in modulating the host mucosal immune response is not well known. More importantly, at present, we do not have diagnostic kits or therapies directed at the gut microbiome that could be implemented in the clinical management of sepsis. Patients in the early stages of sepsis manifest differences in their microbiome composition and diversity as compared to critically ill stages of sepsis (20). As compared to survivors, non-survivors with sepsis have pathogenic and antibiotic-resistant bacterial species such as Clostridia species and Enterococcus species (37). Use of excessive antibiotics for the treatment of sepsis patients inclines to gut dysbiosis and a state of immune suppression, with subsequent poor outcomes in the later course of hospitalization during sepsis (38). A study conducted in the murine model of sepsis confirmed the translocation of bacteria Klebsiella pneumoniae from the gut to the systemic circulation (35). A prospective cohort study conducted on 71 preterm infants with sepsis showed domination of the gut microbiota with bacilli and decreased abundance of anaerobic bacteria (39). A recent study highlighted that gut dysbiosis with an accumulation of bacilli (largely coagulase-negative staphylococci) and their fermentation metabolites could precede late-onset sepsis (40). A significant reduction of commensal bacteria and overgrowth of enteric bacteria may lead to overwhelming inflammation and inflammatory diseases. Several studies have highlighted the importance of diverse and balanced intestinal microbiota in enhancing the host’s immunity to intestinal and systemic pathogens, and disturbing this balance is likely to increase the susceptibility to sepsis (14,17). However, the role of gut microbiota and its association with the pathogenesis of sepsis is not yet fully understood. Moreover, association studies of the gut microbiota with clinical parameters and the outcome of patients with sepsis are urgently needed.



Effects of gut microbiota in modulating the mucosal immune response

The major components of the immune system that are involved in protecting the host against diverse pathogens are immune cells, tissues, organs, soluble mediators such as cytokines, and cell receptors. The gastrointestinal tract is considered the most important immunological organ in the body because it harbors up to 70% of the body’s lymphocyte population. The intestine mucosal immune system is an integral component of innate and adaptive immunity that includes three different mucosal lymphoid structures: Peyer’s patches (PP), the lamina propria (LP), and the epithelia. Beneath the epithelium, the LP harbors dendritic cells (DCs), which are potent antigen-presenting cells (APCs), and the gut-associated lymphoid tissue (GALT), which includes PP, lymphocytes, and intraepithelial lymphocytes (IELs). IELs are the first immune cells that encounter invading pathogens through an epithelial surface of the intestinal tract, urinogenital tract, and respiratory tract. The mucus layer present on the surface of epithelial cells along with secreting antimicrobial peptides (AMPs) in response to bacteria or pathogens primarily contributes to the intestinal innate host defense system (1). The intestinal epithelial cells are directly involved in defense against invading pathogens and also send signals to the mucosal immune system by producing soluble mediators such as cytokines and chemokines (41). The innate lymphoid cells (ILCs) located in the epithelial cells also work as the first line of defense and get activated in response to stimuli. Once ILCs get activated it produces various soluble mediators such as cytokines and chemokines that are essentially required for the development and maturation of the mucosal immune system (42). The composition and diversity of gut microbiota are vital in maintaining intestinal homeostasis in mammals. Dysbiosis of gut microbiota occurs due to excessive use of antibiotics during inflammatory conditions and sepsis may lead to the uncontrolled production of inflammatory mediators and overwhelming activation of innate immune cells. In addition, the adaptive immune system of the gut contributes to intestinal barrier defense by secreting immunoglobulins (Ig). The secreted Ig by the activated B cells in response to invading pathogens into the intestinal lumen neutralize the pathogenic microorganism and protect the mucosal tissue (43). The role of gut microbiota in shaping the host mucosal immune response is confirmed by several studies (24). The various metabolites such as SCFAs and tryptophan decomposition metabolites produced by gut microbiota are required to stimulate ILCs and enhance gut integrity (44). IELs are considered an important player in the adaptive immune response against invading pathogens (45). They are rich in αβ+ and γδ+ T-cell populations that are required to protect against germs and pathogens during inflammation (46). IELs showed a diverse immune response when they get activated with stimuli. Once IELs are activated, they express cytokines such as interferon-γ and growth factor, to protect epithelial cells from injury.

