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Sepsis is a life-threatening condition caused by an abnormal immune response induced by infection with no approved or specific therapeutic options. We present our perspectives for the therapeutic management of sepsis through a four-way approach: (1) infection control through immune enhancement; (2) immune suppression during the initial hyper-inflammatory phase; (3) balanced immune-modulation to counter the later immune-paralysis phase; and (4) advantageous effects on metabolic and coagulation parameters throughout. COVID-19 is a virus-triggered, accelerated sepsis-like reaction that is associated with the rapid progress of an inflammatory cascade involving a cytokine storm and multiorgan failure. Here, we discuss the potential of the biological response modifiers, β-glucans (BRMGs), in the management of sepsis based on their beneficial effects on inflammatory-immune events in COVID-19 clinical studies. In COVID-19 patients, apart from metabolic regulation, BRMGs, derived from a black yeast, Aureobasidium pullulans strain AFO-202, have been reported to stimulate immune responses. BRMGs, produced by another strain (N-163) of A. pullulans, have been implicated in the beneficial regulation of inflammatory markers and immunity, namely IL-6, C-reactive protein (CRP), D-Dimer, ferritin, neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-C-reactive protein ratio (LCR), leucocyte-to-C-reactive protein ratio (LeCR), and leukocyte-to-IL-6 ratio (LeIR). Agents such as these β-glucans, which are safe as they have been widely consumed by humans for decades, have potential as adjuncts for the prevention and management of sepsis as they exert their beneficial effects across the spectrum of processes and factors involved in sepsis pathology, including, but not limited to, metabolism, infection, inflammation, immune modulation, immune enhancement, and gut microbiota.
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Graphical Abstract | Graphical abstract illustrating the differential beneficial effects of β-glucans on biomarkers relevant to immune-inflammatory pathways in COVID-19 and sepsis.




Background

Sepsis is a life-threatening condition caused by an abnormal immune response often induced by infection occurring in cases of severe infection, trauma, burns, shock, and major surgery. Sepsis may progress into an adult respiratory distress syndrome (ARDS), multiple organ dysfunction syndrome (MODS), and systemic inflammatory response syndrome (SIRS), leading to death (1). Globally, there has been an increase in the incidence rate of sepsis, which presents a significant societal and economic burden. Estimates suggest that in 2017, there were 48.9 million cases of sepsis, with 11 million sepsis-related deaths representing nearly 20% of all global deaths (2). Hydration, antimicrobial agents, anticoagulants, hemodynamic support, and ventilatory and respiratory support are the standard approaches to sepsis management. However, despite significant advances in medicine and healthcare, there are no sepsis-specific Food and Drug Administration (FDA, USA)-approved therapies. Instead, only supportive management approaches are used to treat sepsis. Clinical trials targeting specific pathways disrupted by sepsis have so far failed (3). When we explore the reason for such a lack of definitive or specific therapeutic options, we found that sepsis is heterogeneous, with the extent of disruption unique to each individual. A patient’s premorbid state, infection-related factors (e.g., causative organism), the site of initial infection, as well as the timing of the administered supportive therapies, are all some of the known variables leading to such heterogeneity (3). It is also important to note that infections that lead to sepsis occur in the sterile organs of the body. Therefore, a major link here is the immune system and the host–pathogen interactions (4).

Initial immune interaction involves pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) originating from bacterial or fungal organisms, as well as from the host upon injury. These PAMPS and DAMPS bind to specific pattern recognition receptors (PRRs) expressed on the surface of innate immune cells (5). This process activates proinflammatory molecules including tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-2, IL-6, IL-8, and interferon gamma (IFN-γ), along with anti-inflammatory cytokines. This cascade leads to a variety of cellular responses and counter-responses such as enhanced phagocytic activity, vascular endothelial injury, capillary leak, synthesis of acute-phase proteins by the liver, chemotaxis of leukocytes to sites of infection/inflammation, and activation of the coagulation system. Activation of the coagulation system leads to thrombin generation, coagulation, and disseminated intravascular coagulation (DIC). The tissue factor pathway activated during the primary response causes damage to the endothelium, and the intrinsic or contact factor pathway amplifies clotting in an autoactivation manner, resulting in widespread vasodilation and the generation of bradykinin. Since these coagulation factors will be rapidly consumed, the resultant effect is diffuse hemorrhaging (5). Activation of endothelial cells, neutrophils, and monocytes also leads to the synthesis of proinflammatory mediators IL-6, IL-8, and adhesion molecules, which recruit activated leukocytes, especially neutrophils, which, in turn, produce lytic enzymes, reactive oxygen species (ROS), and nitrogen intermediates, all of which lead to microcirculatory and organ failure. The proinflammatory response was initially believed to be the cause of mortality in sepsis, and most clinical trials targeted blockade of this response by TNF and IL-1β antagonists, toll-like receptor (TLR) blockers, platelet-activating factor inhibitors, anticoagulants, and endotoxin antagonists, as well as hemofiltration to remove soluble endotoxins and cytokines, and inhibition of super-antigens. However, the results showed no benefit or, in some cases, led to worsened outcomes. This inspired an interest in the next phase of hypo-inflammatory response and immunoparalysis. Following the initial hyperinflammatory response, a cytokine storm phase—a delayed and prolonged counter-regulatory, an anti-inflammatory state is triggered. This was initially referred to as a compensatory anti-inflammatory response syndrome (CARS), later referred to as hypoinflammation (immune paralysis). Several processes lead to this immune paralysis (5). During the proinflammatory response itself, a concomitant apoptotic response occurs, leading to the depletion of T, B, and dendritic cells. The anti-inflammatory cytokine IL-10 suppresses the CD8+ T-cell response, leading to the cellular hyporesponsiveness associated with adaptive immunity. Next, the cellular exhaustion of adaptive immunity ensues, in which T lymphocytes express more inhibitory receptors, reducing their ability to produce cytokines. There is a step-wise progressive loss of T-cell functions, ending in T-cell deletion (5). As previously mentioned, the initial efforts on immune-modulating therapeutics were focused on targeting the initial proinflammatory phase. However, since that phase is relatively short-lived, drugs and molecules only had a narrow time frame to act, and phases I–III clinical trials targeting this proinflammatory cascade have had disappointing results. If the initial phase needs to be targeted, the targeting agent should be able to reduce proinflammatory cytokine production quickly. Such agents must also be able to combat the subsequent prolonged immune-paralysis phase, which leads to nosocomial infections and/or multiorgan dysfunction. Some agents that have been used to augment the host response for this phase include granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-γ, antiprogrammed death (PD), and IL-7 (5–11). Outcomes mostly included increases in blood counts, the establishment of safety, increases in cytokine secretion by lymphocytes, enhanced human leukocyte antigen (HLA)-DR, and decreased PD-1 expression, which have all been associated with positive outcomes in the immune-paralysis phase (5–12). At present, corticosteroids remain the most widely used immune-targeting drugs for adults with sepsis (13), but they are associated with significant risks, including hypernatremia, hyperglycemia, and neuromuscular weakness (14).

With no consensus achieved so far on whether the increased mortality from sepsis is due to the infection or the immune reaction (15), there is no agent with a balanced or weighed response to an invading pathogen without compromising organ function due to immune overactivation in the early phase and a sustained immune defense in place in the later phase.

Before we move on to the focus of our perspective, we wish to also note that nutrition is another major challenge in sepsis, and the dysregulated host response induces progressive physiological alterations, leading to metabolic changes as well as impaired mitochondrial function (16).

Herein, we highlight four critical aspects of sepsis management that a single ideal sepsis-therapeutic agent must be able to address:


Infection Control Through Immune Enhancement

In the case of antimicrobials, the main modality is the use of antibiotics for the known and often presumed pathogen(s) in sepsis. Though delayed administration of antibiotics has led to adverse outcomes, the use of broad-spectrum antibiotics is also not advocated due to the risk of antibiotic-associated adverse events and life-threatening complications due to antimicrobial resistance (17). Therefore, an ideal sepsis therapeutic agent should have a broad antimicrobial capacity with limited adverse effects. Furthermore, while these agents are effective in the initial phase, the immunosuppression phase that follows is characterized by lymphoid cell loss, leading to a diminished capacity to fight the secondary infections mediated by otherwise opportunistic organisms such as Stenotrophomonas, Acinetobacter, Enterococcus, Pseudomonas, and Candida. Immunomodulatory agents such as IL-7, IL-15, GM-CSF, anti-PD-1, and anti-B- and T-lymphocyte attenuator (BTLA) may modulate the host immune response, but their anti-infective or antiseptic properties remain undefined (18). Some antibiotics, such as doxycycline, have been studied for their immunomodulatory activity through inhibition of various inflammatory pathways, but they do not improve the effect of the coadministered antimicrobial agents (19). A monoclonal antibody—HA-1A—directed against the toxic lipid A component of lipopolysaccharide (LPS) was among the first developed immunomodulatory agents, but tolerance to the drug was high leading to higher mortality in the treated patients (20). Other antiendotoxin treatments such as the synthetic TLR4 antagonist were also not successful as only about half of septic patients presented with gram-negative infections (21, 22). An ideal therapeutic agent for sepsis should have additional immune-modulatory capacities apart from antimicrobial effects.



Immune Suppression During the Initial Hyper-Inflammatory Phase

The initial trials on immunomodulatory therapies generally failed as they concentrated only on suppressing the immune response without realizing that there was an ensuing sepsis-induced immunosuppression. Anticytokine strategies were the most promising. Many of these therapies targeted TNF-α (23). While animal studies showed success, human studies showed that anti-TNF-α therapy was linked to an increased risk of infections. IL-1 receptor antagonists also showed no benefit in human clinical trials. Thus, anti-inflammatory therapies failed both due to their failure to take into account the ensuing immunosuppressive phase as well as their associated side effects (23). An ideal therapeutic agent for sepsis should modulate immune suppression wherein the immune suppression should not continue beyond the initial phase and also without the side-effects associated with the existing treatment modalities.



