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In this review, we discuss a variety of immune modulating approaches that could be used to counteract tissue-damaging viral immunoinflammatory lesions which typify many chronic viral infections. We make the point that in several viral infections the lesions can be largely the result of one or more aspects of the host response mediating the cell and tissue damage rather than the virus itself being directly responsible. However, within the reactive inflammatory lesions along with the pro-inflammatory participants there are also other aspects of the host response that may be acting to constrain the activity of the damaging components and are contributing to resolution. This scenario should provide the prospect of rebalancing the contributions of different host responses and hence diminish or even fully control the virus-induced lesions. We identify several aspects of the host reactions that influence the pattern of immune responsiveness and describe approaches that have been used successfully, mainly in model systems, to modulate the activity of damaging participants and which has led to lesion control. We emphasize examples where such therapies are, or could be, translated for practical use in the clinic to control inflammatory lesions caused by viral infections.
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Introduction

Since the dawn of the COVID-19 era, persons not claiming to be virologists have learned more facts and fake facts about viruses and how they cause disease than anyone could have imagined. Many of the newly enlightened feel they know so much about COVID-19 to decide that they and their family, including children, do not need to be vaccinated against the COVID-19 virus or even against any infectious agent. This often includes measles, a highly infectious and potentially devastating viral infection of children. However, as all trained medical scientists are well aware, some virus infections, that include COVID-19, can be controlled effectively with vaccines and when this occurs the vaccine approach is more effective, convenient to use and far less expensive than any other viral control measure. Unfortunately, we lack effective vaccines against some virus infections and these need to be controlled by alternative therapies that are often unsatisfactory. In this review, we discuss how we might control virus infections where lesions occur mainly as a consequence of the host`s immune reaction to the infection and make a case for controlling such infections by rebalancing the participation of immune reactants.

Some viruses are endowed with intrinsic pathogenicity and cause clinical disease as a direct consequence of their destroying cells and tissues. In mankind, smallpox was such an example causing marked clinical signs and death in many millions of persons before successful vaccines were discovered and used. When smallpox vaccines became widely available, all were forced, or wisely chose, to use them and in 1979 smallpox was fully controlled and eradicated (1). So far this is the only human virus disease that has been eradicated, but we are, or at least were, close to success with poliovirus (2). We might have succeeded also in eliminating the COVID-19 virus if appropriate public health measures had been adopted early after its initial discovery. Many virus infections are not a major health problem in persons with a normally functioning immune system, but do become so when the activity of one or more aspects of immunity are defective for genetic or other reasons (3, 4). Human cytomegalovirus is such an example with this herpesvirus becoming a significant pathogen in persons that receive immunosuppressive drugs to prevent rejecting their transplants or are co-infected with other agents that suppress immunity, such as untreated human immunodeficiency virus (HIV) infection (5).

There are also many virus infections which are not cytopathic and fail to cause overt tissue damage when they replicate in cells, but they can elicit tissue-damaging lesions that are often chronic. When this happens, usually the lesions are largely the consequence of the host`s response to the infection (3). As immunologists have taught us, the host can respond to invaders in many ways and only some of these aspects may be responsible for causing the pro-inflammatory effects. In the case of viral immunoinflammatory lesions, the pro-inflammatory participants are usually a subset of T cells along with nonlymphoid inflammatory cells (6, 7). At the same time other aspects of the host`s innate or adaptive immunity also may be engaged with these acting to diminish the extent of damage and contributing to resolution. Given such a scenario the case can be made that if ways are used that rebalance the participation of the damaging and protective components to favor the latter then the impact of viral inflammatory lesions will be diminished. In this review, we describe several ways that can achieve a rebalance of immune responsiveness and emphasize those approaches that might be most practical for use in the case of human tissue-damaging viral infections. A scheme defining several strategies that could rebalance immune activity and diminish lesions is depicted in Figure 1.




Figure 1 | A scheme proposing multiple strategies that have the potential to recalibrate immune activity and reduce the occurrence of lesions. Approaches aimed at inhibiting pro-inflammatory cells and or cytokines, expanding regulatory cells of innate or adaptive immune system, removal of pathogens by reinvigorating exhausted T cells could represent such interventions.







Minimizing inflammatory reactions by rebalancing aspects of the innate immune response

Innate immunity constitutes a first line of defense against invading pathogens. The system is set into action by pathogen-associated molecular patterns (PAMPs) present within or on the surface of pathogens or generated from tissues damaged by the pathogens–so-called damage associated molecular patterns (DAMPs) (8). These PAMPs and DAMPs are sensed by several types of pattern recognition receptors (PRR) expressed by the multiple types of innate immune cells. The responding cells undergo a range of changes that include migratory activity, activation, metabolism status, morphological alterations, acquisition of molecules responsible for their migratory activity, as well as the production of several molecules that can influence the function of other cell types, such as those that constitute the adaptive immune system (9, 10). There are multiple types of innate immune cells and these include dendritic cells (DC), macrophages, natural killer (NK) cells, granulocytes, gamma delta T cells and innate lymphoid cells and all cell types could influence in some way the outcome of a viral infection. However, perhaps the most relevant first responders to viral infections are DC, which are themselves quite heterogeneous in terms of the actual PRR they mainly express, as well as the major molecules they produce once stimulated by PAMPs or DAMPs (11, 12). Moreover, DC are superior antigen presenting cells and this function, along with molecules produced such as cytokines, results in a variable outcome in terms of the quantity and quality of the subsequent adaptive immune response induced (13, 14). Notable DC products also include interferons, which in addition to having antiviral activity also help shape the nature of immune responses to infection (15). Given this heterogeneity of the first responders, there is clearly an opportunity to introduce modulators, particularly early during the initial infection process that will favor the engagement and activation of some subsets of innate cells over others (16). Manipulating innate aspects of immunity to improve immunity has been exploited for decades by formulating vaccines that include adjuvants that improve immunity by acting on one or more aspects of innate immunity (17). Manipulation of innate immune function could, for example, diminish the induction of pro-inflammatory tissue-damaging responses favoring the induction of regulatory responses and anti-inflammatory cytokines. However, once the pattern of immune responsiveness is established after immune induction, changing this pattern by manipulating innate cell composition and their functions becomes far less accessible and this is the challenge we are discussing in this review.

The strategies available to effect changes in innate cell activity can exploit the fact that the different innate cells express a diverse array of PRR that respond to the many PAMPs expressed by the infecting agent and DAMPs resulting from tissue damage. Accordingly, by using PRR ligands or inhibitors it should be possible to change the participation of various innate cells (18). In addition, innate modulations could target signaling events set into motion as well as the protein products of innate cells that mediate their influence. With regard to manipulating the diverse array of PRRs, some key ones that mold the pattern of innate responsiveness to viruses are the multiple Toll-like receptors (TLR) that are expressed either at the surface or within cells that compose the innate immune system (10). Others include the melanoma differentiation-associated protein 5 (19), retinoic acid-inducible gene I receptors (20), nucleotide oligomerization domain, as well as receptors which recognize complement components and their breakdown products (21). There are additional nucleotide sensors in the cytoplasm such as cyclic GMP-AMP synthase, which senses DNA derived from viruses (22). A list of innate sensors and viral ligands is provided in Table 1. For instance, TLR-2, TLR-4 are triggered by some viral envelope or capsid components (47–49). TLR-3 senses double stranded RNA which many viruses produce during their replication (50). TLR-7 and TLR-8 sense single-stranded RNA (51) while viral DNA is sensed by TLR-9 (27, 52). These TLRs are differentially expressed on innate cells setting the stage for a virus expressing one or more PAMPs triggering some, but not all, innate cells depending on their PRR expression. Moreover, the innate cell triggering may lead to a cascade of signaling events and the production of cytokines and chemokines that in turn mediate cell recruitment and aspects of the tissue-damaging inflammatory reaction. Consequently, strategies available to rebalance the participation of innate immune mechanisms, are available and some these are listed in Figure 2 and are discussed below.


Table 1 | Examples of several innate immune sensors that recognize viral ligands.






Figure 2 | Some approaches tested clinically (A) and in in-vivo model systems (B) to resolve inflammation. (A) Multiple virus infections are presented with a surge in cytokine levels contributing to inflammation and tissue damage. Blocking the activity of IL-1, IL-6, IL-17, TNF-α conferred therapeutic benefit in COVID-19 patients and is likely useful in other viral pathologies involving cytokine storms (anti-IL-6 mAb: Siltuximab, anti-IL-6R mAb: Sarilumab and tocilizumab, anti-IL-17A: Netakimab). (B) M1 or M2 macrophages differentially contribute to tissue damage after virus infection. Activation of PPARγ with 15d-PGJ2 or rosiglitazone and resultant M2 cell expansion led to diminished lung pathology after influenza and RSV infection respectively. Contrary results also exist, as M1 cell expansion using Baicalein led to diminished inflammatory response to influenza. Thus, inducing polarization of macrophages can recalibrate immune response after virus infection.



In the majority of viral immunopathological reactions, the lesions are orchestrated by adaptive immune components, usually T cells, but the actual tissue damage is caused mainly by nonlymphoid inflammatory cells and several inflammatory mediators released from activated innate as well as adaptive cell types (3). These mediators often constitute what is called a cytokine storm (53). Prominent among the cellular participants are macrophages, particularly those described as M1 macrophages. Thus, lesion severity can be diminished by removing macrophages or by changing the balance of macrophage subtypes from a dominance of M1 to the M2 subset, more often involved in lesion resolution. There are approaches to counteract macrophages and their activities and these have been used in numerous model systems of viral immunopathology. The initial approach was developed by Nico Van Rooijen and involved using clodronate liposomes that destroyed cells, predominantly macrophages that phagocytosed the liposomes. The clodronate, once in the cytoplasm, is metabolized by aminoacyl t-RNA synthetases to generate an ATP analogue that in turn trans locates to the mitochondrial membrane, inhibiting mitochondrial ATP/ADP translocase. This results in inhibition of mitochondrial respiration, as well as the induction of apoptosis (54, 55). This approach has been used to define the role of macrophages in several viral infections in model systems. These include respiratory disease caused by pneumovirus and the neuropathological consequences of Theiler's virus infection in mice (56, 57). Macrophage depletion was also reported to attenuate muscle and joint inflammation after Ross River virus infection in mice (58). Furthermore, clodronate liposomes given intranasally result in less severe lesions in mice infected with respiratory syncytial virus (RSV) (59). All of these studies were interpreted to mean that macrophages were involved in causing the tissue damage at the overt lesion stage, but the experimental design invariably involved depleting macrophages from early stages of infection, so could not exclude the influence the cells also might be having during immune induction or reveal how macrophages participate in inflammatory reactions. As far as we know, human viral immunoinflammatory lesions have not been managed using the clodronate approach.

In more recent times, it has become evident that macrophages can polarize into pro-inflammatory M1 cells mainly involved in mediating tissue damage and M2 cells that largely play an anti-inflammatory and tissue repairing function. The M1/M2 concept was introduced by Mills and came from experiments showing that macrophages from Th1-prone mouse strains (such as C57BL/6 and B10D2) exhibit a strong nitric oxide response against stimulants such as LPS, while macrophages from Th2-prone strains (such as BALB/c and DBA/2) exhibited a strong arginine metabolism response, an effect not observed in macrophages from Th1 prone mice (60). These two functional subtypes can readily be differentiated from precursors in vitro and shown to differ in the types of cytokines they can produce, surface characteristics, and the expression of some critical enzymes involved in their function. For instance, M1 cells are CD86 positive and produce nitric oxide synthase and reactive oxygen products. They mainly produce the cytokines TNF-α, IL-1β, IL-6, and IL-23. M2 cells are CD206 positive, arginase positive, and mainly produce the cytokines IL-4, IL-13, IL-10, and TGF-β (61). Whereas there are no convenient ways in vivo, especially in humans, to selectively deplete the subtypes and demonstrate their role in tissue damage, in model systems it is feasible to preferentially expand the different cell types and record any change in the expression of a virus infection. Additionally, studies can be done where mice are manipulated to generate predominantly M1 or M2 macrophages and then to compare the outcome of a viral infection. Using the latter approach one group has implicated that M1 cells are more involved than are M2 cells in ocular inflammatory lesions caused by herpes simplex virus (HSV) infection (62). Others reported that M1 macrophage polarization occurs in the brain after multiple flavivirus infections, and that inhibiting this polarization by blockading the M1 cytokine product TNF-α significantly attenuated Dengue virus-induced neurotoxicity, a lesion that involves a host inflammatory reaction to the virus (63). However, it is not clear if polarization changes can be accomplished once inflammatory lesions have commenced and are ongoing, as would be needed in clinical situations.

Another procedure that has been used to switch the balance of M1 and M2 macrophages is to use agonists of the transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ), which is a member of the nuclear receptor family and is involved in regulating several inflammatory genes (64). It was shown that the interaction between the signal transducer and activator of transcription 6, promotes macrophage polarization towards to the anti-inflammatory M2 type along with the expression of IL-4 and IL-13 (65). For example, using mice infected with RSV and then treated with the PPAR-γ agonist pioglitazone from day 2, resulted in diminished lung pathology explained by M2 cells dominating the lesions rather than M1 cells as is the case in lesions (66). Unfortunately, the majority of these macrophage subtype rebalancing therapies were started in the immune induction phase and continued on rather than addressing the issue we are discussing of making changes in established lesions to alleviate their severity. To this point therapy with the PPAR-γ activator, 15d-PGJ2, resulted in significantly reduced lung inflammatory reactions and mortality to influenza (FLU) infection, but only if therapy was begun on day 1 and not when lesions were already present (67). Thus, the PPAR-γ agonist approach may have minimal value to control viral inflammatory lesions once they are already underway. Additional comments about PPAR-γ are made in a subsequent section since PPAR-γ impacts on some genes involved in metabolic pathways.