Recently, the association of gut microbiota with the development of host immunity has been confirmed by several studies. Colonization of commensal bacteria in early life is important for the metabolism of essential nutrients required for the host, for gut development, and for the maturation of the innate and adaptive immune system (47). A study conducted in germ-free (GF) animals showed that colonization of gut microbiota in the early stages of life is crucial for the optimum development and maturation of the immune system (48). Early studies on GF animals showed that the lack of colonization of commensal microbes is associated with significant intestinal defects in immune cell development and functions (49). Intestinal microbial colonization during the early-life stage is critical for the development of αβ and γδ IELs, induction of mucosal IgA antibodies, and Th17 cells (47). These immune dysfunctions are restored by microbial colonization, most notably with segmented filamentous bacteria and other commensal bacteria. Any abnormalities that lead to gut dysbiosis severely affected the development of intestinal mucosal immunity and make individuals more susceptible to secondary infections. A small animal study conducted in GF mice showed comparatively smaller mesenteric lymph nodes, PP, and reduced numbers of immune cells such as CD4+ T cells, CD8+ T cells, IgA-producing plasma cells, and intraepithelial T-cell receptors in mice having sepsis as compared to the control (14).



Challenges, pitfalls and future aspects in immune-microbiome research

Despite the impressive achievement that has greatly enhanced our understanding of gut microbiota diversity and its association with immune system development, many challenges remain in disentangling microbiome-immune system interactions in homeostasis and disease (50). Several mechanistic studies are required to explore the role of the commensal microbiome in modulating the host’s innate and adaptive immunity in health and disease. Recent studies conducted in animals show a bidirectional relationship exists between microbiome perturbation and immune dysregulation (48). Early-life colonization of gut microbiota and metabolites causing immune development, activation, and chronic inflammation conversely may shape the dysbiotic configuration and functions of microbial communities. However, a direct causal association between the richness and diversity of gut microbiota with immune development before the onset or during the early stages of the disease has not been established in most medical conditions. In the context of septic patients, a large human study cohort is required to find microbiota composition, diversity, and dysbiotic changes before, during, and after the occurrence of sepsis to identify the protective commensals and microbiota potentially associated with susceptibility to sepsis and worse outcomes. In addition, a multidimensional approach, including metabolomics, proteomics, single-cell transcriptomics, epigenomics, and meta-genomics, is required to elucidate how the gut microbiome and immune system are cross-regulated during sepsis. Finally, the microbiome composition and immune responses are highly variables among human individuals and disease states. This inherent inter-individual variability of the gut microbiome and associated complexity constitutes a major experimental challenge. This increases the likelihood of precision medicine concerning microbiota. It intrigued us to predict the personalized, host immune responses based on gut microbiome profiles in terms of treatment and prognosis. Therefore, the microbiota is a next-generation medicine and may facilitate the development of personalized microbiome-targeted treatments for immunological disease.



Conclusions

In summary, the intestinal microbiota is essentially required for the development and maturation of host immunity and contributes to maintaining intestinal homeostasis. Recent studies have shown the pivotal role of intestinal microbiota in modulating the host cellular immune response to stimuli and enhancing mucosal immunity. The mutual association between the gut microbiota and the host is required for the maturation and development of host gut immunity. The host provides a suitable environment for the growth of the microbiome, and subsequently, the gut microbiota facilitates the development and maturation of the mucosal immune system. The altered composition and diversity of gut microbiota especially AMR bacteria due to antibiotics treatment can lead to the translocation of enteric bacteria from the gut to the systemic circulation and cause the pathogenesis of sepsis. The interaction between the gut microbiota and mucosal immune system is key for controlling normal homeostasis and inflammatory response. Impaired communication between these two is associated with the pathogenesis of several inflammatory diseases and sepsis, and it highlights the importance of exploring the function of microbiota in such diseases.
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