Balanced Immune Modulation to Counter the Later Immune-Paralysis Phase

Immune suppression following inflammation and a failure to re-establish immune homeostasis is the major reason for mortality in sepsis. In addition, the process of trained immunity, wherein epigenetic and metabolic changes that cause persistent immune modulation and reprogramming of the patients’ immune status, accompanies the pro- and anti-inflammatory processes observed during sepsis, which further complicates the process (23). Therefore, reports suggest that it is unlikely there will be a single agent to manage the complex (24) and heterogeneous presentations of sepsis, which are highly individualized. The combination of hydrocortisone, ascorbic acid, and thiamine (HAT) has recently been advocated as an immunomodulatory treatment for patients with sepsis (25). Although the mechanism and targets of the HAT therapy have not been clarified, it is believed that ascorbic acid (vitamin C) exerts its action via pleiotropic immunomodulatory effects in addition to its antioxidative properties. However, a meta-analysis suggested that ascorbic acid was only effective at a dose of 3–10 g/day in critically ill patients, while lower or higher doses were not effective. While glucocorticoids (including hydrocortisone) are widely used, clinical studies have shown inconsistent results, with some showing improved outcomes while others report no or even negative effects. Macrolide clarithromycin has been under trial for its immunomodulatory properties, but the side effects need to be investigated (23). GM-CSF, a hematopoietic growth factor that stimulates the production of neutrophils, monocytes, and macrophages, has been studied in several trials, but a mortality benefit has not been observed. IFN-γ, which activates macrophages and supports the immune response against invading pathogens, has also been suggested, but there have been no randomized clinical trials. IL-7 and IL-15 are also being tried in clinical studies, but the side effects need further validation. The use of IVIg in sepsis for immune stimulation (pathogen recognition and antiapoptotic effects) and reduced inflammation (neutralizing bacterial toxins/PAMPs and inhibiting pro-inflammatory cytokine response) has been investigated for decades, but the results have been inconsistent. Immune checkpoint receptors and mesenchymal stem cells are also being tried (23). An agent capable of balanced immune modulation of reduced inflammatory cytokines and enhanced anti-inflammatory cytokines along with beneficial immune enhancement is needed.



Advantageous Effects on Metabolic and Coagulation Parameters

Advanced age, diabetes mellitus, obesity, immunocompromised conditions such as anticancer therapies, hematological malignancies, transplantation, and other immune-impaired conditions have been reported as risk factors that converge to pose a high risk of mortality due to sepsis. Dysregulated coagulation is another important feature of sepsis. Activation of the complement system leads to cross-activation of the NLRP3 inflammasome and prothrombotic pathways. Blocking the signaling of complement C5a has shown improved survival of baboons in an Escherichia coli-sepsis model with lessened coagulopathy and preserved endothelial and barrier functions, but the possibility of adverse events such as coagulopathy is of concern. In addition, monoclonal Ab eculizumab, the only FDA-approved drug to block C5a, may predispose patients to meningococcal meningitis (26). An important anticoagulant pathway is the protein C system which has anti-inflammatory, antiapoptotic, and vasculoprotective effects. Administration of activated protein C (APC) did not significantly reduce mortality at 28 or 90 days, leading to the withdrawal of drotrecogin alpha from the market in 2011. Human recombinant thrombomodulin, tifacogin (recombinant tissue factor pathway inhibitor), and antithrombin III have all been tested for their ability to modulate the coagulation system but have failed to reduce sepsis mortality (23). The metabolic response that follows severe sepsis is termed “septic autocannabalism” (27). Here, there is a rapid breakdown of the body’s reserves of protein, carbohydrates, and fat. Hyperglycemia with insulin resistance, profound negative nitrogen balance, and diversion of protein from skeletal muscle to splanchnic tissues are prominent features. There are changes in cardiovascular functions with the altered flow to key metabolic sites, hypoxia, damage to the gut’s mucosal barrier, secondary organ failure, and alterations in capillary permeability. When the catabolic responses persist for more than a few days, severe malnutrition results, leading to an important risk factor for mortality. The underlying mechanism is considered to be due to inflammatory cytokines such as TNF-α, IL-1beta, IL-6, and secondary induction of catecholamines, cortisol, and glucagon by cytokines (27). Therefore, it would be ideal if the antisepsis agent could exert its benefits to counteract the other aspects of sepsis, such as metabolic dysregulation, coagulative disruption, and cardiac injury.




Biological Response Modifier Glucans in the Four-Way Approach to the Management of Sepsis

At this juncture, where there is no single magic bullet to exert all four arms of management described above, we wish to highlight the biological response modifier beta-glucans or β-glucans (BRMGs) as a safe and wholesome immune-modulating agent for sepsis with several advantages as described below.



Use of β-Glucans as Immunomodulators

Among the natural immunomodulators, glucans have consistently shown the highest biological effect, with more than 20,000 published studies (28). β-1,3-Glucans are highly conserved structures termed to PAMPs (27). β-Glucans can be obtained from different sources, and their biological effects are structurally dependent. Cereal-derived β-glucans contain unbranched linear chains with varying ratios of 1,3- and 1,4-glycosidic bonds, whereas fungal, lichen, and yeast β-glucans have linear backbones composed of only 1,3-glycosidic bonds and varying amounts of β-1,6-glycosidic branch points along the backbone (29). The yeast β-1,3/1,6-glucans have been shown to have better immunomodulatory effects than other types of β-glucans (28, 29). β-Glucans have been able to produce beneficial metabolic and gastrointestinal effects, altering lipid and glucose metabolism (30–32) and balancing blood glucose and cholesterol levels. Therefore, they have been consumed as supplements or adjuvants for metabolic syndrome, obesity and diet regulation, gastrointestinal conditions such as irritable bowel, and to reduce the risk of cardiovascular disease and diabetes.



Antimicrobial Effects of β-Glucans, Specifically Yeast-Derived

β-Glucans have strong anti-infection activity, which has been shown in experimental models of infection with Leishmania major, Leishmania donovani, Candida albicans, Toxoplasma gondii, Streptococcus suis, Plasmodium berghei, Staphylococcus aureus, E. coli, Mesocestoides corti, Trypanosoma cruzi, Eimeria vermiformis, and Bacillus anthracis (29). As PAMP molecules, β-glucans are recognized by various PRRs such as Dectin-1 and CR3 (CD11b/CD18), Toll-2, lactosylceramides, and the scavenger receptor family present on the membranes of cells such as macrophages, monocytes, dendritic cells, and NK cells. β-Glucans are capable of activating the different arms of immunity. Glucan-activated B cells have been shown to secrete proinflammatory lymphokines such as IL-8 for mounting anti-infection defenses (29). β-Glucans from yeast have been reported to induce expression of a strong immune-modulatory cytokine, IL-1 receptor antagonist (IL-1Ra), and through an unknown β-glucan receptor, they are able to induce an Akt/P13K-dependant anti-inflammatory response. In a rat model of polymicrobial sepsis, β-glucan treatment attenuated proinflammatory cytokines TNF-α and IL-6 while increasing anti-inflammatory cytokine IL-10 concentrations (33). β-Glucans were able to improve immune response and survival in mice with influenza infection (30). In an E. coli peritoneal infection model, bacterial counts in peripheral blood reached zero in the treatment group. β-Glucans were able to enhance bacterial clearance from blood and reduce mortality in rat intra-abdominal sepsis models. By increasing circulating monocytes and neutrophils and increasing neutrophil oxidative microbicidal activity without generating harmful inflammatory responses, β-glucans enhanced the clearance of antibiotic-resistant S. aureus in a rat intra-abdominal infection model (30, 34). Daily dietary supplementation with β-glucan improved the vaccination response to Newcastle disease virus in chickens (35). A combination of β-glucan and vitamin C also improved healing in the treatment of infection by M. corti (35). Yeast-based glucans have been applied in clinical studies of bacterial and viral infections. Two independent randomized, double-blind, placebo-controlled clinical trials showed that daily oral administration of the yeast β-glucans reduced the incidence of common cold episodes during the cold season (36, 37). Another yeast-derived β-glucan was able to protect mice infected with a lethal titer of the A/Puerto Rico/8/34 (PR8; H1N1) strain of influenza virus (38). In pigs infected with swine influenza virus, administration of S. cerevisiae yeast β‐glucan decreased pulmonary lesion score and viral replication along with an increase in IFN‐γ and NO levels (35).



Yeast-Derived β-Glucans in Immune Modulation

Yeast-derived β-glucans have been shown to enhance the production of IL-8 and sFas without any stimulatory effect on the production of IL-1β, IL-6, IL-12, IFN-γ, or TNF-α (39). β-Glucans have been shown to stimulate NK cell cytotoxic activity by directly binding to the NKp30 activating receptor. β-Glucans also increase the functional activity of monocytes/macrophages, and dendritic cells to stimulate the antimicrobial activity of mononuclear cells and neutrophils, accompanied by an increased proinflammatory cytokine and chemokine production and an enhanced oxidative burst. β-Glucans isolated from yeasts have been shown to have a balanced immunomodulation wherein, in addition to the above immune-enhancement effects, they have been able to enhance IL-12 and IL-10 production; modulate proinflammatory cytokine production in macrophages via Dectin-1/Syk signaling pathways and NLPR3 inflammasome activation; increase cytotoxic T-lymphocyte (CTL) responses; and program DC to express cell adhesion and migration mediators, antimicrobial molecules, and Th17-polarizing factors (40). β-Glucans have been shown to enhance ROS production and antibody-dependent cellular phagocytosis by neutrophils and monocytes. In clinical trials in cancer patients, β-glucans have been shown to decrease the frequency of circulating CD33+HLA−DR− myeloid-derived suppressor cells (MDSCs) with improved effector function; even in advanced stages of the disease, β-glucans were able to activate the NK cells and increase the level of CD3+ CD56+ NKT and CD4+ CD25+ Treg cells (40).