Although the idea that controlling viral inflammatory lesions can be achieved by approaches that suppress M1 or enhance M2 macrophages is a useful notion, it has yet to become an accepted paradigm. Indeed, contrary data for the concept does exist. For example, there are reports that expanding the M1 population, as can be achieved using the molecule Baicalein, causes a diminution of inflammatory responses to FLU infection (68). In addition, whereas macrophages, particularly M1 cells, may directly participate in causing tissue damage, the cells may also participate indirectly to mediate inflammatory effects by releasing soluble mediators such as TNF-α (69). Overall, macrophage-targeted approaches hold promise to control inflammatory viral lesions, although achieving such control in practical situations such as in a chronic human viral infection still needs to be realized.

As mentioned previously, tissue damage is often caused by inflammatory cytokines and chemokines which can be the products of innate immune cells, although some of the cytokines also may be the products of adaptive immune cells. In several viral infections, where the host response is a major contributor to the tissue damage; multiple cytokines and chemokines can be involved constituting what is usually referred to as a cytokine storm (53). Such storms are a major feature of severe Dengue viral infections, but also occur in some patients with severe COVID-19 lesions as well as occasionally in FLU (53, 70). Controlling cytokine storms therapeutically is currently achieved using anti-inflammatory drugs, but monoclonal antibodies (mAbs) against some pro-inflammatory cytokines, or their receptors, also can be effective therapies. For example, severe COVID-19 patients often experience a cytokine storm that includes multiple cytokines (71). A commonly used control measure is to target some of these, but especially IL-6 and its receptors, with a mAb to control the severe inflammatory lesions so preventing multiorgan failure and aiding recovery (72). Accordingly, clinical trials showed that anti-IL-6 receptor mAb (e.g., sarilumab, tocilizumab) and anti-IL-6 mAb (e.g., siltuximab) reduced inflammation, decreased the need for mechanical ventilation, and resulted in a 45% reduction in death in COVID-19 cases (72). As a result, tocilizumab has been included in some treatment guidelines for severe COVID-19. Additionally, Anakinra, a recombinant IL-1 receptor antagonist, also was suggested as a potential treatment for the hyperinflammatory state linked to SARS-CoV-2. Accordingly, a study with 52 patients found that subcutaneous Anakinra treatment reduced the need for mechanical ventilation in the ICU and decreased mortality rates in severe COVID-19 patients without significant side effects (73). However, further controlled trials are necessary to confirm the effectiveness of Anakinra. Similarly, in severe Dengue virus inflammatory disease, there is significant upregulation of multiple cytokines compared to healthy controls and lesions can be diminished by blocking some of these with specific mAb (63, 74). In H5N1 FLU, patients show elevated levels of IL-6, IL-8, IL-1β, IFN-γ, TNF-α, and the soluble IL-2 receptor, but the outcome of blocking one or more of these cytokines needs to be evaluated in humans. However, when tested in mice, blockade of TNF-α, IL-1β attenuated lung pathology after FLU infection of mice (75, 76). Targeting some chemokines is also a useful way to diminish the consequence of inflammatory viral lesions. In a study using a chronic obstructive pulmonary disease-induced mouse model caused by H1N1 FLU infection, treatment with the CCR5 chemokine antagonist, maraviroc, led to a significant reduction in lung pathology with concomitant reduction in the numbers of infiltrating neutrophils and macrophages in lung airways, as well as increased survival of mice (77). In the context of COVID-19 infection, terminally ill patients showed restored plasma IL-6, CD4, and CD8 responses after receiving two doses of leronlimab, a CCR5-specific IgG4 mAb, in the ICU while on mechanical ventilation. Although lacking a control group, the results suggest that anti-CCR5 treatment significantly reduced inflammatory reactions compared to baseline in plasma samples, which might have prevented pulmonary pro-inflammatory leukocyte infiltration (78). Supporting these findings, a clinical trial registry (NCT04347239) comparing anti-CCR5 mAb treatment with dexamethasone as standard care or placebo resulted in significantly increased survival (79). Along a similar line, in ferret models for FLU, inhibiting CXCL10 activity with the CXCR3 inhibitor, AMG487, which blocks its signaling, increased survival length and diminished lung pathology (79). The study also reported a reduction in viral load in the lungs, which might be correlated with the establishment of effective antiviral responses in H5N1 infected and CXCR3 antagonist drug-treated ferrets (80). Other research has tested blocking CCR2 using the inhibitor, PF-04178903, in mice infected with H1N1 FLU. The results showed that CCR2 blockade reduced mortality and clinical implications without altering viral titers, suggesting that CCR2 antagonists could potentially serve as an effective therapy against FLU-induced pathogenesis (81).

In this section, we have evaluated the prospect of managing viral inflammatory lesions by changing the function of innate aspects of immunity. Few approaches that target and change aspects of innate immunity can be applied in practical situations, but strategies have succeeded in model systems, although they are less effective when used to counteract already established lesions. The most effective practical therapies are those that counteract inflammatory cytokines and chemokines most of which are proprietary humanized mAbs and so are very expensive to use. Nevertheless, some have been valuable therapies to control inflammatory lesions in COVID-19 patients as well as in severe Dengue. Conceivably, lesion control also could be achieved by administering anti-inflammatory cytokines such as IL-10 and TGF-β, but they have a short half-life and might be more effective if delivered directly to inflammatory lesions. Conceivable problems with delivering cytokines could be overcome by using half-life extended fusion cytokine proteins since this approach has been successful in mice using fusion proteins that deliver IL-10 to treat solid tumors (82). We anticipate that chemical reagents that can change the functional type of macrophages in lesions could be in the pipeline, as could be ligands that act on TLRs and inflammasomes. For example, the TLR7 agonist, Imiquimod is dispensed topically to treat genital warts caused by papillomavirus infection (83). In addition, several mouse models have shown the value of using approaches that target TLRs and inflammasomes (84–87), although few if any studies start therapy when significant lesions were already present.





Minimizing inflammatory reactions by manipulating the activity of adaptive immune participants

The idea that lesions manifest in some viral infections represent immunopathological reactions arose largely from pathogenesis studies on the non-cytopathic virus Lymphocytic choriomeningitis virus (LCMV) by Mims and Blanden >50 years ago. As another pioneer in the LCMV field, Michael Oldstone, liked to claim all major mechanistic discoveries in viral pathogenesis and many in immunobiology in general came from studies using LCMV (88). With this infection, the choriomenigitis is a consequence of immunopathology with CD8 T cells orchestrating the lesions and the glomerulonephritis that often occurs is a lesion resulting from the trapping of immune complexes that cause an inflammatory reaction (89), a topic rarely studied by contemporary investigators. Furthermore, studies using LCMV revealed how T cells recognize antigens for which Doherty and Zinkernagel were awarded the Nobel prize in 1996 (90). The idea that all instances of viral immunopathology involved CD8 T cells gained gravity, but it seems likely that in human viral immunopathologies either CD4+ Th1 or Th17 T cells are more often involved in directing the inflammatory lesions. Studies on LCMV clearly showed CD8 cells cause tissue damage mainly by directly destroying infected cells, but when CD4 cells are the orchestrators the tissue damage is usually indirect and involves the release of mediators that recruit a range of nonlymphoid pro-inflammatory cells and tissue-damaging activities (89). In both situations, controlling the lesion severity should occur if the orchestrating T cells are removed, or their function and products inhibited, such as by cells or proteins with regulatory function as is discussed in a later section. Therapies directed against T cell orchestrators of lesions have proven successful in many mouse model systems of viral immunopathology. These include HSV induced stromal keratitis used by our group (91), Theiler's virus-induced neuropathology (92), Coxsackie virus-induced myocarditis (93), West Nile fever virus lesions (94) and several others (95, 96). However, in the models, a wide range of sophisticated approaches can be used. These include several in vivo genetically engineered systems that can directly implicate one or another cell type, numerous specific mAbs that block cells or cytokines and their receptors, adoptive cell transfer strategies with intact and gene modified cells along with some drugs and small molecule inhibitors that selectively block the activity of a particular pro-inflammatory cell type. We will not review these many observations made in model systems since most of the experimental maneuvers could not be applied to rebalance and control a clinical situation of viral immunopathology. However, in Table 2 we list some general approaches used in model systems that have succeeded in defining the participation of critical cell types and their products that mediate immunopathology. In addition, many small uncontrolled therapies directed at T cells and their products have been explored to limit the inflammatory stage of COVID-19. For example, a retrospective study blocking Th17 T cells with the anti-IL-17 mAb netakimab proved effective and was well tolerated (101). In addition, a trial in Bangladesh that combined an anti-IL17A mAb with the JAK inhibitor Barictib was effective against COVID-19 respiratory disease, although the therapy was followed by a higher frequency of secondary infections than in controls (102). Moreover, as discussed in the previous section, mitigation of the severity of COVID-19 lesions has also been achieved using mAbs against some cytokines produced by inflammatory T cells as well as by innate cell types.


Table 2 | Some approaches used to control inflammatory lesions that target adaptive immune participants.



There are some general approaches that have achieved efficacy in model systems that could be translatable. One is to use small molecule inhibitors that can specifically target pro-inflammatory T cells and disarm their function (104–106). For example, the small molecules CQMU151 and CQMU152 target the transcription factor RORγt needed for pro-inflammatory Th17 T cells to function (106). Furthermore, therapeutic administration of CQMU151 and CQMU152 attenuated the clinical severity of experimental autoimmune uveitis, experimental autoimmune encephalomyelitis and type 1 diabetes in mice (106). However, the drug has not been tested as a means to counter ongoing viral immunopathology. There are other druggable targets of T cells that might translate from successful results in model systems. For example, treating ongoing lesions of herpetic ocular lesions with the DNA methyltransferase inhibitor 5-azacytidine diminished lesions, although the effect was more to expand the suppressive function of regulatory T cells (Treg) than being inhibitory to pro-inflammatory T cells (123). Also of potential value are antibiotics derived from streptomyces that were shown to inhibit ongoing autoimmune lesions mediated by Th17 T cells (124). Another strategy is to target molecules such as lymphotoxin alpha expressed by Th1 and Th17 (125). It was shown that therapeutic administration of a lymphotoxin alpha blocking antibody given after infection attenuated the severity of ocular lesions (126). Similarly, therapeutic administration of the drug 2, 3, 7, 8- Tetrachlorodibenzo-p-dioxin, which activates the transcription factor aryl hydrocarbon receptor and inhibits Th1 and Th17 cells, but also expanded T cells with regulatory activity, diminished the severity of herpetic ocular lesions (103), an example of a successful immune rebalancing scenario. There are reports also of elevated levels of immune complexes during chronic LCMV infection with such immune complexes impairing otherwise protective antibody effector functions mediated by Fcγ-receptor (FcγR) activity (127, 128). This raises a challenge in chronic virus infections for testing antibodies whose effect is FcγR dependent.

Another perhaps longshot approach to rebalance and control a viral inflammatory reaction came from the Iwasaki lab (129). They advocated a so-called prime and pull approach to control HSV inflammatory reactions in the genital tract (129). Priming meant virus immunization in their model animal system and pull meant subsequently using chemokines to attract immune T cells to the infection site to resolve the lesions. Extensions of this idea have used more acceptable pulling agents such as the non-toxic aminoglycoside antibiotic, neomycin (130). This idea was also advocated for use to counteract human genital HSV lesions where persons are already lifelong latently HSV-infected and hence primed. The pulling agent was advocated to be topical application of the TLR-7 agonist, Imiquimod, an approach shown to be effective in a guinea pig model (131) with Imiquimod approved at least for external topic treatment of human warts (83). Conceivably, the prime and pull approach may be tried in the clinic to control troublesome recurrent herpetic inflammatory lesions.

Finally, an approach to rebalance the role of adaptive immune cells in an inflammatory viral infection, is to manipulate the composition of the microbiome at surface sites. Thus, largely from studies done on controlling autoimmunity, it has become evident that the composition of the microbiome, particularly in the intestinal tract, can influence the extent of inflammatory responses mediated by T cells (132). Accordingly, the dominance of certain microbes will favor the systemic induction of Th17 T cells and hence increase the incidence and severity of some AIDs and likely too of viral inflammatory lesions (100). However, the predominance of other microbes favors the induction of regulatory T cells, which can suppress inflammatory reactions (133). Manipulating the microbiome composition, which can be achieved most conveniently by dietary measures, holds high promise to modulate the development and severity of immunoinflammatory diseases. Unfortunately, the approach has more value to prevent an inflammatory problem than being an effective way to manage established chronic lesions. More mention of this topic is made in the section discussing metabolism.

This section reviewed approaches targeting adaptive immune components to rebalance immune responsiveness so as to mitigate virus-induced tissue damage. Numerous strategies showed value when tested in model systems, but in most cases these studies were done in a way that would not meet the challenge of rebalancing the pattern of immune responsiveness in an established clinical situation in humans or companion animals. However, control of the immunopathological stage of COVID-19 with mAbs to T cell subsets and cytokines has shown promise, but clearly more translational research is merited to develop practical approaches to rebalance the participation of adaptive immune participants to curtail the consequences of viral immunopathology.





Rebalancing reactions by expanding the activity of regulatory mechanisms

The late and much missed Dick Gershon popularized the concept in the 70s that suppressor cells could put a break on immune responses and constrain their over-reaction (134). Suppressor cells faded from fashion largely due to their unambiguous identification. However, the idea came back with a vengeance in the late 90s when such markers were discovered by groups at NIH and in Japan and the cells were renamed regulatory cells, which were T lymphocytes (135, 136). The regulatory T cells (Treg) were shown to express CD4 and a high affinity subunit of IL-2 receptor (alpha chain also known as CD25) on their surface and they accounted for around 5-10% of the total CD4+ T cells in naïve mice, as well as healthy humans (135). Subsequently, a more reliable identifier, the transcription factor FoxP3 that controls some of the regulatory activities, was discovered (137). With the description of a canonical transcription factor driving the differentiation and function of these cells, their further genetic, molecular, and biochemical analysis became possible, and this led many to believe that such cells could be used for managing inflammatory conditions. Whereas FoxP3+ Treg remain the vanilla flavor, as Shevach later described (138), we now have almost as many flavors of regulatory cells as we have ice creams in parlors. In addition to the activity of regulatory cells, the extent of immune reactions can be limited by several inhibitory cytokines, in particular IL-10, TGF-β and IL-35 (139, 140). One well studied type of regulatory T cells, so-called Tr1 cells, are FoxP3 negative and produce the anti-inflammatory cytokine IL-10 (141). Of its several activities, IL-10 can downregulate class II MHC and can also interfere with the NF-kB pathway to affect immunosuppressive functions (141). Unlike FoxP3+ Treg, such cells may not require physical contact with the effectors to cause immunosuppression. Regulatory cells can also have innate immune features that mainly function during the early phase of viral encounter, or be adaptive antigen specific cells relevant in controlling excessive inflammatory reactions.