COVID-19 and Sepsis

β-Glucans can thus serve as effective immune-modulatory agents in sepsis, as they possess all four capabilities outlined above for sepsis management: mounting an anti-infection defense, immune suppression of proinflammatory cytokines, immune enhancement in the advanced immune-paralysis stage, and metabolic effects. Their potential as effective immunoadjuvants in sepsis can be observed from their effects in studies that have used them for COVID-19 (41, 42). We will explain how COVID-19 is an accelerated sepsis-like reaction before we report the outcome of the studies of β-glucans in COVID-19, making them suitable treatment adjuvants in sepsis.

The majority of studies on COVID-19 have attributed the tissue damage and multiple organ failure to the cytokine storm caused by elevated levels of proinflammatory and inflammatory cytokines such as IL-6 and IL-1β, as well as IL-2, IL-8, IL-17, G-CSF, GM-CSF, human interferon-inducible protein 10 (IP10), monocyte chemotactic protein-1 (MCP1), chemokine (C–C motif) ligand 3 (CCL3), and tumor necrosis factor (TNF), resulting in significant neutrophil and macrophage infiltration, leading to tissue damage and organ failure (43). However, recent studies have demonstrated that the increase in inflammatory cytokines in patients with severe and critical COVID-19 is actually lower than in patients with comparable conditions unrelated to COVID-19 and sepsis (e.g., acute respiratory distress syndrome (ARDS)). Furthermore, studies have shown that COVID-19-induced organ damage and death are due to immunosuppression, especially CD4+ and CD8+ T-cell lymphopenia. This lymphopenia is continuous in critically ill COVID-19 patients, leading to increased secondary infections (43–46). From this, it is clear that COVID-19 closely resembles sepsis. Similar to sepsis, immune suppression and immune paralysis in the later phases cause tissue damage and mortality in COVID-19.

Therefore, COVID-19 likely represents a fast-track version of sepsis (47) with the immune paralysis that follows, leading to aftermath effects and the long-COVID syndrome (48).



Use of A. pullulans-Derived β-Glucans as Immunomodulators Against COVID-19

While β-glucans of different chemical compositions are available, their processing for extraction and purification varies based on their functional properties. In addition, their biological response-modifying actions also vary (29). We have previously shown that A. pullulans-derived β-glucans are secreted by black yeast as an exopolysaccharide, thereby negating isolation or extraction methods (41, 42, 49). Two different strains of A. pullulans, AFO-202 and N-163, produce β-glucan as an exo-polysaccharide with the same chemical composition (C6H10O5)n but a different structural formula. The difference in the structure leads to functional differences. The AFO-202 β-glucan has beneficial effects on glucose metabolism and immune activation by stimulating the production of IL-8 and sFAS while suppressing inflammatory cytokines such as IL-1β, IL-2, IL-6, IL-12 (p70+40), IFN-γ, TNF-α, or soluble Fas ligand (sFasL) (50, 51). In comparison, N-163 has positive effects on lipid metabolism and more potent anti-inflammatory effects, as well as antifibrotic effects and beneficial immunomodulation of coagulation-associated and anti-inflammatory markers associated with a decrease in CD11b, serum ferritin, galectin-3, and fibrinogen. Even among yeast-derived β-1,3-1,6-glucans, the structure of A. pullulans β-glucans is unique for β-glucans, and its purity adds to its superior beneficial effects (29). Despite the disadvantage of purification in the process of production, water solubility remains another major hurdle, preventing the easy clinical administration of β-glucans (50–53). However, A. pullulans-derived β-glucans are water-soluble with higher purity and functionality, making oral administration possible. We have previously conducted two human clinical studies to study the effects of β-glucans in COVID-19 (41, 42). Here, we observed a continuous and sustained decrease in erythrocyte sedimentation rate (ESR), D-Dimer, IL-6, and ferritin expression for up to 30 days. In the control groups, there was an initial decrease followed by an increase in the expression of these molecules. Effective immune enhancement and modulation were observed as a decrease in the NLR with an increase in the lymphocyte-to-CRP ratio (LCR) and leucocyte-to-C-reactive protein ratio (LeCR) (41, 42). In a study conducted on healthy volunteers, these β-glucans were shown to exert a wholesome, balanced immunomodulation wherein there was metabolic control of glucose evident as a decrease in HbA1C and glycated albumin (GA). There was also an immune enhancement with a significant increase in eosinophils and monocytes and a marginal decrease in D-dimer levels. Along with this, there was a decrease in the NLR and an increase in the LCR and LeCR. In addition, we observed some regulation of lipids due to a decrease in total and LDL cholesterol. We also observed immunomodulation of coagulation-associated and anti-inflammatory markers through a decrease in CD11b, serum ferritin, galectin-3, and fibrinogen (49). When we conducted a literature search to understand the effects of AFO-202- and N-163-derived β-glucans on key inflammatory and immune markers, we found one relevant study that was carried out for 30 days (41) and another 15-day study (42) in patients with COVID-19. Here, the authors reported that the C-reactive protein (CRP) at levels of 57.9 and 39.37 mg/L caused severe COVID with a high risk of mortality (54, 55). While reported in the literature, in the studies of A. pullulans-derived β-glucans (41, 42), the baseline values of 33.95 and 14.62 mg/L returned to normal ranges (56) within 15 and 30 days, as well (38, 39) (Figure 1). Moreover, IL-6 at levels of 36.0 and 25.2 pg/mL (57, 58) has been associated with severe COVID and a high risk of mortality. In studies of A. pullulans-derived β-glucans, baseline values of 26.18 and 25.68 pg/ml decreased to normal ranges (59) in both 15- and 30-day durations (38, 39) (Figure 1). With D-dimer levels of 3.92 and 1.07 μg/ml (60, 61), severe COVID with a high risk of mortality was reported in the literature. In the studies of A. pullulans-derived β-glucans, baseline values of 1.614 and 0.37 μg/ml decreased to normal ranges (62) after 15 and 30 days (41, 42) (Figure 1). In ferritin levels associated with severe COVID being 1,006.1 ng/ml (61), the baseline value of 560.58 ng/ml returned to normal (63) in 15 days (41). NLR values associated with severe COVID and mortality were 5.37 (64), but decreased significantly in A. pullulans-derived β-glucan studies (41, 42). In reports from the literature (55, 65), LCR values also decreased in severe COVID-19 (0.03, 0.13) and increased to normal values after A. pullulans-derived β-glucan consumption (Figure 2). LeCR and LeIR, which were not well studied earlier, have been reported as important markers for COVID-19-associated sepsis and mortality (57). LeCR values of 0.1 and 0.096 reported in severe COVID were 0.019 and 0.518 (54, 55) at baseline in the A. pullulans-derived β-glucans, which increased to normal values (57) in 30 days (Figure 2). Similarly, LeIR also increased to a normal range (57) in studies of both 15 and 30 days (41, 42) (Figure 2). The advantageous effects on LeCR, LCR, and NCR (41, 42) present an opportunity to use this glucan as a biomarker in assessing the immune parameters of other β-glucans and immune-enhancing and/or immune-modulating food supplements (52, 53). In addition, a rapidly responding immune-modulating capability during COVID-19 infection against a rapid cytokine storm (41, 42) simultaneously enhances immune defense and resolves dysfunctions in coagulability (67) with the combination of two variants.




Figure 1 | Comparison of markers of inflammation, coagulation, and immunity (CRP, IL-6, D-dimer, and ferritin) associated with severe COVID-19 with a high risk of mortality from the literature against the outcome of studies done on consumption of Aureobasidium pullulans strain (AFO-202 and N-163)-derived β-glucans in COVID-19 patients demonstrates that the marker levels were regulated to the normal range after 15 days of consumption and the values remained in the normal range post-30 days as well [(1) Ref. no (56).; (2) Ref. no (54).; (3) Ref. no (55).; (4) Ref. no (41).; (5) Ref. no (42).; (6) Ref. no (57). (7) Ref. no (58).; (8) Ref. no (59).; (9) Ref. no (60).; (10) Ref no (61).; (11) Ref no (62).].






Figure 2 | Comparison of markers of immunity (NLR, LCR, LecR, and LeIR) associated with severe COVID-19 with high a risk of mortality from the literature against the outcome of studies done on consumption of Aureobasidium pullulans strain (AFO-202 and N-163)-produced β-glucans in COVID-19 patients demonstrating that the marker levels were regulated to normal range after 15 days of consumption and the values remained in the normal range post-30 days as well [(1) Ref. no (66).; (2) Ref. no (55).; (3) Ref. no (41).; (4) Ref. no (42).; (5) Ref. no (63).; (6) Ref. no (55).; (7) Ref. no (64).].





Use of β-Glucans in the Four-Way Management of Sepsis With Emphasis on A. pullulans-Derived β-Glucans

In the COVID-19 studies of the A. pullulans β-glucans (41, 42) described above, apart from the decrease to the normal range, there is sustained maintenance of the levels past the acute phase, establishing the potential of these β-glucans for the management of the immune paralysis or postacute inflammatory phase that occurs in sepsis. It is important to note that D-dimer and ferritin have already been suggested as important prognostic markers for evaluating treatment efficacy and monitoring septic patients for long periods of time (68–70).

Another crucial factor to be considered in sepsis management is the gut microbiome, whose disruption is a potential risk factor for sepsis and subsequent organ dysfunction. Several studies have established a correlation between gut microbiome changes or dysbiosis and sepsis risk and progression (71). Herein, β-glucans become useful in this context; when taken as supplements, the main mechanism by which they exert immune modulation effects is through their action on the reconstitution of the gut microbiome. The A. pullulans-derived β-glucans have been shown to result in a beneficial reconstitution of gut microbiota and control of α-synuclein and curli-amyloid-producing enterobacteria (72). This is significant because enterobacteria-produced endotoxins have been known to play a major role in the pathophysiology of sepsis and its complications (73). However, before proceeding to consider these results for sepsis management, further parameters need to be evaluated, including (1) the effect against evolving strains of viruses and bacteria, (2) the effects of β-glucans on HLA-DR and individual HLA haplotypes, and (3) the effects on gut microbiota in clinically relevant models of sepsis, to name a few. Nevertheless, the valuable effects of β-glucans described above make them potentially promising therapeutic immunoadjuvant agents for sepsis given their established safety by human consumption over decades, capabilities of mounting a four-way approach to sepsis management, anti-infection defense, immune suppression of proinflammatory cytokines, immune enhancement in the advanced immune-paralysis stage, and metabolic effects after validation by translational and clinical studies. However, Table 1 shows the four-way approach to interventions in sepsis and COVID-19 and the relevance of A. pullulans β-glucans whose effects cover the effects produced by the other interventions. Table 2 shows the immunomodulatory actions of the some of the β-glucans.