When Treg became an accepted part of immunobiology, the focus was on their role in constraining autoimmune lesions and this role could be firmly established following identification of FoxP3 as their canonical transcription factor. Thus, naturally occurring genetic defects in FoxP3 as was observed in scurfy mice as well as in humans with the Immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (142). In addition, when FoxP3 was removed as could be done in model systems either by gene knockout approach or a conditional deletion by diphtheria toxin in transgenic FoxP3-DTR mice, multiple inflammatory and autoimmune diseases resulted (142, 143). Subsequently, it became evident that the function of Treg was involved also in controlling the extent of inflammatory reactions in viral infections (see Table 3) and that their over activity could be detrimental in many cancers (156). With respect to chronic viral infections, many studies demonstrated that lesions become more severe if cells with regulatory activity, most commonly CD4+FoxP3+ T cells, were absent or depleted (146). Our own laboratory made the initial observations for a viral infection by showing that immunity to HSV was influenced by Treg and subsequently that the severity of ocular inflammatory lesions caused by HSV were more damaging if Treg were depleted (144, 146). Results with other viral inflammatory lesions told a similar story, but FoxP3+ Treg were not the only cell type involved in limiting the inflammatory reactions (157). In some viral inflammatory lesions, the regulatory cells were identified as CD8+ T cells and in others termed Tr1 CD4+ T cells that produce IL-10 (158). In addition, the FoxP3+ Treg are themselves heterogeneous falling into two major categories; so-called natural Treg (nTreg) that derive from the thymus and mainly react with self-antigens and induced Treg (iTreg) that recognize exogenous antigens, such as viral antigens. The latter group are those mostly involved in limiting inflammatory responses to viruses, but these too are heterogenous some expressing the transcription factor Tbet and are critically involved in regulating Th1 effector cells (159). Acquisition of a phenotype by Treg similar to that of effectors of different helper subsets was also demonstrated, but why it is critical to exert potent suppression is not known (160). A common feature of iTreg is that they can be plastic, losing their regulatory function and even converting to become pro-inflammatory, an event more likely to occur in an inflammatory environment. Hence, the challenge to therapy is both to find ways of expanding the representation of cells with regulatory activity and also to maintain the function of those cells already expressing regulatory function. The issue is how do we achieve these objectives, and can it be done in clinical situations, such as when viral induced inflammatory lesions are already present?


Table 3 | Some Strategies that target Treg cells and outcomes observed following use in-vivo.



There have been some drug and biological approaches described that do succeed in preferentially expanding Treg in vivo, at least in model systems (Figure 3) (161, 162). For example, administering the galectin molecules, such as Galectin-1 or Galectin-9, expands Treg for reasons that remain unclear. Our group used this approach to diminish the severity of herpetic ocular lesions and correlated the success with a change in the balance of T cells to increase the frequency of Treg (163). Other drugs that were reported to expand Treg include rapamycin, retinoic acid, glatiramer acetate and FTY720, but these compounds have mainly been evaluated to limit autoimmune disease lesions. They merit testing in viral model systems and perhaps also in clinical situations (161). A biological approach that caused excitement was that Treg could be expanded using immune complexes of IL-2 and mAb (clone JES6-1) to IL-2, but reports of its success to limit an inflammatory reaction caused by a viral infection are not available (164). The subset of T cells expanded by immune complexes can be critically dependent on the clone of anti-IL-2 mAb used. A different clone, S4B6, when injected in vivo expanded virus-specific CD8+ T cells in HSV infected animals and not Treg (165). In addition, complexes with clone S4B6 also promoted LCMV reactive CD8+ T cells, as demonstrated using an adoptive transfer approach (164). The paradoxical effects of the two clones of anti-IL-2 antibodies complexed with the cytokine were explained by structural analysis. While the cytokine in complex with the S4B6 clone preferentially binds to IL-2Rβ and IL-2Rγ that are predominantly present on effector cells, the JES6-1 clone complexed with IL-2 becomes dissociated from the complex facilitating the interaction of IL-2 with all the subunits of IL-2R, including the high affinity α-chain (162). As Treg preferentially express α-chain of the receptor, the cytokine is utilized by such cells more efficiently with the complexes increasing the bioavailability of IL-2 (162).




Figure 3 | Approaches to enhance Treg responses. Several biological methods as well as pharmacological agents have been documented to selectively expand Treg cells in vivo either by achieving de novo conversion or promoting function of already committed Treg, particularly in model systems. These include use of monoclonal antibodies targeting IL-2, CRISPR gene editing, epigenetic modifiers, interleukins, galectins, bile acid metabolites, and metabolism-acting immunotherapy drugs. Each approach aims to promote Treg expansion, conversion or stability through unique mechanisms such as acting on FoxP3 enhancer the conserved non coding sequence 3 to improve Treg differentiation (isoallo-LCA bile acid metabolite), epigenetic modification and stable induction of FoxP3 (Azacytidine), proliferation and conversion (IL-2 and anti-IL-2 complexes), proliferation and enhanced suppressive activity (Rapamycin), nanogel backpack containing IL-2FC conjugated to CD45 where IL-2 is released only after Treg activation, genetically modified Treg expressing IL-10, IL-35 or absent regulators of FoxP3. These strategies offer potential ways to enhance Treg populations and rebalance immune responses in viral diseases.



Another promising biological approach to induce Treg was a slow release of antigen delivered via osmotic pumps, which had the advantage of inducing antigen-specific Treg (166). Such an approach could be more clinically relevant with a more acceptable delivery system. Conceivably, incorporating antigens in skin patches or intradermal implants to efficiently expand Treg of a required antigen specificity could be an effective strategy, but this needs to be evaluated. Chimeric antigen receptor expressing Treg, as can be obtained by genome editing techniques such as the use of CRISPR/Cas9 (167), may also merit a trial. Further modification of such Treg to stably express transcription factors such as FoxP3 and the high affinity IL-2 receptor α-chain as constitutive modules to enhance their suppressive function represents a potential strategy to mitigate viral induced immunopathology. However, enthusiasm and application of Treg expanding approaches seems to have waned because of the plastic nature of the expanded cells. Whether a cell exhibits plasticity and can change its phenotype is largely governed by epigenetic modification (168). Therefore, drugs such as trichostatin A, valproic acid or DNA methyl transferase such as Dnmt1 that can modify the epigenome of differentiating or already committed cells could be useful (169). Such chemicals not only promote the de novo conversion of non-Treg into Treg, but also stabilize the expression of FoxP3 in already committed cells. However, selectivity and specificity are always challenges to meet with several such approaches and the epigenetic modifiers being no exception.

The composition of the milieu in which APCs and T cells engage, as well as how the antigen is delivered to APCs, could result in the induction of either pro- or anti-inflammatory cells. The composition of the milieu could be altered by several means such as the inclusion of neutralizing antibodies against pro-inflammatory cytokines, injecting anti-inflammatory cytokines such as IL-10, TGF-β or some of the immunosuppressive chemicals such as rapamycin, dexamethasone to induce tolerogenic APCs with intact antigen-presentation capability to expand or induce Treg of different types (170). The DC therapy approach could also be used wherein the cells isolated either from PBMCs or bone marrow of patients are exposed to such reagents in the presence of antigens ex-vivo. The ex vivo primed APCs are then transferred back in the patient to expand antigen specific Treg  (171). Nano formulations of organic material such as liposomes, polymers including poly lactic-co-glycolic acid, polylactide, poly(β‐amino esters), polyethylene glycol also could be generated to incorporate antigens for delivery to the APCs under tolerogenic conditions (171). For example, nanotechnology-based drug delivery approaches offer potential for stimulating or suppressing immune cell responses. Thus, functionalized carbon nanotubes activate DC by triggering TLR7 signaling pathways that lead to pro-inflammatory cytokine production and increased co-stimulatory molecule expression (172). On the other hand, native cellulose nanofibrils induce immune tolerance in DC by possibly interacting with CD209 and actin filaments, leading to altered T cell responses characterized by a weaker Th1 and Th17 response, but a stronger Th2 and regulatory T cell response (173). A novel cellulose nanofibril-reinforced hydrogel developed by Yang et al. (174) uses a pH-responsive drug release system, which may involve interactions with immune cells in the wound healing process. Additionally, Tomić et al. (175) reported that functionalized cellulose nanofibrils induce tolerogenic properties in DC, which may suppress allogeneic T cell proliferation through mechanisms yet to be fully specified. These findings demonstrate the potential of nanotechnology to manipulate immune responses through targeted drug delivery, offering new therapeutic avenues for immune-related conditions and may be beneficial to alleviate tissue damage after viral infection.

The injection of antibodies against pro-inflammatory cytokines such as IL-6, TNF-α, IL-17 are routinely used to manage inflammatory diseases (176), but the cost involved with such regimens represents a major prohibitive step. Approaches wherein the replicating microbes, preferably commensal bacteria, if modified to express and secrete such biologicals in situ could reduce the expense significantly. In fact, the feasibility of such approaches has been demonstrated, although not in a viral disease (177). More recently, a modified strain of E. coli was engineered to secrete a nanobody against the cytokine TNFα to dampen inflammatory response in the gut. With the neutralized pro-inflammatory cytokines regulatory mechanism could operate effectively (178). Identifying such microbes, the ease of their manipulation, the disease condition being targeted, and the regulatory compliances would all need to be factored in, should such approaches be pursued in a practical situation. The approach nonetheless opens new avenues to produce neutralizing antibodies not only against the cytokines, but obviates the need to inject purified antibodies that are expensive and challenging to employ in clinical situations.

In addition to employing cytokine neutralizing antibodies, some of the host’s metabolites could shift the balance from pro-inflammatory T cells such as Th1 or Th17 towards Treg (179). For example, bile acid metabolites. such as the derivatives of lithocholic acid (LCA), 3-oxoLCA and isoalloLCA, reciprocally regulate the differentiation of Treg and Th17 cells and when administered to mice served to reduce pro-inflammatory Th17 cells, but increased Treg representation (179). Similarly, short chain fatty acids, such as sodium propionate, helped to resolve ocular lesion caused by HSV potentially by affecting several cell types of innate as well as adaptive immune participants (155). In animals fed sodium propionate, Treg outnumbered T effectors (155). Approaches that modify cellular metabolism are cost effective, easy to apply and therefore could have translational value as is discussed in a later section.

Apart from Treg, other regulatory mechanisms, such as myeloid derived suppressor cells (MDSCs), also exhibit potent suppressive activity. Whether or not the MDSCs are induced during the early phase of a virus infection could help decide the pathogenesis of certain viral infections such as LCMV in mice. Infection with clone 13 of LCMV, that activates and expands MDSCs early after infection, results in chronic infection while the Armstrong strain of LCMV fails to efficiently signal MDSCs and the infection resolves favorably (180). Furthermore, depletion of MDSCs generated efficient anti-viral CD8+ T cell response in clone 13 infected animals, although these maneuvers had to be done at the initiation stage of infection. Other infections such as HIV and HSV can also activate and expand MDSCs early after infection (180). For example, our group showed that therapy with ex vivo differentiated MDSCs in the presence of cytokines such as IL-6, IL-4 and GM-CSF controlled the severity of herpetic ocular lesions when using a therapeutic design (181). Conceivably, strategies to expand MDSCs in vivo could alleviate inflammatory response by their direct action of effectors, as well as by expanding endogenous Treg responses.

In conclusion, rebalancing inflammatory reactions to expand regulatory mechanisms and inhibiting pro-inflammatory components represents a major objective to minimize the consequences of any viral immunoinflammatory process. There are many different forms of regulation and accessible means to expand them and dampen lesions at least in model systems. However, few if any are ready for routine use in the clinic and replace or support, for example, the use of anti-inflammatory drugs. For the long term control of persistent chronic lesions conceivably there could be a place for vaccines based on the mRNA format successfully used in COVID-19 vaccines (182). For example, this format could be designed to induce regulatory mediators and could also include the mRNA sequences of viral epitopes that expand viral specific Treg. Such an approach merits evaluation and conceivable it might become a practical procedure to achieve the rebalance of Treg and pro-inflammatory T cells that we advocate is needed to manage some chronic virus-induced inflammatory lesions.





Rebalancing inflammatory reactions by restoring lost effector cell functions

T cell activation depends on signals received from engagement of their T cell receptors, signals from additional receptors binding to costimulatory molecules such as the CD80/86 ligands on antigen presenting cells, as well as signals from cytokines such as IL-2. Excessive activation of T cells is avoided by signaling induced by inhibitory receptors for several molecules that include CTLA-4, PD-1, TIM-3, LAG-3 and some others. In some circumstances, the activity of the inhibitory receptors becomes predominant and this serves to impair the protective function of T cells. The effect happens in several cancers, but also occurs in many chronic viral infections as was first discovered in the LCMV model of chronic infection (183) and is now referred to as immune exhaustion (184). Fortunately, oftentimes, the protective function of T cells can be restored by administering mAb that block the function of one or more inhibitory receptors and this checkpoint blockade therapy has become a valuable strategy to control some cancers (185). There is abundant evidence that the T cell exhaustion phenotype can be demonstrated in several human chronic viral infections, which infers that checkpoint blockade could be a valuable means to control such infections, although this has not been formally demonstrated in a clinical situation (186). During immune exhaustion, a gradual increase in the expression of multiple inhibitory receptors occurs and the T cells lose functions such as the production or loss of IFN-γ, TNF-α, IL-2 and compromised ability to control model chronic virus infections. The actual mechanisms involved in immune exhaustion have been a topic of intensive study using model systems and it is expected this will translate to therapeutic use in the clinic. For example, it is now clear that exhausted CD8 T cells (Tex) may consist of two subpopulations-progenitor: Tex which are CXCR5+TCF-1+PD1Int and terminal Tex that are CXCR5-TCF-1-PD1hi. The CXCR5+ progenitor Tex shared transcriptional signatures with memory precursor CD8 T cells and hematopoietic stem cell early progenitors, while the CXCR5- terminal Tex shared transcriptional signatures with CD8 terminal effectors and hematopoietic stem cell mature cells (118). Of relevance, PD-1 blockade treatment acted on CXCR5+ progenitor Tex, which underwent vigorous proliferation, produced cytokines and conferred therapeutic benefit of PD-1 blockade therapy to clear chronic LCMV infection. On the contrary, terminal Tex did not respond to PD-1 blockade therapy (118). Furthermore, adoptive transfer of CXCR5+ progenitor Tex, but not CXCR5- terminal Tex, was effective in controlling chronic LCMV infection. Thus, approaches that target CXCR5+ progenitor Tex may be more relevant to control chronic virus infections. Additionally, it has also been observed that blocking simultaneously more than one inhibitory receptor mechanism is more effective than single checkpoint inhibitor blockade (187). For example, combinatorial blockade of PD-1 and Tim-3 was synergistic to curtail viremia during chronic LCMV infection (119). In addition, combining checkpoint blockade with other therapies may also achieve greater success than single therapy. For example, combining PD-1 blockade therapy with the provision of IL-2 in chronic LCMV was synergistic and acted to reverse CD8 T cell exhaustion by acting primarily on CXCR5+ progenitor Tex (120, 121). Similarly, inhibiting signaling by the co-stimulator molecule 4-1BB along with PD-1 led to potent suppression of viremia and more effective control of after chronic LCMV infection (122).

Although the majority of studies on immune exhaustion focus on CD8+ T cells other cell types also are subject to immune exhaustion. These include CD4 T cells (188) and NK cells (189). As regards the latter, PD-1 expression was increased on NK cells from HIV infected persons (190) some of which had Kaposi sarcoma (191). Furthermore, Tim-3 was upregulated on NK cells from patients with chronic hepatitis B virus infection (192). However, in chronic infections the outcome of receptor blockade therapy has not been assessed for effects on NK cell function, but such therapy has been recorded in some tumor systems with restored NK cell activity correlating with improved tumor control (193).

Overall, we are optimistic that checkpoint blockade will be used in the clinic to facilitate the control of some chronic viral lesions, although more research is needed to find the optimal strategies to use. Obvious candidates are chronic liver pathology caused by hepatitis viruses, particularly those caused by HBV where immune exhaustion is known to occur (194) and effective antiviral drugs are lacking such as are available to control hepatitis caused by HCV (186, 195).





Rebalancing reactions by changing the microRNA environment

MicroRNAs (miRNAs) are small noncoding gene sequences that exist in cells and are also found in many viruses. They are usually 20-22 nucleotides in length and act to silence mRNAs and mediate post-transcriptional regulation of gene expression (196). There are an estimated 2300 different miRNAs in human cells (197), and these influence a wide range of genes that control the biological activity of cells that includes those that react to virus infections. Additionally, it is known that several viruses also encode one or more miRNAs and these too contribute to viral functions and also can affect the pathogenesis of infection (198). Accordingly, during a virus infection changes in expression levels of several miRNA species may occur many of which act to affect the function of one or more cells of the innate and adaptive immune systems that respond to the infection. Moreover, it has become evident that manipulating the expression levels of one or more miRNAs, primarily host miRNAs and usually before or early after infection, can be a useful approach to change the outcome, such as minimizing tissue-damaging consequences.

MicroRNAs can act directly or indirectly to affect the ability of a virus to replicate and the extent of tissue damage that results from the infection. Some host miRNAs are known to influence viral gene translation and replication events as well as essential steps in viral infection, such as the expression of viral receptors. Other host miRNAs may also influence the nature of the host reaction made to the infection, which is of particular relevance in chronic viral infections. This begs the question of if manipulating the expression levels of one or more miRNAs might be a practical therapeutic maneuver to minimize the extent of tissue damage caused by inflammatory reactions to viral infections, with this effect explained by a rebalanced immune reaction. Several reports have described the consequences of changing the expression levels of usually a single microRNA either by increasing levels using synthetic mimics, or reducing its presence by gene knockout or using specific antagomirs (109, 199–201). Some of the more spectacular results were obtained by manipulating miR-122 levels, a molecule expressed predominantly in hepatic tissues and necessary for the replication of HCV in the liver. In a chimpanzee model, it was shown that blocking miR122 with a locked nucleic acid-modified DNA phosphorothionate antisense oligonucleotide provided long lasting protection against their chronic HCV infection (202). This approach was subsequently found safe and reduced HCV RNA levels in humans (203), but highly effective direct antiviral drugs are now preferred to control HCV. Moreover, with the miR122 blocking studies it was not clear if the favorable outcome correlated with a rebalanced immune response pattern since such studies were not performed.

Many miRNAs affect the functions of immune cells (see Table 4) and changing the expression of such miRNA can result in diminished lesions. For example, studies were done showing that modulating miR155, a molecule that affects several aspects of the inflammatory reaction, may change the severity of lesions. An early study from the Baltimore laboratory showed that stopping miR155 expression using gene knockout resulted in protection from the induction of an autoimmune lesion in mice (204). This outcome was shown to correlate with a change in the pattern of immune responsiveness with less induction of lesion producing pro-inflammatory Th-17 and Th-1 cell subsets (204). Another group also showed that silencing miR-155 led to less severe clinical consequences of experimental autoimmune encephalomyelitis (EAE) (110). A similar change in outcome was noted when comparing the extent of immunopathological damage to the eyes of mice caused by HSV infection. Thus mice unable to produce miRNA, because of gene knockout or miRNA 155 blocked in normal mice with specific antagomirs, resulted in less severe ocular lesions, an effect that correlated with a diminished pro-inflammatory CD4 T cell response (109). Unfortunately, however, the treated host was left more susceptible to other complications since the virus usually disseminated to the brain causing encephalitis and death indicating the potential downside of manipulating a microRNA with likely multiple targets of action (200). It would have been of interest to evaluate if local blunting of mR-155 expression in only the eye could have achieved effective therapy.


Table 4 | Some miRNAs that affect function of immune cells.



Studies in mice have also shown that miR-155 is involved in the inflammatory reaction to FLU infection with lung injury being diminished in miR-155 knockout mice (205). Other studies with model systems have shown a critical role of a particular microRNA. For example, in chronic LCMV miR-31 plays an influential role in chronic lesions. Mechanistically, it was found that miR-31 targeted Ppp6C, a negative regulator of IFN signaling, resulting in increased levels of checkpoint molecules such as PD-1 and consequent T cell dysfunction (210). This could mean that targeting miR-31 may provide a therapeutic strategy to rebalance the pattern of immunity to control chronic viral infections. There are other studies which show enforced expression of miR-29a acts to counter CD8 T cell exhaustion and improved CD8 T cell function implying that upregulating miR-29a may be another approach to diminish the consequences of some chronic viral infections (211). It also could be that microRNA manipulation could be useful to influence some critical steps in viral pathogenesis one of which could be angiogenesis. Thus the angiogenesis process is influenced by several microRNAs (224). Our group could show that suppressing miR-132, which influences signaling by the angiogenic factor VEGF, led to diminished ocular lesions caused by HSV (225). Unfortunately, to achieve success against pathological angiogenesis, especially in the eye, requires therapy during the development of pathological angiogenesis since once present, as occurs in chronic lesions, its removal is highly problematic.

Perhaps of no surprise several studies have been performed to record the role that microRNAs could be playing in COVID-19 pathogenesis. Several host microRNAs show changed expression (226, 227), but of interest would be if microRNA manipulation therapy would be of value to help control the inflammatory stage of COVID-19 infection. To this issue, one report showed that exosomes containing miR-145 and miR-885 regulate thrombotic events in COVID-19 patients (228). In addition, animal models of infection have indicated that miR-155 inhibition can control the inflammatory effects of COVID-19 (229), as we mentioned is also the case in other viral immunopathologies. We anticipate that the future will see more studies evaluating how manipulating one or more microRNAs will help control COVID-19 infection.

In conclusion we discussed examples where changing singular microRNAs was effective at changing the outcome of inflammatory viral infections. Examples of success are few and are largely confined to model systems. However, we are optimistic that the field is worthy of more investigation and also should consider evaluating multiple microRNA changing cocktails that target different aspects of viral pathogenesis and also perhaps combining microRNA manipulation with other approaches that succeed in rebalancing the nature of immune responses to infections.





Rebalancing reactions by targeting metabolic pathway differences in inflammatory lesion participants

During the course of any virus infection both the cells infected by the virus and the host cells that respond to the infection undergo metabolic reprogramming to support the infection and to influence its outcome, respectively. When a virus infects a cell, several metabolic changes usually occur before new virions are produced and modifying these changes provides an approach to reshape the impact of the infection (230). In the current review, we are focusing on viral infections where lesions are mainly the consequence of a host inflammatory response to the infection raising the question of if modulating one or more metabolic pathways represents a practical approach to limit the extent of lesion expression. The multiple cell types that respond to infection may show different metabolic signatures with respect to the various pathways that are mainly reprogrammed. This opens up the prospect of targeting the metabolic pathways used by cells that are more tissue-damaging with control measures that will suppress their activity, or block their induction (Figure 4). Oftentimes, the main tissue damage is mediated by activated subsets of T cells, such as Th1 and Th17 cells, or M1 macrophages, which mainly metabolize glucose via the glycolysis pathway, which rapidly supplies their energy needs (231). Other cell types in the inflammatory reaction, such as Treg that can limit the extent of tissue damage, may derive their energy mainly from alternative pathways such as fatty acid oxidation and oxidative phosphorylation (OXPHOS) (232). In consequence, using drugs that target glycolysis can blunt the participation of pro-inflammatory cells and preserve the regulators, thus limiting the extent of tissue damage. This strategy of manipulating metabolic pathways to rebalance inflammatory reactions has been explored mostly to control autoimmune lesions and some cancers, but the approach has been evaluated more recently with some chronic viral induced lesions, as reviewed by us recently (233).




Figure 4 | Metabolic targets and immunotherapeutic approaches can have an impact on immune responses. Targeting the glycolytic pathway with 2DG can influence the proinflammatory response of immune cells, including Th1, Th17, and M1 macrophages. PPARγ, which regulates fatty acid metabolism, can also modulate glucose uptake and glycolysis. The use of agonists or inhibitors can affect M2 macrophages and CD8 T cell responses. PPARγ also plays a role in Treg that utilize fatty acid oxidation (FAO). Inhibiting carnitine palmitoyltransferase 1 (CPT1) with etomoxir prevents the transport of long-chain fatty acids into the mitochondria, thereby impairing the suppressive capabilities of Treg cells. The AMPK activator metformin promotes FAO while inhibiting oxidative phosphorylation (OXPHOS) through the inhibition of complex chain I, which can restore immunosuppressive functions and reduce proinflammatory cell proliferation by indirectly inhibiting mTOR. Inhibitors of glutaminase, such as DON, or derivatives of itaconic acid like DMI and 4-O1, interfere with the tricarboxylic acid (TCA) cycle and can alleviate proinflammatory cell responses. The uptake of tryptophan, which directly affects the suppressive functions of Treg, can be reduced by an inhibitor called 1MT, which inhibits the IDO enzyme.



Basically, there are two major strategies that could be used to manipulate metabolic events to counteract tissue damage caused by a viral infection. One approach is to inhibit critical metabolic pathways in the cells directly involved in mediating tissue damage, so disarming their ability to cause the damage (234). The other approach is to use metabolic modulators either before or during the development of the inflammatory reactions with the objective of minimizing the induction of immune components that cause the tissue damage, but at the same time retaining the protective and regulatory aspects of the immune responses (235). Most experimental work on metabolic modification to control viral immunoinflammatory lesions have used the latter approach.

The objective to diminish the extent of ongoing viral reactive inflammatory reactions is usually achieved with a range of anti-inflammatory drugs such as steroids and other anti-inflammatory reagents, which do not target any particular metabolic pathway (236). It is often the case that in active immunoinflammatory lesions, the cells that orchestrate and participate in lesions are some subsets of T cells and M1 type macrophages that are activated and need to obtain an immediate source of energy, which is mainly supplied by metabolizing glucose via the glycolysis pathway (234). Accordingly, the use of drugs such as 2-deoxy-d-glucose (2DG), which cannot be further metabolized by downstream enzymes in the glycolytic pathway, could be merited. However, when 2DG has been used to inhibit viral immunoinflammatory lesions, it has usually been to control the development of inflammatory cell induction and mediator production rather than used as a treatment therapy (114).

There are potential approaches to achieve inflammation disarming therapy, one of which could be to target the AMPK mediated mTOR pathway that acts as a metabolic regulator during inflammatory cytokine induction, such as IFN-γ, TNF-α and some chemokines (237). The drug rapamycin could achieve this effect, as has been shown in the case of some autoimmune lesions and cancers (238). A prior study from our group showed that rapamycin administration markedly diminished the severity of herpetic ocular immunoinflammatory lesions, but did not evaluate if rapamycin therapy could diminish the severity of already established lesions (239). There are also reports that the drug metformin, which acts primarily to inhibit energy metabolism via the OXPHOS pathway in mitochondria and likely the activation of AMPK, can be useful to attenuate the severity of some autoimmune disease lesions (240). Moreover, unconfirmed reports claim that metformin can diminish the severity of inflammatory lesions caused by COVID-19 (241). In line with this, some patients after COVID-19 infection that suffer with the troublesome syndrome Long-COVID have benefitted by therapy with metformin (242).