Table 1 | Four-way approach to interventions in sepsis, COVID-19, and the relevance of A. pullulans β-glucans whose effects cover the effects produced by the other interventions.




Table 2 | Immunomodulatory actions of different β-glucans.





Concluding Remarks

Further research into the effects of these two variants, independently and together, at different proportions on each type of immune response or cell or biological process may make this a future biomarker for evaluating biological systems. Unlike other β-glucans, the availability of two different A. pullulans-derived β-glucans that have been proven to be safe and play a complementary role in yielding health benefits to humans is likely to have several hidden potentials. This potential needs to be further studied with additional research, especially with reference to their beneficial effects on the gut microbiome (68, 72, 73) and their derivative metabolomes. This research is ongoing in both preclinical and clinical studies, making glucans effective not only in the management of sepsis but also as prophylaxis in immune-compromised individuals who are at high risk of developing sepsis during critical infections. With inflammation and infection being two major arms of the balance governing the pathogenesis of sepsis confounded by a complex immune system reaction occurring at a swift pace, the biological response-modifying agents such as the β-glucans, whose safety has been proven, may be potential adjuncts throughout treatment as they exert their beneficial influence across the spectrum of processes and factors occurring in sepsis, including, but not limited to, metabolism, infection, inflammation, immune modulation, immune enhancement, and the gut microbiota.

Further studies will make it evident whether people who have been consuming these β-glucans over the years, when challenged by infection, inflammation, or autoimmune diseases, have a lower risk of progression to the critical stage of sepsis or if sepsis develops, if their prognosis is better. This will then make BRMGs highly suitable for prophylaxis (106) as well. The prophylaxis concept gains significance when considering the potential biosafety threat of viruses such as NeoCoV (107), which uses an angiotensin-converting enzyme 2 (ACE2) for entry into humans similar to the SARS-CoV2 virus, as the implications of immune-modulation cover sepsis and sepsis-like reactions that occur in viral infections such as COVID-19. Since immunomodulation is the prime target in combatting sepsis, the severity and risk of mortality can be better monitored by immune markers such as NLR, LCR, LeCR, and LeIR (41, 42). Furthermore, β-glucans have been reported to mitigate disease severity by interaction with ACE-2 receptors (108) as well as by modulating immunity to normalize NLR, LCR, LeCR, and LeIR expression (41, 42). These nutritional supplements may serve as effective prophylactic options to avoid a catastrophic future pandemic and novel sepsis-like reactions that may accompany them when consumed regularly.



Author Contributions

SA and KR contributed to the conception and design of the study. RS helped in the literature search. SA and SP drafted the manuscript. VD, NI, YI, MN, and MI performed critical revisions to the manuscript. All the authors read and approved the submitted version.



Acknowledgments

The authors would like to dedicate this paper to the memory of Mr. Takashi Onaka, who passed away on the 1st of June, 2022 at the age of 90 years, who played an instrumental role in successfully culturing and industrial scale up of AFO-202 and N-163 strains of Aureobasidium pullulans after their isolation by Prof. Noboru Fujii, producing the novel beta glucans described in this study. They thank, Mr. Yasushi Onaka, Mr. Masato Onaka and Mr. Ken Sakanishi of Sophy Inc., Mr. Yoshio Morozumi and Ms. Yoshiko Amikura of GN Corporation, Japan and Loyola-ICAM College of Engineering and Technology (LICET) for their support to our research work.



References

1. Chen, J, and Wei, H. Immune Intervention in Sepsis. Front Pharmacol (2021) 12:718089. doi: 10.3389/fphar.2021.718089

2. Rudd, KE, Johnson, SC, Agesa, KM, Shackelford, KA, Tsoi, D, Kievlan, DR, et al. Global, Regional, and National Sepsis Incidence and Mortality, 1990-2017: Analysis for the Global Burden of Disease Study. Lancet (2020) 395(10219):200–11. doi: 10.1016/S0140-6736(19)32989-7

3. Leligdowicz, A, and Matthay, MA. AIMing Immunomodulation Therapy at Sepsis. Am J Respir Cell Mol Biol (2019) 60(3):253–4. doi: 10.1165/rcmb.2018-0338ED

4. Cutuli, SL, Carelli, S, Grieco, DL, and De Pascale, G. Immune Modulation in Critically Ill Septic Patients. Med (Kaunas) (2021) 57(6):552. doi: 10.3390/medicina57060552

5. Boomer, JS, Green, JM, and Hotchkiss, RS. The Changing Immune System in Sepsis: Is Individualized Immuno-Modulatory Therapy the Answer? Virulence (2014) 5(1):45–56. doi: 10.4161/viru.26516

6. Vincent, JL, Sun, Q, and Dubois, MJ. Clinical Trials of Immunomodulatory Therapies in Severe Sepsis and Septic Shock. Clin Infect Dis (2002) 34(8):1084–93. doi: 10.1086/339549

7. Root, RK, Lodato, RF, Patrick, W, Cade, JF, Fotheringham, N, Milwee, S, et al. Double-Blind, Placebo-Controlled Study of the Use of Filgrastim in Patients Hospitalized With Pneumonia and Severe Sepsis. Crit Care Med (2003) 31:367–73. doi: 10.1097/01.CCM.0000048629.32625.5D

8. Meisel, C, Schefold, JC, Pschowski, R, Baumann, T, Hetzger, K, Gregor, J, et al. Granulocyte-Macrophage Colony-Stimulating Factor to Reverse Sepsis-Associated Immunosuppression: A Double-Blind, Randomized, Placebo-Controlled Multicenter Trial. Am J Respir Crit Care Med (2009) 180:640–8. doi: 10.1164/rccm.200903-0363OC

9. Payen, D, Faivre, V, Miatello, J, Leentjens, J, Brumpt, C, Tissiéres, P, et al. Multicentric Experience With Interferon Gamma Therapy in Sepsis Induced Immunosuppression. A Case Series BMC Infect Dis (2019) 19:931. doi: 10.1186/s12879-019-4526-x

10. Francois, B, Jeannet, R, Daix, T, Walton, AH, Shotwell, MS, Unsinger, J, et al. Interleukin-7 Restores Lymphocytes in Septic Shock: The IRIS-7 Randomized Clinical Trial. JCI Insight (2018) 3:5. doi: 10.1172/jci.insight.98960

11. Hotchkiss, R, Olston, E, Yende, S, Angus, D, Moldawer, L, Crouser, E, et al. Immune Checkpoint Inhibition in Sepsis: A Phase 1b Randomized, Placebo-Controlled, Single Ascending Dose Study of Antiprogrammed Cell Death-Ligand 1 Antibody (BMS-936559). Crit Care Med (2019) 47(5):632–42. doi: 10.1097/CCM.0000000000003685

12. Tomino, A, Tsuda, M, Aoki, R, Kajita, Y, Hashiba, M, Terajima, T, et al. Increased PD-1 Expression and Altered T Cell Repertoire Diversity Predict Mortality in Patients With Septic Shock: A Preliminary Study. PloS One (2017) 12(1):e0169653. doi: 10.1371/journal.pone.0169653

13. Fang, F, Zhang, Y, Tang, J, Lunsford, LD, Li, T, Tang, R, et al. Association of Corticosteroid Treatment With Outcomes in Adult Patients With Sepsis: A Systematic Review and Meta-Analysis. JAMA Intern Med (2019) 179(2):213–23. doi: 10.1001/jamainternmed.2018.5849

14. Rochwerg, B, Oczkowski, SJ, Siemieniuk, RAC, Agoritsas, T, Belley-Cote, E, D'Aragon, F, et al. Corticosteroids in Sepsis: An Updated Systematic Review and Meta-Analysis. Crit Care Med (2018) 46(9):1411–20. doi: 10.1097/CCM.0000000000003262

15. Koçak Tufan, Z, Kayaaslan, B, and Mer, M. COVID-19 and Sepsis. Turk J Med Sci (2021) 51(SI-1):3301–3311. doi: 10.3906/sag-2108-239

16. De Waele, E, Malbrain, MLNG, and Spapen, H. Nutrition in Sepsis: A Bench-To-Bedside Review. Nutrients (2020) 12(2):395. doi: 10.3390/nu12020395

17. Martínez, ML, Plata-Menchaca, EP, Ruiz-Rodríguez, JC, and Ferrer, R. An Approach to Antibiotic Treatment in Patients With Sepsis. J Thorac Dis (2020) 12(3):1007–21. doi: 10.21037/jtd.2020.01.47

18. Patel, A, Khande, H, Periasamy, H, and Mokale, S. Immunomodulatory Effect of Doxycycline Ameliorates Systemic and Pulmonary Inflammation in a Murine Polymicrobial Sepsis Model. Inflammation (2020) 43(3):1035–43. doi: 10.1007/s10753-020-01188-y

19. Hutchins, NA, Unsinger, J, Hotchkiss, RS, and Ayala, A. The New Normal: Immunomodulatory Agents Against Sepsis Immune Suppression. Trends Mol Med (2014) 20(4):224–33. doi: 10.1016/j.molmed.2014.01.002

20. Christaki, E, Anyfanti, P, and Opal, SM. Immunomodulatory Therapy for Sepsis: An Update. Expert Rev Anti Infect Ther (2011) 9(11):1013–33. doi: 10.1586/eri.11.122

21. Mccloskey, RV, Straube, RC, Sanders, C, Smith, SM, and Smith, CR. Treatment of Septic Shock With Human Monoclonal Antibody HA-1a. A Randomized, Double-Blind, Placebo-Controlled Trial. Chess Trial Study Group. Ann Intern Med (1994) 121:1–5. doi: 10.7326/0003-4819-121-1-199407010-00001