Other approaches worth exploring to disarm inflammatory cells during viral immunoinflammatory lesions include using drugs such as GW9662 that modulates PPAR-γ, which is involved in regulating glucose and lipid metabolism as well as was mentioned previously some genes involved with inflammation (243). The metabolism relevant genes include FAB4, CD36, adiponectin (responsible for lipid uptake), FASN (lipid synthesis), GLUT4 and pyruvate dehydrogenase kinase 4, which are responsible for glucose metabolism and fatty acid oxidation. When PPAR-γ is activated, it promotes the uptake and storage of fatty acids and glucose in immune cells, such as macrophages, leading to a shift towards the M2 IL-10 producing anti-inflammatory phenotype (243). Conceivably, the upregulation of PPAR-γ, as can be achieved with agonist drug therapy, may result in diminished lesions. Such an effect was reported in the case of lung inflammatory lesions caused by the 2009 H1N1 pandemic FLU virus (244) indicating that the approach should be explored to disarm other viral inflammatory lesions.

The majority of observations supporting the notion that manipulating some aspect of metabolism can rebalance immune response patterns and alleviate the severity of viral immunopathology have observed the effects of changing the metabolic climate either before or early during the development of the viral tissue-damaging events. For example, there are many situations where the absence for genetic, dietary or therapeutic reasons of some metabolic activity may result in changing the outcome of a virus infection. A contemporary example came from the recent COVID-19 pandemic where it was well documented that those with diabetes and significant obesity suffered more severe immunoinflammatory lung lesions and often succumbed to the infection (245). Many patients were kept alive by using anti-inflammatory drugs and mAb against inflammatory cytokines. In addition, the frequent sequel to COVID-19 infection, Long-COVID, is suspected to be at least in part a metabolic problem, although its nature remains ill-defined and metabolic reprogramming is not currently used as a treatment modality (242).

Other metabolic changes that affect the expression of a viral infection include problems with tryptophan metabolism. Thus, if the essential amino acid tryptophan is depleted for some reason, one of its metabolites, kynurenine, accumulates and this has immunosuppressive effects on immune control (246). One means by which tryptophan can be depleted is that the enzyme indoleamine 2,3-dioxygenase (IDO), that is induced by some viral infections, catalyzes the breakdown of tryptophan into kynurenine, leading to tryptophan depletion, kynurenine accumulation and suppressed immunity (247). Therefore, inhibiting the activity of IDO, or replenishing tryptophan, may be a therapeutic strategy for controlling the initial phases of a viral infection as has been shown in experimental FLU virus infection (248). Curiously, animals unable to produce IDO, because of gene knockout or drug suppression, do exhibit less severe immunoinflammatory lesions in experimental FLU and RSV infections (248), but it is at yet unclear if manipulating tryptophan metabolism would succeed in suppressing already established viral inflammatory lesions.

Diet affects metabolism in several ways and diet can impact on the response pattern to an infectious disease. Thus, in our own studies we could show that supplementing the diet with short chain fatty acids such as propionate (155) and butyrate could diminish the severity of the ocular inflammatory response to HSV explained by a change in the ratio of pro-inflammatory and regulatory T cells to favor the latter in lesions. Similarly, the studies on FLU by Trompette et al. showed that feeding mice butyrate as a dietary supplement increased their resistance, seemingly because the balance of their immune reactivity was shifted to favor a superior protective CD8 T cell response (249). In other viral systems, the composition of the diet can also influence the pathogenesis of infection. One favored model has been to compare the outcome of viral infections in animals fed high fat or low fat diets. For example, in a study of mice infected with H1N1 FLU virus those fed a high-fat diet (HFD), which induced obesity, developed more severe inflammatory lung disease, higher levels of inflammatory cytokines, and higher mortality than those fed low-fat diets (250). Another group also showed that HFD led to increased levels of ROS and myeloperoxidase (an enzyme that indicates neutrophil activation) in lung homogenates compared to low-fat diet groups, an effect they correlated in part with a reduced NK cell response in HFD recipients (251). Other groups have linked the greater susceptibility of a HFD to an increased inflammatory neutrophil response, which can increase in number by as much as 20-fold (252). One of the consequences of feeding certain diets such as unsaturated fats and high calories is that the adipose tissue may become pro-inflammatory and produce cytokines such as GM-CSF, IFN-γ and granzyme B, which in turn disrupts the balance of T cell induction contributing to tissue-damaging lesions that occur during chronic inflammation (253).

There is a strong suspicion that HFD and obesity are risk factors in humans for both severe FLU and COVID-19 infection, with the underlying mechanism related to dysregulation of the immune response and a delay in tissue healing and recovery, but further mechanistic studies are warranted to establish how these effects are mediated. There are also suggestions that many dietary supplements, such as amino acids, vitamins, minerals, and omega-3 fatty acids, may be able to support effective immune functions and potentially reduce the severity of viral infections. However, clinical trials in this area are limited, and more research is needed to confirm the many claims that are made. There does appear to be a strong case that Vitamin A (VitA), which is necessary for immune cells such as T and B lymphocytes to function normally, is useful (254) and some advocate VitA supplements for measles infection to reduce its severity and the duration of measles-related symptoms. A similar consequence was advocated to apply to COVID-19 (255), but further evidence is still needed. Other studies have shown that diets supplemented with nutrients such as L-glutamine, vitamin C, omega-3 fatty acid derivatives or zinc may all improve the outcome in COVID-19 patients (256–259). It is not clear, however, if supplementing diets with glutamine is always a useful approach to control viral inflammation. Thus, two groups showed that suppressing glutamine with the inhibitor 6-Diazo-5-oxo-l-norleucine attenuated viral immunoinflammatory lesions caused by HSV and Sindbis virus infections (260, 261). These observations correlated with a marked reduction in the pro-inflammatory T cell response to the infections.

Some of the more convincing data showing that manipulating metabolic events is a valuable approach to rebalance the pattern of an inflammatory response to virus infection was done by using drugs that change metabolic events when given during the course of an infection. For example, Varanasi K. et al. showed that inhibition of glucose metabolism with 2DG administered in the early stage of HSV ocular infection markedly inhibited the immunoinflammatory lesions of stromal keratitis (114). The beneficial outcome correlated with a rebalance of cell type representation in lesions with pro-inflammatory T cells markedly reduced in numbers, but Treg were unaffected and hence became dominant in lesions. Accordingly, 2DG therapy was a valuable approach to control an immunoinflammatory viral lesion and acted by rebalancing the response pattern. However, using 2DG to control viral immunoinflammatory lesions can result in complications as observed initially by the Medzhitov and coworkers using a FLU virus model in mice (262). In this instance administering 2DG to FLU infected mice resulted in mortality. Our group also showed that controlling herpetic lesions with 2DG therapy was potentially hazardous (114). Thus, HSV is a neurotropic virus with severe, often lethal consequences if virus enters the CNS causing the syndrome herpes simplex encephalitis (HSE). We could show that therapy with 2DG started when replicating virus was still present often led to HSE and a lethal outcome (114). The result appeared to be the consequence of a failure of the inflammatory reaction in the peripheral nervous system to prevent viral dissemination to the brain (263). Other drugs that affect energy metabolism were subsequently studied. These included metformin, a drug that inhibits OXPHOS in the mitochondria and etomoxir which inhibits energy metabolism derived from fatty acid oxidation. Both drugs successfully inhibited the severity of ocular lesions (264). However, neither drug caused HSE, a result explained by minimal inhibitory effects on the protective inflammatory reactions that occur in the local peripheral nerve ganglion and which confines HSV to the ganglion in the form of a latent infection (264).

There is some interest in using the molecule Itaconic acid which affects energy metabolism by inhibiting the enzyme succinate dehydrogenase, which participates in the TCA cycle. In a study on the inflammatory reaction to FLU infection in mice, itaconate and its derivatives (dimethyl-itaconate and 4-octyl-itaconate) given daily from the onset of infection reduced lung lesions and protected from death effects perhaps mediated by suppressing by IFN-γ and other inflammatory cytokines (265).

So far there are minimal studies that describe the use of metabolic reprogramming to control inflammatory viral infections in human diseases, but the approach does merit further exploration. The future for using metabolic reprogramming to control viral immunopathogenesis may be to use mixtures of drugs that affect different metabolic pathways perhaps also administering different modulator cocktails at varying stages of infection and perhaps combined too with other rebalancing approaches that were discussed.





Conclusions

The modern world`s success with controlling viral infectious diseases has been spectacular whenever effective vaccines are available and impressive too when the virus infection can be managed successively with antiviral drugs, as occurs in the rich world with HIV and HCV. In this review, we have discussed how we might control those viral infections where the lesions are mainly the consequence of a host reactive response to the virus with the lesions often being chronic. We advocate that when such lesions do occur it is often the case that there are components of host responsiveness that are causing tissue damage, but at the same time other ongoing reactions that are anti-inflammatory and are in the process of alleviating the extent of lesions and are facilitating resolution. This should provide an opportunity to rebalance the involvement of the damaging and protective participants and minimize the impact of the infection. This raised the question of how we might achieve such an objective, particularly when faced with an ongoing chronic viral infection in the clinic. We identified and discussed six different categories of host responses that could be manipulated to achieve our objective and described examples where success has been reported. In almost instances of success, there was a caveat. Thus, most successful procedures were achieved using model animal infection systems that would be difficult, or perhaps impossible, to translate to clinical application. The second caveat was that experimental therapies more often than not perform the manipulations either before or very early after infection. However, in a practical clinical situation the problem requiring attention is usually an established lesion that needs to be counteracted. Nevertheless, progress is being made and a silver lining of the COVID-19 pandemic, where the severe pulmonary lesions represent an example of the problem we seek to solve, many otherwise experimental procedures were evaluated and shown as successful to contain inflammatory events and achieved what we would interpret to be immune rebalancing.

The first category of events discussed was the prospect of rebalancing host innate responses to infections, but few if any practical maneuvers were revealed. Thus innate influences mainly come into play during the initial stages of viral pathogenesis and rebalancing such responses during clinical lesions is highly problematic. Some succeed such as blunting the effects of inflammatory cytokines and others have been successful in model systems. Most notably the latter include destroying active macrophages with chlodronate containing liposomes, or using chemical reagents that change cells from the M1 to become M2 type macrophages These approaches, however, are not approved yet for the clinic. We suggest that other means to block cytokines and chemokines are needed one of which could be to construct mRNA vaccines to induce anti-cytokine responses, although turning off this therapy when no longer needed would be problematic.

The second and third categories of control measures discussed was to block the adaptive immune orchestrators of lesions, which are usually T cells or expand the activity of regulator mechanisms. These can be highly effective rebalancing strategies in model systems, but have yet to find much value in the clinic. Our optimism is highest for finding practical approaches that will enhance Treg responses, especially those that are antigen specific and functionally stable.

The fourth category was to describe ways to restore the function of formerly protective T cell responses that lose potency in a chronic inflammatory environment. This topic is referred to as immune checkpoint therapy and this therapy has been highly successful to inhibit some cancers. Immune exhaustion occurs in many chronic viral infections and one of the successful therapies was discovered using a chronic viral disease model (LCMV). One expects immune checkpoint therapy to find a place in the clinic to rebalance immune reactivity in a human chronic viral infection, but this has yet to happen. We are staying tuned!

The issue of achieving immune rebalance and lesion control by manipulating the expression of one or more miRNAs was the fifth topic discussed. Again an abundance of encouraging positive data has come from model animal studies, but as yet none applied to the clinic. We made the case that some aspects of viral pathogenesis may be more available for adjusting miRNAs than others with pathological angiogenesis topping our favor list. It might also be that different miRNAs need to be changed in expression during the course of viral pathogenesis and microRNA adjustment might be more effective using multiple reagents or combining miRNA manipulation with other rebalancing approaches we have mentioned.

Finally we advocated that manipulating metabolic pathways or changing metabolism by dietary changes could be a way of rebalancing immune reactivity. We described the accumulating success stories on this topic and remain highly enthusiastic about this objective. So far, however, experimentally infected mice are the main beneficiaries, but success for chronic infection control in mankind could be just around the corner.





Author contributions

SM: Conceptualization, Data curation, Formal Analysis, Validation, Writing – original draft, Writing – review & editing. EB: Data curation, Validation, Visualization, Writing – original draft, Writing – review & editing. SS: Data curation, Writing – original draft, Writing – review & editing, Validation. BR: Conceptualization, Formal Analysis, Funding acquisition, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing, Visualization.





Acknowledgments

All figures are originally created with BioRender.com. No active grants supported this review but grants R01 AI 14981 01-28 and R01 EY005093 01-36 from NIH were invaluable to provide the incentive and many data for the project.





Conflict of interest

The 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.