22. Opal, SM, Laterre, PF, Francois, B, LaRosa, SP, Angus, DC, Mira, JP, et al. Effect of Eritoran, an Antagonist of MD2-TLR4, on Mortality in Patients With Severe Sepsis: The ACCESS Randomized Trial. JAMA (2013) 309(11):1154–62. doi: 10.1001/jama.2013.2194

23. Steinhagen, F, Schmidt, SV, Schewe, JC, Peukert, K, Klinman, DM, and Bode, C. Immunotherapy in Sepsis - Brake or Accelerate? Pharmacol Ther (2020) 208:107476. doi: 10.1016/j.pharmthera.2020.107476

24. Rubio, I, Osuchowski, MF, Shankar-Hari, M, Skirecki, T, Winkler, MS, Lachmann, G, et al. Current Gaps in Sepsis Immunology: New Opportunities for Translational Research. Lancet Infect Dis (2019) 19(12):e422–36. doi: 10.1016/S1473-3099(19)30567-5

25. Hager, DN, Hooper, MH, Bernard, GR, Busse, LW, Ely, EW, Fowler, AA, et al. The Vitamin C, Thiamine and Steroids in Sepsis (VICTAS) Protocol: A Prospective, Multi-Center, Double-Blind, Adaptive Sample Size, Randomized, Placebo-Controlled, Clinical Trial. Trials (2019) 20(1):197. doi: 10.1186/s13063-019-3254-2

26. Friedl, C, Hackl, G, Schilcher, G, Rosenkranz, AR, Eller, K, and Eller, P. Waterhouse-Friderichsen Syndrome Due to Neisseria Meningitidis Infection in a Young Adult With Thrombotic Microangiopathy and Eculizumab Treatment: Case Report and Review of Management. Ann Hematol (2017) 96(5):879–80. doi: 10.1007/s00277-017-2951-8

27. Michie, HR. Metabolism of Sepsis and Multiple Organ Failure. World J Surg (1996) 20(4):460–4. doi: 10.1007/s002689900072

28. Boutros, JA, Magee, AS, and Cox, D. Comparison of Structural Differences Between Yeast β-Glucan Sourced From Different Strains of Saccharomyces Cerevisiae and Processed Using Proprietary Manufacturing Processes. Food Chem (2022) 367:130708. doi: 10.1016/j.foodchem.2021.130708

29. Vetvicka, V, Vannucci, L, Sima, P, and Richter, J. Beta Glucan: Supplement or Drug? From Laboratory to Clinical Trials. Molecules (2019) 24(7):1251. doi: 10.3390/molecules24071251

30. Murphy, EJ, Rezoagli, E, Major, I, Rowan, NJ, and Laffey, JG. β-Glucan Metabolic and Immunomodulatory Properties and Potential for Clinical Application. J Fungi (Basel) (2020) 6(4):356. doi: 10.3390/jof6040356

31. Ganesh, JS, Rao, YY, Ravikumar, R, Jayakrishnan, AG, Iwasaki, M, Preethy, S, et al. Beneficial Effects of Black Yeast Derived 1-3, 1-6 Beta Glucan- Nichi Glucan in a Dyslipidemic Individual of Indian Origin - A Case Report. J Diet Suppl (2014) 11(1):1–6. doi: 10.3109/19390211.2013.859211

32. Dedeepiya, V, Sivaraman, G, Venkatesh, A, Preethy, S, and Abraham, S. Potential Effects of Nichi Glucan as a Food Supplement for Diabetes Mellitus and Hyperlipidemia; Preliminary Findings From the Study on Three Patients From India. Case Rep Med 2012 (2012) 2012:895370. doi: 10.1155/2012/895370

33. Liang, J, Melican, D, Cafro, L, Palace, G, Fisette, L, Armstrong, R, et al. Enhanced Clearance of a Multiple Antibiotic Resistant Staphylococcus Aureus in Rats Treated With PGG-Glucan is Associated With Increased Leukocyte Counts and Increased Neutrophil Oxidative Burst Activity. Int J Immunopharmacol (1998) 20(11):595–614. doi: 10.1016/s0192-0561(98)00007-1

34. Murphy, E, Masterson, C, Rezoagli, E, O’Toole, D, Laffey, J, Major, I, et al. Immunomodulation Properties of a Novel β-Glucan Extract From the Mushroom Lentinus Edodes in an In-Vitro Lung Injury Model. Am Thorac Soc (2019), A2114. ALUNG INJURY, SEPSIS, AND ARDS. doi: 10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A2114

35. Jawhara, S. How to Boost the Immune Defence Prior to Respiratory Virus Infections With the Special Focus on Coronavirus Infections. Gut Pathog (2020) 12:47. doi: 10.1186/s13099-020-00385-2

36. Auinger, A, Riede, L, Bothe, G, Busch, R, and Gruenwald, J. Yeast (1,3)-(1,6)-Beta-Glucan Helps to Maintain the Body’s Defence Against Pathogens: A Double-Blind, Randomized, Placebo-Controlled, Multicentric Study in Healthy Subjects. Eur J Nutr (2013) 52(8):1913–8. doi: 10.1007/s00394-013-0492-z.

37. Graubaum, H-J, Busch, R, Stier, H, and Gruenwald, J. A Double-Blind, Randomized, Placebo-Controlled Nutritional Study Using an Insoluble Yeast Beta-Glucan to Improve the Immune Defense System. Food Nutr Sci (2012) 3:738–46. doi: 10.4236/fns.2012.36100

38. Ikewaki, N, Fujii, N, Onaka, T, Ikewaki, S, and Inoko, H. Immunological Actions of Sophy Beta-Glucan (Beta-1,3-1,6 Glucan), Currently Available Commercially as a Health Food Supplement. Microbiol Immunol (2007) 51(9):861–73. doi: 10.1111/j.1348-0421.2007.tb03982.x

39. Muramatsu, D, Iwai, A, Aoki, S, Uchiyama, H, Kawata, K, Nakayama, Y, et al. β-Glucan Derived From Aureobasidium Pullulans is Effective for the Prevention of Influenza in Mice. PloS One (2012) 7(7):e41399. doi: 10.1371/journal.pone.0041399

40. Del Cornò, M, Gessani, S, and Conti, L. Shaping the Innate Immune Response by Dietary Glucans: Any Role in the Control of Cancer? Cancers (Basel) (2020) 12(1):155. doi: 10.3390/cancers12010155

41. Raghavan, K, Dedeepiya, VD, Suryaprakash, V, Rao, KS, Ikewaki, N, Sonoda, T, et al. Beneficial Effects of Novel Aureobasidium Pullulans Strains Produced Beta-1,3-1,6 Glucans on Interleukin-6 and D-Dimer Levels in COVID-19 Patients; Results of a Randomized Multiple-Arm Pilot Clinical Study. Biomed Pharmacother (2022) 145:112243. doi: 10.1016/j.biopha.2021.112243. sciencedirect.

42. Pushkala, S, Seshayyan, S, Theranirajan, E, Sudhakar, D, Raghavan, K, Dedeepiya, VD, et al. Efficient Control of IL-6, CRP and Ferritin in Covid-19 Patients With Two Variants of Beta-1,3-1,6 Glucans in Combination, Within 15 Days in an Open-Label Prospective Clinical Trial. medRxiv (2021). doi: 10.1101/2021.12.14.21267778. 12.14.21267778.

43. Olwal, CO, Nganyewo, NN, Tapela, K, Djomkam Zune, AL, Owoicho, O, Bediako, Y, et al. Parallels in Sepsis and COVID-19 Conditions: Implications for Managing Severe COVID-19. Front Immunol (2021) 12:602848. doi: 10.3389/fimmu.2021.602848

44. Wang, C, Xie, J, Zhao, L, Fei, X, Zhang, H, Tan, Y, et al. Alveolar Macrophage Dysfunction and Cytokine Storm in the Pathogenesis of Two Severe COVID-19 Patients. EBioMedicine (2020) 57:1–9. doi: 10.1016/j.ebiom.2020.102833

45. Leisman, DE, Ronner, L, Pinotti, R, Taylor, MD, Sinha, P, Calfee, CS, et al. Cytokine Elevation in Severe and Critical COVID-19: A Rapid Systematic Review, Meta-Analysis, and Comparison With Other Inflammatory Syndromes. Lancet Respir Med (2020) 8:1233–44. doi: 10.1016/S2213-2600(20)30404-5

46. Wang, D, Hu, B, Hu, C, Zhu, F, Liu, X, Zhang, J, et al. Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. J Am Med Assoc (2020) 323:1061–9. doi: 10.1001/jama.2020.1585

47. Lin, HY. The Severe COVID-19: A Sepsis Induced by Viral Infection? And its Immunomodulatory Therapy. Chin J Traumatol (2020) 23(4):190–5. doi: 10.1016/j.cjtee.2020.06.002

48. Kalfaoglu, B, Almeida-Santos, J, Tye, CA, Satou, Y, and Ono, M. -Cell Hyperactivation and Paralysis in Severe COVID-19 Infection Revealed by Single-Cell Analysis. Front Immunol (2020) 11:589380. doi: 10.3389/fimmu.2020.589380

49. Ikewaki, N, Sonoda, T, Kurosawa, G, Iwasaki, M, Dedeepiya, VD, Senthilkumar, R, et al. Immune and Metabolic Beneficial Effects of Beta 1,3-1,6 Glucans Produced by Two Novel Strains of Aureobasidium Pullulans in Healthy Middle-Aged Japanese Men: An Exploratory Study. medRxiv (2021). doi: 10.1101/2021.08.05.21261640. 08.05.21261640.

50. Ikewaki, N, Onaka, T, Ikeue, Y, Nagataki, M, Kurosawa, G, Dedeepiya, VD, et al. Beneficial Effects of the AFO-202 and N-163 Strains of Aureobasidium Pullulans Produced 1,3-1,6 Beta Glucans on non-Esterified Fatty Acid Levels in Obese Diabetic KKAy Mice: A Comparative Study. bioRxiv (2021). doi: 10.1101/2021.07.22.453362. 07.22.453362.

51. Ikewaki, N, Kurosawa, G, Iwasaki, M, Preethy, S, Dedeepiya, VD, Vaddi, S, et al. Hepatoprotective Effects of Aureobasidium Pullulans Derived Beta 1,3-1,6 Biological Response Modifier Glucans in a STAM- Animal Model of non-Alcoholic Steatohepatitis. bioRxiv (2021). doi: 10.1101/2021.07.08.451700. 07.08.451700.

52. Mahmoud Amer, E, Saber, SH, Abo Markeb, A, Elkhawaga, AA, Mekhemer, IMA, Zohri, AA, et al. Enhancement of β-Glucan Biological Activity Using a Modified Acid-Base Extraction Method From Saccharomyces Cerevisiae. Molecules (2021) 26(8):2113. doi: 10.3390/molecules26082113

53. Wang, H, Cai, Y, Zheng, Y, Bai, Q, Xie, D, and Yu, J. Efficacy of Biological Response Modifier Lentinan With Chemotherapy for Advanced Cancer: A Meta-Analysis. Cancer Med (2017) 6(10):2222–33. doi: 10.1002/cam4.1156

54. Gao, Y, Li, T, Han, M, Li, X, Wu, D, Xu, Y, et al. Diagnostic Utility of Clinical Laboratory Data Determinations for Patients With the Severe COVID-19. J Med Virol (2020) 92(7):791–6. doi: 10.1002/jmv.25770

55. Qin, C, Zhou, L, Hu, Z, Zhang, S, Yang, S, Tao, Y, et al. Dysregulation of Immune Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China. Clin Infect Dis (2020) 71(15):762–8. doi: 10.1093/cid/ciaa248

56.Mayo Clinic. Tests and Procedures . Available at: https://www.mayoclinic.org/tests-procedures (Accessed 26th January,2022).

57. Said, EA, Al-Reesi, I, Al-Shizawi, N, Jaju, S, Al-Balushi, MS, Koh, CY, et al. Defining IL-6 Levels in Healthy Individuals: A Meta-Analysis. J Med Virol (2021) 93(6):3915–24. doi: 10.1002/jmv.26654

58. Bounds, EJ, and Kok, SJ. D Dimer. [Updated 2021 Jul 14]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing (2022). Available at: https://www.ncbi.nlm.nih.gov/books/NBK431064/ (Accessed 26th January,2022).

59. Düz, ME, Balcı, A, and Menekşe, E. D-Dimer Levels and COVID-19 Severity: Systematic Review and Meta-Analysis. Tuberk Toraks (2020) 68(4):353–60. doi: 10.5578/tt.70351

60. Paliogiannis, P, Mangoni, AA, Dettori, P, Nasrallah, GK, Pintus, G, and Zinellu, A. D-Dimer Concentrations and COVID-19 Severity: A Systematic Review and Meta-Analysis. Front Public Health (2020) 8:432. doi: 10.3389/fpubh.2020.00432

61. Wang, W, Knovich, MA, Coffman, LG, Torti, FM, and Torti, SV. Serum Ferritin: Past, Present and Future. Biochim Biophys Acta (2010) 1800(8):760–9. doi: 10.1016/j.bbagen.2010.03.011

62. Vargas-Vargas, M, and Cortés-Rojo, C. Ferritin Levels and COVID-19. Rev Panam Salud Publica (2020) 44:e72. doi: 10.26633/RPSP.2020.72

63. Forget, P, Khalifa, C, Defour, JP, Latinne, D, Van Pel, MC, and De Kock, M. What is the Normal Value of the Neutrophil-to-Lymphocyte Ratio? BMC Res Notes (2017) 10(1):12. doi: 10.1186/s13104-016-2335-5

64. Cillóniz, C, Torres, A, Garcia-Vidal, C, Moreno-Garcia, E, Amaro, R, Soler, N, et al. COVID19-Researchers. The Value of C-Reactive Protein-to-Lymphocyte Ratio in Predicting the Severity of SARS-CoV-2 Pneumonia. Arch Bronconeumol (2021) 57:79–82. doi: 10.1016/j.arbres.2020.07.038

65. Ghahramani, S, Tabrizi, R, Lankarani, KB, Kashani, SMA, Rezaei, S, Zeidi, N, et al. Laboratory Features of Severe vs. non-Severe COVID-19 Patients in Asian Populations: A Systematic Review and Meta-Analysis. Eur J Med Res (2020) 25(1):30. doi: 10.1186/s40001-020-00432-3

66. Angstwurm, MW, Reininger, AJ, and Spannagl, M. D-dimer as marker for microcirculatory failure: correlation with LOD and APACHE II scores. Thromb Res (2004) 113:353–59. doi: 10.1186/s13104-016-2335-5

67. Xiong, Q, Cao, L, Ma, C, Liu, C, Si, J, Liu, P, et al. Close Relatives of MERS-CoV in Bats Use ACE2 as Their Functional Receptors Biorxiv. (2022). doi: 10.1101/2022.01.24.477490. 01.24.477490.

68. Missano Florido, M, Assunção, M, Mazza, B, Jackiu, M, Freitas, F, Bafi, A, et al. Evaluation of Iron, Transferrin and Ferritin Serum Levels in Patients With Severe Sepsis and Septic Shock. Crit Care (2012) 16(Suppl 1):P424. doi: 10.1186/cc11031

69. Adelman, MW, Woodworth, MH, Langelier, C, Busch, LM, Kempker, JA, Kraft, CS, et al. The Gut Microbiome's Role in the Development, Maintenance, and Outcomes of Sepsis. Crit Care (2020) 24(1):278. doi: 10.1186/s13054-020-02989-1

70. Raghavan, K, Dedeepiya, VD, Yamamoto, N, Ikewaki, N, Sonoda, T, Kurosawa, G, et al. Beneficial Reconstitution of Gut Microbiota and Control of Alpha-Synuclein and Curli-Amyloids-Producing Enterobacteria, by Beta 1,3-1,6 Glucans in a Clinical Pilot Study of Autism and Potentials in Neurodegenerative Diseases. medRxiv (2021). doi: 10.1101/2021.10.26.21265505. 10.26.21265505.

71. Alhashem, F, Tiren-Verbeet, NL, Alp, E, and Doganay, M. Treatment of Sepsis: What is the Antibiotic Choice in Bacteremia Due to Carbapenem Resistant Enterobacteriaceae? World J Clin cases (2017) 5(8):324–32. doi: 10.12998/wjcc.v5.i8.324

72. Ikewaki, N, Rao, KS, Archibold, AD, Iwasaki, M, Senthilkumar, R, Preethy, S, et al. Coagulopathy Associated With COVID-19 – Perspectives & Preventive Strategies Using a Biological Response Modifier Glucan. Thromb J (2020). doi: 10.1186/s12959-020-00239-6

73. Jayachandran, M, Chen, J, Chung, SSM, and Xu, B. A Critical Review on the Impacts of β-Glucans on Gut Microbiota and Human Health. J Nutr Biochem (2018) 61:101–10. doi: 10.1016/j.jnutbio.2018.06.010

74. Suzuki, T, Kusano, K, Kondo, N, Nishikawa, K, Kuge, T, and Ohno, N. Biological Activity of High-Purity β-1,3-1,6-Glucan Derived From the Black Yeast Aureobasidium Pullulans: A Literature Review. Nutrients (2021) 13(1):242. doi: 10.3390/nu13010242

75. Heming, N, Sivanandamoorthy, S, Meng, P, Bounab, R, and Annane, D. Immune Effects of Corticosteroids in Sepsis. Front Immunol (2018) 9:1736. doi: 10.3389/fimmu.2018.01736

76. Awasthi, S, Wagner, T, Venkatakrishnan, AJ, Puranik, A, Hurchik, M, Agarwal, V, et al. Plasma IL-6 Levels Following Corticosteroid Therapy as an Indicator of ICU Length of Stay in Critically Ill COVID-19 Patients. Cell Death Discovery (2021) 7(1):55. doi: 10.1038/s41420-021-00429-9

77. No, H, Kim, J, Seo, CR, Lee, DE, Kim, JH, Kuge, T, et al. Anti-Inflammatory Effects of β-1,3-1,6-Glucan Derived From Black Yeast Aureobasidium Pullulans in RAW264.7 Cells. Int J Biol Macromol (2021) 193(Pt A):592–600. doi: 10.1016/j.ijbiomac.2021.10.065

78. Xu, R, Wang, R, Han, G, Wang, J, Chen, G, Wang, L, et al. Complement C5a Regulates IL-17 by Affecting the Crosstalk Between DC and Gammadelta T Cells in CLP-Induced Sepsis. Eur J Immunol (2010) 40(4):1079–88. doi: 10.1002/eji.200940015

79. Shakoory, B, Carcillo, JA, Chatham, WW, Amdur, RL, Zhao, H, Dinarello, CA, et al. Interleukin-1 Receptor Blockade Is Associated With Reduced Mortality in Sepsis Patients With Features of Macrophage Activation Syndrome: Reanalysis of a Prior Phase III Trial. Crit Care Med (2016) 44(2):275–81. doi: 10.1097/CCM.0000000000001402

80. Tanaka, T, Narazaki, M, and Kishimoto, T. Immunotherapeutic Implications of IL-6 Blockade for Cytokine Storm. Immunotherapy (2016) 8(8):959–70. doi: 10.2217/imt-2016-0020

81. Angriman, F, Ferreyro, BL, Burry, L, Fan, E, Ferguson, ND, Husain, S, et al. Interleukin-6 Receptor Blockade in Patients With COVID-19: Placing Clinical Trials Into Context. Lancet Respir Med (2021) 9(6):655–64. doi: 10.1016/S2213-2600(21)00139-9

82. Takeyama, N, Tanaka, T, Yabuki, T, Nakatani, K, and Nakatani, T. Effect of Interferon Gamma on Sepsis-Related Death in Patients With Immunoparalysis. Crit Care (2004) 8(Suppl 1):P207. doi: 10.1186/cc2674