References

1. Breman, JG, and Henderson, DA. Diagnosis and management of smallpox. NEJM (2002) 346:1300–8. doi: 10.1056/NEJMra020025

2. Patel, M, and Orenstein, W. A world free of polio — The final steps. N Engl J Med (2016) 374:501–3. doi: 10.1056/NEJMp1514467

3. Rouse, BT, and Sehrawat, S. Immunity and immunopathology to viruses: what decides the outcome? Nat Rev Immunol (2010) 10:514–26. doi: 10.1038/nri2802

4. Dropulic, LK, and Lederman, HM. Overview of infections in the immunocompromised host. Microbiol Spectr (2016) 4:DMIH2–0026-2016. doi: 10.1128/microbiolspec.dmih2-0026-2016

5. Spector, SA, McKinley, GF, Lalezari, JP, Samo, T, Andruczk, R, Follansbee, S, et al. Oral ganciclovir for the prevention of cytomegalovirus disease in persons with AIDS. NEJM (1996) 334:1491–7. doi: 10.1056/nejm199606063342302

6. Biswas, PS, and Rouse, BT. Early events in HSV keratitis—setting the stage for a blinding disease. Microbes Infect (2005) 7:799–810. doi: 10.1016/j.micinf.2005.03.003

7. Rouse, BT. Virus-induced immunopathology. Adv Virus Res (1996) 47:353–76. doi: 10.1016/s0065-3527(08)60739-3

8. Matzinger, P. Tolerance, danger, and the extended family. Annu Rev Immunol (1994) 12:991–1045. doi: 10.1146/annurev.iy.12.040194.005015

9. Medzhitov, R, Preston-Hurlburt, P, and Janeway, CA. A human homologue of the Drosophila Toll protein signals activation of adaptive immunity. Nature (1997) 388:394–7. doi: 10.1038/41131

10. Kawai, T, and Akira, S. The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat Immunol (2010) 11:373–84. doi: 10.1038/ni.1863

11. Villar, J, and Segura, E. Decoding the heterogeneity of human dendritic cell subsets. Trends Immunol (2020) 41:1062–71. doi: 10.1016/j.it.2020.10.002

12. Nace, G, Evankovich, J, Eid, R, and Tsung, A. Dendritic cells and damage-associated molecular patterns: Endogenous danger signals linking innate and adaptive immunity. J Innate Immun (2011) 4:6–15. doi: 10.1159/000334245

13. Akira, S, Takeda, K, and Kaisho, T. Toll-like receptors: critical proteins linking innate and acquired immunity. Nat Immunol (2001) 2:675–80. doi: 10.1038/90609

14. Iwasaki, A, and Medzhitov, R. Control of adaptive immunity by the innate immune system. Nat Immunol (2015) 16:343–53. doi: 10.1038/ni.3123

15. McNab, F, Mayer-Barber, K, Sher, A, Wack, A, and O'Garra, A. Type I interferons in infectious disease. Nat Rev Immunol (2015) 15:87–103. doi: 10.1038/nri3787

16. Banchereau, J, and Steinman, RM. Dendritic cells and the control of immunity. Nature (1998) 392:245–52. doi: 10.1038/32588

17. Pulendran, B, and Ahmed, R. Immunological mechanisms of vaccination. Nat Immunol (2011) 12:509–17. doi: 10.1038/ni.2039

18. Kasturi, SP, Skountzou, I, Albrecht, RA, Koutsonanos, D, Hua, T, Nakaya, HI, et al. Programming the magnitude and persistence of antibody responses with innate immunity. Nature (2011) 470:543–7. doi: 10.1038/nature09737

19. Kato, H, Takeuchi, O, Sato, S, Yoneyama, M, Yamamoto, M, Matsui, K, et al. Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature (2006) 441:101–5. doi: 10.1038/nature04734

20. Yoneyama, M, Kikuchi, M, Natsukawa, T, Shinobu, N, Imaizumi, T, Miyagishi, M, et al. The RNA helicase RIG-I has an essential function in double-stranded RNA-induced innate antiviral responses. Nat Immunol (2004) 5:730–7. doi: 10.1038/ni1087

21. Dunkelberger, JR, and Song, W-C. Complement and its role in innate and adaptive immune responses. Cell Res (2010) 20:34–50. doi: 10.1038/cr.2009.139

22. Sun, L, Wu, J, Du, F, Chen, X, and Chen, ZJ. Cyclic GMP-AMP synthase is a cytosolic DNA sensor that activates the type i interferon pathway. Science (2013) 339:786–91. doi: 10.1126/science.1232458

23. Lee, SMY, Kok, K-H, Jaume, M, Cheung, TKW, Yip, T-F, Lai, JCC, et al. Toll-like receptor 10 is involved in induction of innate immune responses to influenza virus infection. PNAS (2014) 111:3793–8. doi: 10.1073/pnas.1324266111

24. Henrick, BM, Yao, X-D, Zahoor, MA, Abimiku, Al, Osawe, S, and Rosenthal, KL. TLR10 senses HIV-1 proteins and significantly enhances HIV-1 infection. Front Immunol (2019) 10:482. doi: 10.3389/fimmu.2019.00482

25. Hochrein, H, Schlatter, B, O'Keeffe, M, Wagner, C, Schmitz, F, Schiemann, M, et al. Herpes simplex virus type-1 induces IFN-α production via Toll-like receptor 9-dependent and -independent pathways. PNAS (2004) 101:11416–21. doi: 10.1073/pnas.0403555101

26. Krug, A, French, AR, Barchet, W, Fischer, JAA, Dzionek, A, Pingel, JT, et al. TLR9-Dependent Recognition of MCMV by IPC and DC generates coordinated cytokine responses that activate antiviral NK cell function. Immunity (2004) 21:107–19. doi: 10.1016/j.immuni.2004.06.007

27. Lund, J, Sato, A, Akira, S, Medzhitov, R, and Iwasaki, A. Toll-like receptor 9–mediated recognition of herpes simplex virus-2 by plasmacytoid dendritic cells. JEM (2003) 198:513–20. doi: 10.1084/jem.20030162

28. Skalsky, RL, and Cullen, BR. Viruses, microRNAs, and host interactions. Annu Rev Microbiol (2010) 64:123–41. doi: 10.1146/annurev.micro.112408.134243

29. Orzalli, MH, and Knipe, DM. cellular sensing of viral DNA and viral evasion mechanisms. Annu Rev Microbiol (2014) 68:477–92. doi: 10.1146/annurev-micro-091313-103409

30. Funchal, GA, Jaeger, N, Czepielewski, RS, MaChado, MS, Muraro, SP, Stein, RT, et al. Respiratory syncytial virus fusion protein promotes TLR-4–dependent neutrophil extracellular trap formation by human neutrophils. PloS One (2015) 10:e0124082. doi: 10.1371/journal.pone.0124082

31. Bieback, K, Lien, E, Klagge, IM, Avota, E, Schneider-Schaulies, J, Duprex, WP, et al. Hemagglutinin protein of wild-type measles virus activates Toll-like receptor 2 signaling. J Virol (2002) 76:8729–36. doi: 10.1128/JVI.76.17.8729-8736.2002

32. Hoffmann, M, Zeisel, MB, Jilg, N, Paranhos-Baccalà, G, Stoll-Keller, F, Wakita, T, et al. Toll-like receptor 2 senses hepatitis c virus core protein but not infectious viral particles. J Innate Immun (2009) 1:446–54. doi: 10.1159/000226136

33. Leoni, V, Gianni, T, Salvioli, S, and Campadelli-Fiume, G. Herpes simplex virus glycoproteins gh/gl and gb bind Toll-like receptor 2, and soluble gh/gl is sufficient to activate NF-κb. J Virol (2012) 86:6555–62. doi: 10.1128/JVI.00295-12

34. Aguirre, S, Luthra, P, Sanchez-Aparicio, MT, Maestre, AM, Patel, J, Lamothe, F, et al. Dengue virus NS2B protein targets cGAS for degradation and prevents mitochondrial DNA sensing during infection. Nat Microbiol (2017) 2:17037. doi: 10.1038/nmicrobiol.2017.37

35. Gao, D, Wu, J, Wu, Y-T, Du, F, Aroh, C, Yan, N, et al. Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses. Science (2013) 341:903–6. doi: 10.1126/science.1240933

36. Lam, E, Stein, S, and Falck-Pedersen, E. Adenovirus detection by the cGAS/STING/TBK1 DNA sensing cascade. J Virol (2014) 88:974–81. doi: 10.1128/jvi.02702-13

37. Reinert, LS, Lopušná, K, Winther, H, Sun, C, Thomsen, MK, Nandakumar, R, et al. Sensing of HSV-1 by the cGAS–STING pathway in microglia orchestrates antiviral defence in the CNS. Nat Commun (2016) 7:13348. doi: 10.1038/ncomms13348

38. Nasirudeen, AMA, Wong, HH, Thien, P, Xu, S, Lam, K-P, and Liu, DX. RIG-I, MDA5 and TLR3 synergistically play an important role in restriction of dengue virus infection. PloS Negl Trop Dis (2011) 5:e926. doi: 10.1371/journal.pntd.0000926

39. Habjan, M, Andersson, I, Klingström, J, Schümann, M, Martin, A, Zimmermann, P, et al. Processing of genome 5′ termini as a strategy of negative-strand RNA viruses to avoid RIG-I-dependent interferon induction. PloS One (2008) 3:e2032. doi: 10.1371/journal.pone.0002032

40. Fredericksen, BL, Keller, BC, Fornek, J, Katze, MG, and Gale, M. Establishment and maintenance of the innate antiviral response to west nile virus involves both RIG-I and MDA5 signaling through IPS-1. J Virol (2008) 82:609–16. doi: 10.1128/jvi.01305-07

41. Ikegame, S, Takeda, M, Ohno, S, Nakatsu, Y, Nakanishi, Y, and Yanagi, Y. Both RIG-I and MDA5 RNA helicases contribute to the induction of alpha/beta interferon in measles virus-infected human cells. J Virol (2010) 84:372–9. doi: 10.1128/jvi.01690-09

42. Sen, A, Pruijssers, AJ, Dermody, TS, García-Sastre, A, and Greenberg, HB. The early interferon response to rotavirus is regulated by PKR and depends on MAVS/IPS-1, RIG-I, MDA-5, and IRF3. J Virol (2011) 85:3717–32. doi: 10.1128/jvi.02634-10

43. Ichinohe, T, Pang, IK, and Iwasaki, A. Influenza virus activates inflammasomes via its intracellular M2 ion channel. Nat Immunol (2010) 11:404–10. doi: 10.1038/ni.1861

44. Allen Irving, C, Moore Chris, B, Schneider, M, Lei, Y, Davis Beckley, K, Scull Margaret, A, et al. NLRX1 protein attenuates inflammatory responses to infection by interfering with the RIG-I-MAVS and TRAF6-NF-κB signaling pathways. Immunity (2011) 34:854–65. doi: 10.1016/j.immuni.2011.03.026

45. Rathinam, VAK, Jiang, Z, Waggoner, SN, Sharma, S, Cole, LE, Waggoner, L, et al. The AIM2 inflammasome is essential for host defense against cytosolic bacteria and DNA viruses. Nat Immunol (2010) 11:395–402. doi: 10.1038/ni.1864

46. Sabbah, A, Chang, TH, Harnack, R, Frohlich, V, Tominaga, K, Dube, PH, et al. Activation of innate immune antiviral responses by Nod2. Nat Immunol (2009) 10:1073–80. doi: 10.1038/ni.1782

47. Kurt-Jones, EA, Orzalli, MH, and Knipe, DM. Innate immune mechanisms and herpes simplex virus infection and disease. Adv Anat Embryol Cell Biol (2017) 223:49–75. doi: 10.1007/978-3-319-53168-7_3

48. Sato, A, Linehan, MM, and Iwasaki, A. Dual recognition of herpes simplex viruses by TLR2 and TLR9 in dendritic cells. PNAS (2006) 103:17343–8. doi: 10.1073/pnas.0605102103

49. Liu, H, Chen, K, Feng, W, Wu, X, and Li, H. TLR4-MyD88/Mal-NF-kB axis is involved in infection of HSV-2 in human cervical epithelial cells. PloS One (2013) 8:e80327. doi: 10.1371/journal.pone.0080327

50. Alexopoulou, L, Holt, AC, Medzhitov, R, and Flavell, RA. Recognition of double-stranded RNA and activation of NF-κB by Toll-like receptor 3. Nature (2001) 413:732–8. doi: 10.1038/35099560

51. Heil, F, Hemmi, H, Hochrein, H, Ampenberger, F, Kirschning, C, Akira, S, et al. Species-specific recognition of single-stranded RNA via Toll-like receptor 7 and 8. Science (2004) 303:1526–9. doi: 10.1126/science.1093620

52. Hemmi, H, Takeuchi, O, Kawai, T, Kaisho, T, Sato, S, Sanjo, H, et al. A Toll-like receptor recognizes bacterial DNA. Nature (2000) 408:740–5. doi: 10.1038/35047123

53. Fajgenbaum, DC, and June, CH. Cytokine storm. NEJM (2020) 383:2255–73. doi: 10.1056/NEJMra2026131

54. van Rooijen, N, Sanders, A, and van den Berg, TK. Apoptosis of macrophages induced by liposome-mediated intracellular delivery of clodronate and propamidine. J Immunol Methods (1996) 193:93–9. doi: 10.1016/0022-1759(96)00056-7

55. Lehenkari, PP, Kellinsalmi, M, Näpänkangas, JP, Ylitalo, KV, Mönkkönen, J, Rogers, MJ, et al. Further insight into mechanism of action of clodronate: Inhibition of mitochondrial ADP/ATP translocase by a nonhydrolyzable, adenine-containing metabolite. Mol Pharmacol (2002) 61:1255–62. doi: 10.1124/mol.61.5.1255

56. Rigaux, P, Killoran, KE, Qiu, Z, and Rosenberg, HF. Depletion of alveolar macrophages prolongs survival in response to acute pneumovirus infection. Virology (2012) 422:338–45. doi: 10.1016/j.virol.2011.10.031

57. Waltl, I, Käufer, C, Gerhauser, I, Chhatbar, C, Ghita, L, Kalinke, U, et al. Microglia have a protective role in viral encephalitis-induced seizure development and hippocampal damage. Brain Behav Immun (2018) 74:186–204. doi: 10.1016/j.bbi.2018.09.006

58. Lidbury, BA, Rulli, NE, Suhrbier, A, Smith, PN, McColl, SR, Cunningham, AL, et al. Macrophage-derived proinflammatory factors contribute to the development of arthritis and myositis after infection with an arthrogenic alphavirus. J Infect Dis (2008) 197:1585–93. doi: 10.1086/587841

59. Santos, LD, Antunes, KH, Muraro, SP, GFd, S, Silva, A, Felipe, J, et al. TNF-mediated alveolar macrophage necroptosis drives disease pathogenesis during respiratory syncytial virus infection. Eur Respir J (2021) 57:2003764. doi: 10.1183/13993003.03764-2020

60. Mills, CD, Kincaid, K, Alt, JM, Heilman, MJ, and Hill, AM. M-1/M-2 macrophages and the th1/th2 paradigm1. J Immunol (2000) 164:6166–73. doi: 10.4049/jimmunol.164.12.6166

61. Duan, Z, and Luo, Y. Targeting macrophages in cancer immunotherapy. Signal Transduct (2021) 6:127. doi: 10.1038/s41392-021-00506-6