83. Tada, R, Yoshikawa, M, Kuge, T, Tanioka, A, Ishibashi, K, Adachi, Y, et al. A Highly Branched 1,3-Beta-D-Glucan Extracted From Aureobasidium Pullulans Induces Cytokine Production in DBA/2 Mouse-Derived Splenocytes. Int Immunopharmacol (2009) 9(12):1431–6. doi: 10.1016/j.intimp.2009.08.014

84. Mu, X, Liu, K, Li, H, Wang, FS, and Xu, R. Granulocyte-Macrophage Colony-Stimulating Factor: An Immunotarget for Sepsis and COVID-19. Cell Mol Immunol (2021) 18(8):2057–8. doi: 10.1038/s41423-021-00719-3

85. Lang, FM, Lee, KM, Teijaro, JR, Becher, B, and Hamilton, JA. GM-CSF-Based Treatments in COVID-19: Reconciling Opposing Therapeutic Approaches. Nat Rev Immunol (2020) 20(8):507–14. doi: 10.1038/s41577-020-0357-7

86. Yano, H, Takamoto, M, Nagataki, M, Wickramasinghe, S, Yatawara, L, Mizobuchi, S, et al. Induction of NK Activity Using Sofy β-Glucan.Tosa Biological Society Annual Meeting. Japan (2006)

87. Fujikura, D, Muramatsu, D, Toyomane, K, Chiba, S, Daito, T, Iwai, A, et al. -Cultured Fluid Induces IL-18 Production, Leading to Th1-Polarization During Influenza A Virus Infection. J Biochem (2018) 163:31–8. doi: 10.1093/jb/mvx062

88. Jarczak, D, Kluge, S, and Nierhaus, A. Use of Intravenous Immunoglobulins in Sepsis Therapy-A Clinical View. Int J Mol Sci (2020) 21(15):5543. doi: 10.3390/ijms21155543

89. Mazeraud, A, Jamme, M, Mancusi, RL, Latroche, C, Megarbane, B, Siami, S, et al. Intravenous Immunoglobulins in Patients With COVID-19-Associated Moderate-to-Severe Acute Respiratory Distress Syndrome (ICAR): Multicentre, Double-Blind, Placebo-Controlled, Phase 3 Trial. Lancet Respir Med (2022) 10(2):158–66. doi: 10.1016/S2213-2600(21)00440-9

90. Ikewaki, N, Raghavan, K, Dedeepiya, VD, Suryaprakash, V, Iwasaki, M, Preethy, S, et al. Beneficial Immune-Regulatory Effects of Novel Strains of Aureobasidium Pullulans AFO-202 and N-163 Produced Beta Glucans in Sprague Dawley Rats. Clin Immunol Commun (2021) 1:29–34. doi: 10.1016/j.clicom.2021.11.001

91. Leite, HP, and de Lima, LF. Metabolic Resuscitation in Sepsis: A Necessary Step Beyond the Hemodynamic? J Thorac Dis (2016) 8(7):E552–7. doi: 10.21037/jtd.2016.05.37

92. Licitra, R, Marchese, M, Brogi, L, Fronte, B, Pitto, L, and Santorelli, FM. Nutraceutical Screening in a Zebrafish Model of Muscular Dystrophy: Gingerol as a Possible Food Aid. Nutrients (2021) 13(3):998. doi: 10.3390/nu13030998

93. Iba, T, and Levy, JH. Sepsis-Induced Coagulopathy and Disseminated Intravascular Coagulation. Anesthesiology (2020) 132:1238–45. doi: 10.1097/ALN.0000000000003122

94. Kim, HS, Kim, JY, Ryu, HS, Shin, BR, Kang, JS, Kim, HM, et al. Phenotypic and Functional Maturation of Dendritic Cells Induced by Polysaccharide Isolated From Paecilomyces Cicadae. J Med Food (2011) 14(7-8):847–56. doi: 10.1089/jmf.2011.1575

95. Chan, WK, Law, HK, Lin, ZB, Lau, YL, and Chan, GC. Response of Human Dendritic Cells to Different Immunomodulatory Polysaccharides Derived From Mushroom and Barley. Int Immunol (2007) 19(7):891–9. doi: 10.1093/intimm/dxm061

96. Stier, H, Ebbeskotte, V, and Gruenwald, J. Immune-Modulatory Effects of Dietary Yeast Beta-1,3/1,6-D-Glucan. Nutr J (2014) 13:38. doi: 10.1186/1475-2891-13-38

97. Liu, J, Tang, J, Li, X, Yan, Q, Ma, J, and Jiang, Z. Curdlan (Alcaligenes faecalis) (1→3)-β-d-Glucan Oligosaccharides Drive M1 Phenotype Polarization in Murine Bone Marrow-Derived Macrophages via Activation of MAPKs and NF-κB Pathways. Molecules (2019) 24(23):4251. doi: 10.3390/molecules24234251

98. Barsanti, L, and Gualtieri, P. Paramylon, a Potent Immunomodulator From WZSL Mutant of. Euglena gracilis (2019) 24(17):3114. doi: 10.3390/molecules24173114

99. Li, X, Wang, J, Wang, W, Liu, C, Sun, S, Gu, J, et al. Immunomodulatory Activity of a Novel, Synthetic Beta-Glucan (β-Glu6) in Murine Macrophages and Human Peripheral Blood Mononuclear Cells. PloS One (2013) 68(11):e80399. doi: 10.1371/journal.pone.0080399

100. Majtan, J. Pleuran (β-Glucan From Pleurotus Ostreatus): An Effective Nutritional Supplement Against Upper Respiratory Tract Infections? Med Sport Sci (2013) 59:57–61. doi: 10.1159/000341967

101. Wakshull, E, Brunke-Reese, D, Lindermuth, J, Fisette, L, Nathans, RS, Crowley, JJ, et al. PGG-Glucan, a Soluble Beta-(1,3)-Glucan, Enhances the Oxidative Burst Response, Microbicidal Activity, and Activates an NF-Kappa B-Like Factor in Human PMN: Evidence for a Glycosphingolipid Beta-(1,3)-Glucan Receptor. Immunopharmacology (1999) 41(2):89–107. doi: 10.1016/S0162-3109(98)00059-9

102. Sakurai, T, Hashimoto, K, Suzuki, I, Ohno, N, Oikawa, S, Masuda, A, et al. Enhancement of Murine Alveolar Macrophage Functions by Orally Administered Beta-Glucan. Int J Immunopharmacol (1992) 14(5):821–30. doi: 10.1016/0192-0561(92)90080-5

103. Gaullier, JM, Sleboda, J, Øfjord, ES, Ulvestad, E, Nurminiemi, M, Moe, C, et al. Supplementation With a Soluble β-Glucan Exported From Shiitake Medicinal Mushroom, Lentinus Edodes (Berk.) Singer Mycelium: A Crossover, Placebo-Controlled Study in Healthy Elderly. Int J Med Mushrooms (2011) 13(4):319–26. doi: 10.1615/IntJMedMushr.v13.i4.10

104. Vetvicka, V, and Vetvickova, J. Anti-Infectious and Anti-Tumor Activities of β-Glucans. Anticancer Res (2020) 40(6):3139–45. doi: 10.21873/anticanres.14295

105. Noss, I, Doekes, G, Thorne, PS, Heederik, DJ, and Wouters, IM. Comparison of the Potency of a Variety of β-Glucans to Induce Cytokine Production in Human Whole Blood. Innate Immun (2013) 19(1):10–9. doi: 10.1177/1753425912447129

106. Ikewaki, N, Iwasaki, M, Kurosawa, G, Rao, KS, Lakey-Beitia, J, Preethy, S, et al. β-Glucans: Wide-Spectrum Immune-Balancing Food-Supplement-Based Enteric (β-WIFE) Vaccine Adjuvant Approach to COVID-19. Hum Vaccin Immunother (2021) 17(8):2808–13. doi: 10.1080/21645515.2021.1880210

107. Jurado, A, Martín, MC, Abad-Molina, C, Orduña, A, Martínez, A, Ocaña, E, et al. COVID-19: Age, Interleukin-6, C-Reactive Protein, and Lymphocytes as Key Clues From a Multicentre Retrospective Study. Immun Ageing (2020) 17:22. doi: 10.1186/s12979-020-00194-w

108. Banitalebi, E, Abdizadeh, T, Khademi Dehkordi, M, Saghaei, E, and Mardaniyan Ghahfarrokhi, M. In Silico Study of Potential Immunonutrient-Based Sports Supplements Against COVID-19 via Targeting ACE2 Inhibition Using Molecular Docking and Molecular Dynamics Simulations. J Biomol Struct Dyn (2021) 21:1–21. doi: 10.1080/07391102.2021.2016489




Conflict of Interest: Author SA is a shareholder in GN Corporation., Kofu, Japan which in turn is a shareholder in the manufacturing company of novel betaglucans using different strains of Aureobasidium pullulans. MN and YI are employees of Sophy Inc., Kochi, Japan, manufacturers of novel betaglucans using different strains of Aureobasidium pullulans. Author KR was employed by Sarvee Integra Private Limited, Chennai, India.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Preethy, Raghavan, Dedeepiya, Surya Prakash, Ikewaki, Ikeue, Nagataki, Iwasaki, Senthilkumar and Abraham. 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.