62. Jaggi, U, Matundan, HH, Yu, J, Hirose, S, Mueller, M, Wormley, FL Jr., et al. Essential role of M1 macrophages in blocking cytokine storm and pathology associated with murine HSV-1 infection. PloS Pathog (2021) 17:e1009999. doi: 10.1371/journal.ppat.1009999

63. Jhan, M-K, HuangFu, W-C, Chen, Y-F, Kao, J-C, Tsai, T-T, Ho, M-R, et al. Anti-TNF-α restricts dengue virus-induced neuropathy. J Leukoc Biol (2018) 104:961–8. doi: 10.1002/jlb.Ma1217-484r

64. Toobian, D, Ghosh, P, and Katkar, GD. Parsing the role of PPARs In macrophage processes. Front Immunol (2021) 12:783780. doi: 10.3389/fimmu.2021.783780

65. Gong, M, Zhuo, X, and Ma, A. STAT6 upregulation promotes M2 macrophage polarization to suppress atherosclerosis. Med Sci Monit (2017) 23:240. doi: 10.12659/MSMBR.904014

66. Gopalakrishnan, A, Joseph, J, Shirey, KA, Keegan, AD, Boukhvalova, MS, Vogel, SN, et al. Protection against influenza-induced Acute Lung Injury (ALI) by enhanced induction of M2a macrophages: possible role of PPARγ/RXR ligands in IL-4-induced M2a macrophage differentiation. Front Immunol (2022) 13:968336. doi: 10.3389/fimmu.2022.968336

67. Cloutier, A, Marois, I, Cloutier, D, Verreault, C, Cantin, AM, and Richter, MV. The prostanoid 15-deoxy-Δ12,14-prostaglandin-J2 reduces lung inflammation and protects mice against lethal influenza infection. J Infect Dis (2012) 205:621–30. doi: 10.1093/infdis/jir804

68. Geng, P, Zhu, H, Zhou, W, Su, C, Chen, M, Huang, C, et al. Baicalin inhibits influenza a virus infection via promotion of M1 macrophage polarization. Front Pharmacol (2020) 11:1298. doi: 10.3389/fphar.2020.01298

69. Wan, S-W, Wu-Hsieh, BA, Lin, Y-S, Chen, W-Y, Huang, Y, and Anderson, R. The monocyte-macrophage-mast cell axis in dengue pathogenesis. J BioMed Sci (2018) 25:77. doi: 10.1186/s12929-018-0482-9

70. Ryabkova, VA, Churilov, LP, and Shoenfeld, Y. Influenza infection, SARS, MERS and COVID-19: Cytokine storm – The common denominator and the lessons to be learned. Clin Immunol (2021) 223:108652. doi: 10.1016/j.clim.2020.108652

71. Arunachalam, PS, Wimmers, F, Mok, CKP, Perera, RAPM, Scott, M, Hagan, T, et al. Systems biological assessment of immunity to mild versus severe COVID-19 infection in humans. Science (2020) 369:1210–20. doi: 10.1126/science.abc6261

72. Somers, EC, Eschenauer, GA, Troost, JP, Golob, JL, Gandhi, TN, Wang, L, et al. Tocilizumab for treatment of mechanically ventilated patients with COVID-19. Clin Infect Dis (2020) 73:e445–54. doi: 10.1093/cid/ciaa954

73. Huet, T, Beaussier, H, Voisin, O, Jouveshomme, S, Dauriat, G, Lazareth, I, et al. Anakinra for severe forms of COVID-19: a cohort study. Lancet Rheumatol (2020) 2:e393–400. doi: 10.1016/S2665-9913(20)30164-8

74. Atrasheuskaya, A, Petzelbauer, P, Fredeking, TM, and Ignatyev, G. Anti-TNF antibody treatment reduces mortality in experimental dengue virus infection. FEMS Microbiol Immunol (2003) 35:33–42. doi: 10.1111/j.1574-695X.2003.tb00646.x

75. Kim, KS, Jung, H, Shin, IK, Choi, B-R, and Kim, DH. Induction of interleukin-1 beta (IL-1β) is a critical component of lung inflammation during influenza A (H1N1) virus infection. J Med Virol (2015) 87:1104–12. doi: 10.1002/jmv.24138

76. Shi, X, Zhou, W, Huang, H, Zhu, H, Zhou, P, Zhu, H, et al. Inhibition of the inflammatory cytokine tumor necrosis factor-alpha with etanercept provides protection against lethal H1N1 influenza infection in mice. Crit Care (2013) 17:R301. doi: 10.1186/cc13171

77. Ferrero, MR, Garcia, CC, Dutra de Almeida, M, Torres Braz da Silva, J, Bianchi Reis Insuela, D, Teixeira Ferreira, TP, et al. CCR5 antagonist maraviroc inhibits acute exacerbation of lung inflammation triggered by influenza virus in cigarette smoke-exposed mice. Pharmaceuticals (2021) 14:620. doi: 10.3390/ph14070620

78. Patterson, BK, Seethamraju, H, Dhody, K, Corley, MJ, Kazempour, K, Lalezari, J, et al. CCR5 inhibition in critical COVID-19 patients decreases inflammatory cytokines, increases CD8 T-cells, and decreases SARS-CoV2 RNA in plasma by day 14. Int J Infect Dis (2021) 103:25–32. doi: 10.1016/j.ijid.2020.10.101

79. Elneil, S, Lalezari, JP, and Pourhassan, NZ. Case study of a critically ill person with COVID-19 on ECMO successfully treated with leronlimab. J Transl Autoimmun (2021) 4:100097. doi: 10.1016/j.jtauto.2021.100097

80. Cameron, CM, Cameron, MJ, Bermejo-Martin, JF, Ran, L, Xu, L, Turner, PV, et al. Gene expression analysis of host innate immune responses during lethal H5N1 infection in ferrets. J Virol (2008) 82:11308–17. doi: 10.1128/JVI.00691-08

81. Lin, KL, Sweeney, S, Kang, BD, Ramsburg, E, and Gunn, MD. CCR2-Antagonist prophylaxis reduces pulmonary immune pathology and markedly improves survival during influenza infection. J Immunol (2011) 186:508–15. doi: 10.4049/jimmunol.1001002

82. Guo, Y, Xie, Y-Q, Gao, M, Zhao, Y, Franco, F, Wenes, M, et al. Metabolic reprogramming of terminally exhausted CD8+ T cells by IL-10 enhances anti-tumor immunity. Nat Immunol (2021) 22:746–56. doi: 10.1038/s41590-021-00940-2

83. Edwards, L, Ferenczy, A, Eron, L, Baker, D, Owens, ML, Fox, TL, et al. self-administered topical 5% imiquimod cream for external anogenital warts. Arch Dermatol (1998) 134:25–30. doi: 10.1001/archderm.134.1.25

84. Shirey, KA, Lai, W, Scott, AJ, Lipsky, M, Mistry, P, Pletneva, LM, et al. The TLR4 antagonist Eritoran protects mice from lethal influenza infection. Nature (2013) 497:498–502. doi: 10.1038/nature12118

85. Junqueira, C, Crespo, Â, Ranjbar, S, de Lacerda, LB, Lewandrowski, M, Ingber, J, et al. FcγR-mediated SARS-CoV-2 infection of monocytes activates inflammation. Nature (2022) 606:576–84. doi: 10.1038/s41586-022-04702-4

86. Sefik, E, Qu, R, Junqueira, C, Kaffe, E, Mirza, H, Zhao, J, et al. Inflammasome activation in infected macrophages drives COVID-19 pathology. Nature (2022) 606:585–93. doi: 10.1038/s41586-022-04802-1

87. Zhang, B, Chassaing, B, Shi, Z, Uchiyama, R, Zhang, Z, Denning, TL, et al. Prevention and cure of rotavirus infection via TLR5/NLRC4–mediated production of IL-22 and IL-18. Science (2014) 346:861–5. doi: 10.1126/science.1256999

88. Oldstone, MBA. Immunopathology of persistent viral infections. Hosp Pract (1982) 17:61–72. doi: 10.1080/21548331.1982.11702435

89. Asano, MS, and Ahmed, R. Immune conflicts in lymphocytic choriomeningitis virus. Springer Semin Immunopathol (1995) 17:247–59. doi: 10.1007/BF00196168

90. Zinkernagel, RM, and Doherty, PC. The discovery of MHC restriction. Immunol Today (1997) 18:14–7. doi: 10.1016/S0167-5699(97)80008-4

91. Rajasagi, NK, and Rouse, BT. Application of our understanding of pathogenesis of herpetic stromal keratitis for novel therapy. Microbes Infect (2018) 20:526–30. doi: 10.1016/j.micinf.2017.12.014

92. Hou, W, Kang, HS, and Kim, BS. Th17 cells enhance viral persistence and inhibit T cell cytotoxicity in a model of chronic virus infection. JEM (2009) 206:313–28. doi: 10.1084/jem.20082030

93. Yuan, J, Yu, M, Lin, Q-W, Cao, A-L, Yu, X, Dong, J-H, et al. Th17 cells contribute to viral replication in coxsackievirus B3-induced acute viral myocarditis. J Immunol (2010) 185:4004–10. doi: 10.4049/jimmunol.1001718

94. Acharya, D, Wang, P, Paul, AM, Dai, J, Gate, D, Lowery, JE, et al. Interleukin-17A promotes CD8+ T cell cytotoxicity to facilitate west nile virus clearance. J Virol (2017) 91:e01529–16. doi: 10.1128/jvi.01529-16

95. Neupane, B, Acharya, D, Nazneen, F, Gonzalez-Fernandez, G, Flynt, AS, and Bai, F. Interleukin-17A facilitates chikungunya virus infection by inhibiting IFN-α2 expression. Front Immunol (2020) 11:588382. doi: 10.3389/fimmu.2020.588382

96. Mukherjee, S, Lindell, DM, Berlin, AA, Morris, SB, Shanley, TP, Hershenson, MB, et al. IL-17–induced pulmonary pathogenesis during respiratory viral infection and exacerbation of allergic disease. Am J Pathol (2011) 179:248–58. doi: 10.1016/j.ajpath.2011.03.003

97. Suryawanshi, A, Veiga-Parga, T, Rajasagi, NK, Reddy, PBJ, Sehrawat, S, Sharma, S, et al. Role of IL-17 and Th17 cells in herpes simplex virus-induced corneal immunopathology. J Immunol (2011) 187:1919–30. doi: 10.4049/jimmunol.1100736

98. McGinley, AM, Sutton, CE, Edwards, SC, Leane, CM, DeCourcey, J, Teijeiro, A, et al. Interleukin-17A serves a priming role in autoimmunity by recruiting IL-1β-producing myeloid cells that promote pathogenic T cells. Immunity (2020) 52:342–356.e6. doi: 10.1016/j.immuni.2020.01.002

99. Ogura, H, Murakami, M, Okuyama, Y, Tsuruoka, M, Kitabayashi, C, Kanamoto, M, et al. Interleukin-17 promotes autoimmunity by triggering a positive-feedback loop via interleukin-6 induction. Immunity (2008) 29:628–36. doi: 10.1016/j.immuni.2008.07.018

100. Ivanov, II, Frutos, R, Manel, N, Yoshinaga, K, Rifkin, DB, Sartor, RB, et al. Specific microbiota direct the differentiation of IL-17-producing T-helper cells in the mucosa of the small intestine. Cell Host Microbe (2008) 4:337–49. doi: 10.1016/j.chom.2008.09.009

101. Maslennikov, R, Ivashkin, V, Vasilieva, E, Chipurik, M, Semikova, P, Semenets, V, et al. Interleukin 17 antagonist netakimab is effective and safe in the new coronavirus infection (COVID-19). Eur Cytokine Netw (2021) 32:8–14. doi: 10.1684/ecn.2021.0463

102. Hasan, MJ, Rabbani, R, Anam, AM, and Huq, SMR. Secukinumab in severe COVID-19 pneumonia: Does it have a clinical impact? J Infect (2021) 83:e11–3. doi: 10.1016/j.jinf.2021.05.011

103. Veiga-Parga, T, Suryawanshi, A, and Rouse, BT. Controlling viral immuno-inflammatory lesions by modulating aryl hydrocarbon receptor signaling. PloS Pathog (2011) 7:e1002427. doi: 10.1371/journal.ppat.1002427

104. Huh, JR, Leung, MWL, Huang, P, Ryan, DA, Krout, MR, Malapaka, RRV, et al. Digoxin and its derivatives suppress TH17 cell differentiation by antagonizing RORγt activity. Nature (2011) 472:486–90. doi: 10.1038/nature09978

105. Solt, LA, Kumar, N, Nuhant, P, Wang, Y, Lauer, JL, Liu, J, et al. Suppression of TH17 differentiation and autoimmunity by a synthetic ROR ligand. Nature (2011) 472:491–4. doi: 10.1038/nature10075

106. Tan, J, Liu, H, Huang, M, Li, N, Tang, S, Meng, J, et al. Small molecules targeting RORγt inhibit autoimmune disease by suppressing Th17 cell differentiation. Cell Death Dis (2020) 11:697. doi: 10.1038/s41419-020-02891-2

107. Razeghian, E, Nasution, MKM, Rahman, HS, Gardanova, ZR, Abdelbasset, WK, Aravindhan, S, et al. A deep insight into CRISPR/Cas9 application in CAR-T cell-based tumor immunotherapies. Stem Cell Res Ther (2021)0) 12:428. doi: 10.1186/s13287-021-02510-7

108. Li, C, Mei, H, and Hu, Y. Applications and explorations of CRISPR/Cas9 in CAR T-cell therapy. Brief Funct Genom (2020) 19:175–82. doi: 10.1093/bfgp/elz042

109. Bhela, S, Mulik, S, Gimenez, F, Reddy, PBJ, Richardson, RL, Varanasi, SK, et al. Role of miR-155 in the pathogenesis of herpetic stromal keratitis. Am J Pathol (2015) 185:1073–84. doi: 10.1016/j.ajpath.2014.12.021