OEBPS/Images/fimmu.2022.870632_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Beneficial Immune Regulation by
Biological Response Modifier
Glucans in COVID-19 and Their
Envisaged Potentials in the
Management of Sepsis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Beneficial Immune Regulation by Biological Response Modifier Glucans in COVID-19 and Their Envisaged Potentials in the Management of Sepsis

      

        		

          Background

        

          		

            Infection Control Through Immune Enhancement

          



          		

            Immune Suppression During the Initial Hyper-Inflammatory Phase

          



          		

            Balanced Immune Modulation to Counter the Later Immune-Paralysis Phase

          



          		

            Advantageous Effects on Metabolic and Coagulation Parameters

          



        



        



        		

          Biological Response Modifier Glucans in the Four-Way Approach to the Management of Sepsis

        



        		

          Use of β-Glucans as Immunomodulators

        



        		

          Antimicrobial Effects of β-Glucans, Specifically Yeast-Derived

        



        		

          Yeast-Derived β-Glucans in Immune Modulation

        



        		

          COVID-19 and Sepsis

        



        		

          Use of A. pullulans-Derived β-Glucans as Immunomodulators Against COVID-19

        



        		

          Use of β-Glucans in the Four-Way Management of Sepsis With Emphasis on A. pullulans-Derived β-Glucans

        



        		

          Concluding Remarks

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-870632-g002.jpg
NLR Values LCR Values

Baseline
m study-1 At 5.37
was 5.87 . severe
Covid
)

n study-1
was 0.071

severe
Covid

m study- ) I
2 was i : Iy &

0.036 (4) ‘ o/
- severe

= Covid

—

Daj0 Day 15, Day30
Day 30 values came to

normal range in study-1

study-2 (4) 3)

decreased in study-1 3) ! || ¢ study-2 (4)

:
1

Day 15 values decreased in I Day 30 values also ] ~ Day 15 values increased in
I
Il

LelR Values

Baseline
n study-1

1.01
was Day 30

- , : \ values
in study- : [ : : i ~  came to
1 was 7 : . LSRN o ' normal
0.518(3) % : ] I _ : | range

! ’ mn

study-1

| C

Baseline ' S s
m study- W ‘

severe
2 was

Day 15

°® values

P===EEEEEEE S cameto

Ean-O ",/ Day 15 Day 30% . normal

‘ —_—— ’ . range
o n

severe study-2

Day 15 values increased in Covid

study-2 (4)

At 0.146 severe






OEBPS/Images/table2.jpg
S.
No

“«

12
13
14
16

B-Glucans Source/Type

Plant derived (Sparassis crispa,
Phellinus linteus, Platycodon
grandiflorum, Cordyceps
militaris, and Angelica gigas
Nakai)

Mushroom and barley
Cellulose

Spent Brewers' Yeast
(Saccharomyces cerevisiae)

Curdlan (Alcaligenes faecalis)
Euglena gracilis

Synthetic Beta-glucan (Bglu6)

Mushroom Pleurotus ostreatus

PGG Glucan Saccharomyces
cerevisiae

Fungus Sclerotinia sclerotiorum
IFO 939

Shiitake medicinal mushroom,
Lentinus edodes (Berk.) singer
mycelium

Algae

Agrobacterium-derived

Oats

Pustulan (3-(1,6)-glucan),
lichenan (B-(1,3)-(1,4)- glucan),
xyloglucan (B-(1,4)- glucan),
and pullulan (o-(1,4)- (1,6)-
glucan)

Aureobasidium pullulans

Model/
Organism

In vitro

In vitro

In vitro

In vivo - rats
and human
clinical trials
In vitro

In vitro and
animal
studies

In vitro

Human
clinical trials
In vitro

In vitro

Human
clinical trial

In vitro

In vitro

In vitro,
animal
models and
human
clinical
studies

Immuno-modulatory effects

DC maturation; Translocation of NF-kB subunits to the nucleus

PBMC proliferation; IL-12 and IL-10 production

No immunomodulation

Phagocytosis, oxidative burst, production of cytokines and chemokines in dendritic cells and
macrophages; interleukin-1p (IL-1p)

Activation of MAPKs and NF-kB Pathways; M1 Phenotype Polarization
Transactivation of NF-xB; expression of proinflammatory mediators (TNF-a,, IL-6, COX2, and iNOS);
production of high level of NO

Secretion of large levels of cytokines and chemokines, including CD54, IL-1a, IL-1B, IL-16, IL-17, IL-
23, IFN-y, CCL1, CCL3, CCL4, CCL12, CXCL10, tissue inhibitor of metalloproteinase-1 (TIMP-1) and
G-CSF in murine macrophages as well as IL-6, CCL2, CCL3, CCL5, CXCL1 and macrophage
migration inhibitory factor (MIF)

Increased number of circulating natural killer cells as well as a preventive effect on the reduction of
natural killer cell activity

Enhanced neutrophil anti-microbial functions

Enhanced Phagocytic activity and interleukin-1 (IL-1) production

Increase in the number of circulating B-cells

Increase in phagocytic activity; stimulation of IL-2 secretion

Strong cytokine production

Increase in production of interleukin-8 (IL-8) or soluble Fas (sFas); Decrease in IL-1beta, IL-2, IL-6, IL-

12 (p70+40), interferongamma (IFN-gamma), tumor necrosis factoralpha (TNF-alpha) or soluble Fas

ligand (sFasL); Decrease of CRP, Ferritin and DDimer; Increase in NK cells and T cells; Activation of
Dendritic cells; Activation of MAPKs and NF-xB Pathways; Stimulation of Macrophages

Reference

©4)

©7)
(©8)

(©9)

(100)

(101)

(102)

(103)

(104)

(105)

(38, 39,

41,42,
49-51)






OEBPS/Images/fimmu-13-870632-g003.jpg
B |
Biomarkers of relevance to immune - inflammatory pathways in COVID-19 and Sepsis

i

g |NC-REASE:: -

v il Increase in CRP is b
Immune cell activation : v : more relevantto >

~ ) C-Reactive Protein (CRP)

CytOkil'le StOI'm i LLl bacterial sepsis Interleukin-6 B
Hyper-i i -Dimer | : - :
Hyper-inflammation b .G Hyper-inflammation )

2 - Ferritin
\ 4 C-Reactive Protein (CRP)
T-cell exhaustion D-Dimer ; Neutrophil to lymphocyte ratic
NK cell inhibition Eerritin Two variants of (NLR)

Beta Glucans

c O I D 1 9 in combination, CEDCIC Immune-suppression
v 3 beneficially modulate = Fowly

the biomarkers : . 2
Lymphocyte to C-reactive protein ratio

v

Senescence ‘ -, O i Covid A9 e dysfi
Apoptosis of T cells Lymphocyte to C-reactive protein ratio (LCR) yoptosis
(LCR) ‘ Leukocyte to C-reactive protein ratio
Leukocyte to C-reactive protein ratio ﬁi = (LeCR) Immune-paralysis
(LeCR) - Leukocyte to IL-6 ratio
Leukocyte to IL-6 ratio | (LelR)

Coagulopathy (LelR)
Organ failure either be high or
low in sepsis &

NLR values can

-

(NLR





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-870632-g001.jpg
CRP levels IL-6 levels

V. severe severe
LB 8 B B B 8 &8 &8 B B | -
Covid

in study-1
was 26.18

Baseline
in study-
2 was :

33.95(5) \ iy At 252
. severe

Baseline i Covid

: was
Baseline 25.68 (5)
n study-1 :

A

4 “\
/Dayo Day 15 ,/Day 30
/—l

4
7

Day 30 values came to

Day 30 values came to
normal range in study-1

Day 15 values came to S Day 15 values decreased
normal range in study-2 (5) £ Y significantly in study-2 (5)

------'-----

=~
\ ~-~
SS S~
!

seve.re At

SEVEre

Baseline
n study-
1 was

1.614 (4) severe

) 5 Covid Baseline

L mn study-
2"
2 was

\
-----\-------

Baseline kS (5)
n study-2 :

v

,¢7
’Daj(l)/ Day 15 Day 30

Day 15 values came to Day 30 values came to
normal range in study-2 normal range in study-1 Day 15 valu_es came to
normal range i study-2 (5)






OEBPS/Images/table1.jpg
Four-way Intervention Sepsis Effects COVID-19 Effects Relevance/Effects of
approach to A.pullulans beta glucans
management of Increase Decrease Increase Decrease
Sepsis and
COVID-19
Anti-microbial Antibiotics Infection Infection Anti-viral and antibacterial
(39, 74)
Immune- Corticosteroids Ref NF-kB, IL-  Ref (76) Cytokines  NF-xB downregulation;
suppression (75) 1, TNF, especially ~ Suppression of NO, IL-1B,
IL-8, and IL-6 IL6, TNF-0.(77)
MCP-1
C5a blockade (78) Yes IL-17 Suppression of inflammatory
cytokines (50)
Anakinra (IL-1 receptor Ref Ref (79) CRP, IL-1  Decrease in CRP and IL-1
antagonist) (79) @1, 42)
Tocilizumab and sarilumab Ref IL-6 Ref (81) IL-6 Decrease in IL-6
(IL-6 blockade) (80)
Immune- IFN-y, Ref  HLA-DR Th1 cytokine increase (83)
enhancement (82)  expression ; Th1
cytokine
GM-CSF Ref  Proinflammatory Both Administration  Inhibition of - Cytokine increase, increase in
(84)  monocytic administration  of GM-CSF: GM-CSF:  immune cells such as NK
cytokine and inhibition  Alveolar IL-1, IL-6,  cells (38, 86); Increase in
production of GM-CSF macrophages  TNF (85) GM-CSF expression (39)
(85) (85)
Interleukin-7 Ref  CD4+ and CD8 Increase in CD4+ and CD8
(10)  +Tcels lymphocytes (41, 87)
Intravenous Ref IL-1,)L-6,  Ref (89) IL-13, CD4+ T IL-6 Decrease in IL-1B, IL-2, IL-6,
Immunoglobulins (88) IL-10,IL2, Cells IL-12 (p70+40), IFN-y, TNF-
TNF-o ) (38); Increase in IgA (90)
Metabolic/ Metabolic resuscitators Ref  Mitochondrial Improvement in glucose, lipid
Coagulation [coenzyme Q10 (CoQ10), (91)  function levels (31, 32) and
cytochrome oxidase mitochondrial respiration (92)
(CytOx), L-camitine,
melatonin]
Ascorbic acid, tocopherol, Ref  Mitochondrial
selenium and zinc (@1)  function
Ascorbic acid and Zinc NK cells, T Neutrophils ~ Increase in NK cells, T cells
cells and decrease in neutrophils
(38, 41, 42, 86)
Anti-coagulation therapies Ref Ferritin, Decrease in Ferritin ad D-
93) DDimer Dimer (41, 42)