110. Murugaiyan, G, Beynon, V, Mittal, A, Joller, N, and Weiner, HL. Silencing microRNA-155 ameliorates experimental autoimmune encephalomyelitis. J Immunol (2011) 187:2213–21. doi: 10.4049/jimmunol.1003952

111. Du, C, Liu, C, Kang, J, Zhao, G, Ye, Z, Huang, S, et al. MicroRNA miR-326 regulates TH-17 differentiation and is associated with the pathogenesis of multiple sclerosis. Nat Immunol (2009) 10:1252–9. doi: 10.1038/ni.1798

112. Raveney, BJE, Oki, S, and Yamamura, T. Nuclear receptor NR4A2 orchestrates Th17 cell-mediated autoimmune inflammation via IL-21 signalling. PloS One (2013) 8:e56595. doi: 10.1371/journal.pone.0056595

113. Fujiwara, M, Raheja, R, Garo, LP, Ajay, AK, Kadowaki-Saga, R, Karandikar, SH, et al. microRNA-92a promotes CNS autoimmunity by modulating the regulatory and inflammatory T cell balance. JCI (2022) 132:e155693. doi: 10.1172/JCI155693

114. Varanasi, SK, Donohoe, D, Jaggi, U, and Rouse, BT. Manipulating glucose metabolism during different stages of viral pathogenesis can have either detrimental or beneficial effects. J Immunol (2017) 199:1748–61. doi: 10.4049/jimmunol.1700472

115. Hu, X, Zou, Y, Copland, DA, Schewitz-Bowers, LP, Li, Y, Lait, PJP, et al. Epigenetic drug screen identified IOX1 as an inhibitor of Th17-mediated inflammation through targeting TET2. eBioMedicine (2022) 86:104333. doi: 10.1016/j.ebiom.2022.104333

116. Aso, K, Kono, M, Kanda, M, Kudo, Y, Sakiyama, K, Hisada, R, et al. Itaconate ameliorates autoimmunity by modulating T cell imbalance via metabolic and epigenetic reprogramming. Nat Commun (2023) 14:984. doi: 10.1038/s41467-023-36594-x

117. Camelo, S, Iglesias, AH, Hwang, D, Due, B, Ryu, H, Smith, K, et al. Transcriptional therapy with the histone deacetylase inhibitor trichostatin A ameliorates experimental autoimmune encephalomyelitis. J Neuroimmunol (2005) 164:10–21. doi: 10.1016/j.jneuroim.2005.02.022

118. Im, SJ, Hashimoto, M, Gerner, MY, Lee, J, Kissick, HT, Burger, MC, et al. Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature (2016) 537:417–21. doi: 10.1038/nature19330

119. Jin, H-T, Anderson, AC, Tan, WG, West, EE, Ha, S-J, Araki, K, et al. Cooperation of Tim-3 and PD-1 in CD8 T-cell exhaustion during chronic viral infection. PNAS (2010) 107:14733–8. doi: 10.1073/pnas.1009731107

120. Hashimoto, M, Araki, K, Cardenas, MA, Li, P, Jadhav, RR, Kissick, HT, et al. PD-1 combination therapy with IL-2 modifies CD8+ T cell exhaustion program. Nature (2022) 610:173–81. doi: 10.1038/s41586-022-05257-0

121. Codarri Deak, L, Nicolini, V, Hashimoto, M, Karagianni, M, Schwalie, PC, Lauener, L, et al. PD-1-cis IL-2R agonism yields better effectors from stem-like CD8+ T cells. Nature (2022) 610:161–72. doi: 10.1038/s41586-022-05192-0

122. Vezys, V, Penaloza-MacMaster, P, Barber, DL, Ha, S-J, Konieczny, B, Freeman, GJ, et al. 4-1BB signaling synergizes with programmed death ligand 1 blockade to augment CD8 T cell responses during chronic viral infection. J Immunol (2011) 187:1634–42. doi: 10.4049/jimmunol.1100077

123. Varanasi, SK, Reddy, PBJ, Bhela, S, Jaggi, U, Gimenez, F, and Rouse, BT. Azacytidine treatment inhibits the progression of herpes stromal keratitis by enhancing regulatory T cell function. J Virol (2017) 91:e02367–16. doi: 10.1128/jvi.02367-16

124. Kujur, W, Gurram, RK, Maurya, SK, Nadeem, S, Chodisetti, SB, Khan, N, et al. Caerulomycin A suppresses the differentiation of naïve T cells and alleviates the symptoms of experimental autoimmune encephalomyelitis. Autoimmunity (2017) 50:317–28. doi: 10.1080/08916934.2017.1332185

125. Chiang, EY, Kolumam, GA, Yu, X, Francesco, M, Ivelja, S, Peng, I, et al. Targeted depletion of lymphotoxin-α–expressing TH1 and TH17 cells inhibits autoimmune disease. Nat Med (2009) 15:766–73. doi: 10.1038/nm.1984

126. Veiga-Parga, T, Giménez, F, Mulik, S, Chiang, EY, Grogan, JL, and Rouse, BT. Controlling herpetic stromal keratitis by modulating lymphotoxin-alpha-mediated inflammatory pathways. Microbes Infect (2013) 15:677–87. doi: 10.1016/j.micinf.2013.07.001

127. Wieland, A, Shashidharamurthy, R, Kamphorst, AO, Han, J-H, Aubert, RD, Choudhury, BP, et al. Antibody effector functions mediated by Fcγ-receptors are compromised during persistent viral infection. Immunity (2015) 42:367–78. doi: 10.1016/j.immuni.2015.01.009

128. Yamada, DH, Elsaesser, H, Lux, A, Timmerman, JM, Morrison, SL, de la Torre, JC, et al. Suppression of Fcγ-receptor-mediated antibody effector function during persistent viral infection. Immunity (2015) 42:379–90. doi: 10.1016/j.immuni.2015.01.005

129. Shin, H, and Iwasaki, A. A vaccine strategy that protects against genital herpes by establishing local memory T cells. Nature (2012) 491:463–7. doi: 10.1038/nature11522

130. Gopinath, S, Lu, P, and Iwasaki, A. Cutting edge: The use of topical aminoglycosides as an effective pull in “prime and pull” vaccine strategy. J Immunol (2020) 204:1703–7. doi: 10.4049/jimmunol.1900462

131. Bernstein, DI, Cardin, RD, Bravo, FJ, Awasthi, S, Lu, P, Pullum, DA, et al. Successful application of prime and pull strategy for a therapeutic HSV vaccine. NPJ Vaccines (2019) 4:33. doi: 10.1038/s41541-019-0129-1

132. Brown, EM, Kenny, DJ, and Xavier, RJ. Gut microbiota regulation of T cells during inflammation and autoimmunity. Annu Rev Immunol (2019) 37:599–624. doi: 10.1146/annurev-immunol-042718-041841

133. Atarashi, K, Tanoue, T, Shima, T, Imaoka, A, Kuwahara, T, Momose, Y, et al. Induction of colonic regulatory T cells by indigenous clostridium species. Science (2011) 331:337–41. doi: 10.1126/science.1198469

134. Gershon, RK, and Kondo, K. Infectious immunological tolerance. Immunology (1971) 21:903–14.

135. Sakaguchi, S, Sakaguchi, N, Asano, M, Itoh, M, and Toda, M. Immunologic self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases. J Immunol (1995) 155:1151–64. doi: 10.4049/jimmunol.155.3.1151

136. Suri-Payer, E, Amar, AZ, Thornton, AM, and Shevach, EM. CD4+CD25+ T cells inhibit both the induction and effector function of autoreactive T cells and represent a unique lineage of immunoregulatory cells. J Immunol (1998) 160:1212–8. doi: 10.4049/jimmunol.160.3.1212

137. Hori, S, Nomura, T, and Sakaguchi, S. Control of regulatory T cell development by the transcription factor Foxp3. Science (2003) 299:1057–61. doi: 10.1126/science.1079490

138. Shevach, EM. From vanilla to 28 flavors: multiple varieties of T regulatory cells. Immunity (2006) 25:195–201. doi: 10.1016/j.immuni.2006.08.003

139. Vignali, DAA, Collison, LW, and Workman, CJ. How regulatory T cells work. Nat Rev Immunol (2008) 8:523–32. doi: 10.1038/nri2343

140. Veiga-Parga, T, Sehrawat, S, and Rouse, BT. Role of regulatory T cells during virus infection. Immunol Rev (2013) 255:182–96. doi: 10.1111/imr.12085

141. Roncarolo, MG, Gregori, S, Bacchetta, R, Battaglia, M, and Gagliani, N. The biology of T regulatory type 1 cells and their therapeutic application in immune-mediated diseases. Immunity (2018) 49:1004–19. doi: 10.1016/j.immuni.2018.12.001

142. Ramsdell, F, and Ziegler, SF. FOXP3 and scurfy: how it all began. Nat Rev Immunol (2014) 14:343–9. doi: 10.1038/nri3650

143. Kim, J, Lahl, K, Hori, S, Loddenkemper, C, Chaudhry, A, deRoos, P, et al. Cutting edge: Depletion of Foxp3+ cells leads to induction of autoimmunity by specific ablation of regulatory Tcells in genetically targeted mice. J Immunol (2009) 183:7631–4. doi: 10.4049/jimmunol.0804308

144. Suvas, S, Kumaraguru, U, Pack, CD, Lee, S, and Rouse, BT. CD4+CD25+ T cells regulate virus-specific primary and memory CD8+ T cell responses. JEM (2003) 198:889–901. doi: 10.1084/jem.20030171

145. Hasenkrug, KJ, Chougnet, CA, and Dittmer, U. Regulatory T cells in retroviral infections. PloS Pathog (2018) 14:e1006776. doi: 10.1371/journal.ppat.1006776

146. Suvas, S, Azkur, AK, Kim, BS, Kumaraguru, U, and Rouse, BT. CD4+CD25+ regulatory T cells control the severity of viral immunoinflammatory lesions. J Immunol (2004) 172:4123–32. doi: 10.4049/jimmunol.172.7.4123

147. Cabrera, R, Tu, Z, Xu, Y, Firpi, RJ, Rosen, HR, Liu, C, et al. An immunomodulatory role for CD4+CD25+ regulatory T lymphocytes in hepatitis C virus infection. Hepatol (2004) 40:1062–71. doi: 10.1002/hep.20454

148. Battaglia, M, Stabilini, A, and Roncarolo, M-G. Rapamycin selectively expands CD4+CD25+FoxP3+ regulatory T cells. Blood (2005) 105:4743–8. doi: 10.1182/blood-2004-10-3932

149. Lanteri, MC, O’Brien, KM, Purtha, WE, Cameron, MJ, Lund, JM, Owen, RE, et al. Tregs control the development of symptomatic West Nile virus infection in humans and mice. JCI (2009) 119:3266–77. doi: 10.1172/JCI39387

150. Baru, AM, Hartl, A, Lahl, K, Krishnaswamy, JK, Fehrenbach, H, Yildirim, AÖ, et al. Selective depletion of Foxp3+ Treg during sensitization phase aggravates experimental allergic airway inflammation. Eur J Immunol (2010) 40:2259–66. doi: 10.1002/eji.200939972

151. Loebbermann, J, Schnoeller, C, Thornton, H, Durant, L, Sweeney, NP, Schuijs, M, et al. IL-10 regulates viral lung immunopathology during acute respiratory syncytial virus infection in mice. PloS One (2012) 7:e32371. doi: 10.1371/journal.pone.0032371

152. Reuter, D, Sparwasser, T, Hünig, T, and Schneider-Schaulies, J. Foxp3+ Regulatory T cells control persistence of viral CNS infection. PloS One (2012) 7:e33989. doi: 10.1371/journal.pone.0033989

153. Christiaansen, AF, Knudson, CJ, Weiss, KA, and Varga, SM. The CD4 T cell response to respiratory syncytial virus infection. Immunol Res (2014) 59:109–17. doi: 10.1007/s12026-014-8540-1

154. Jaggi, U, Varanasi, SK, Bhela, S, and Rouse, BT. On the role of retinoic acid in virus induced inflammatory response in cornea. Microbes Infect (2018) 20:337–45. doi: 10.1016/j.micinf.2018.04.007

155. Sumbria, D, Berber, E, and Rouse, BT. Supplementing the diet with sodium propionate suppresses the severity of viral immuno-inflammatory lesions. J Virol (2021) 95:e02056–20. doi: 10.1128/JVI.02056-20

156. Belkaid, Y, and Rouse, BT. Natural regulatory T cells in infectious disease. Nat Immunol (2005) 6:353–60. doi: 10.1038/ni1181

157. Belkaid, Y. Regulatory T cells and infection: a dangerous necessity. Nat Rev Immunol (2007) 7:875–88. doi: 10.1038/nri2189

158. Moore, KW, Malefyt, R, Coffman, RL, and O'Garra, A. Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol (2001) 19:683–765. doi: 10.1146/annurev.immunol.19.1.683

159. Koch, MA, Tucker-Heard, Gs, Perdue, NR, Killebrew, JR, Urdahl, KB, and Campbell, DJ. The transcription factor T-bet controls regulatory T cell homeostasis and function during type 1 inflammation. Nat Immunol (2009) 10:595–602. doi: 10.1038/ni.1731

160. Chaudhry, A, Rudra, D, Treuting, P, Samstein, RM, Liang, Y, Kas, A, et al. CD4+ regulatory T cells control TH17 responses in a Stat3-dependent manner. Science (2009) 326:986–91. doi: 10.1126/science.1172702

161. Sehrawat, S, and Rouse, BT. Tregs and infections: on the potential value of modifying their function. J Leukoc Biol (2011) 90:1079–87. doi: 10.1189/jlb.0611271

162. Spangler Jamie, B, Tomala, J, Luca Vincent, C, Jude Kevin, M, Dong, S, Ring Aaron, M, et al. Antibodies to interleukin-2 elicit selective T cell subset potentiation through distinct conformational mechanisms. Immunity (2015) 42:815–25. doi: 10.1016/j.immuni.2015.04.015

163. Sehrawat, S, Suryawanshi, A, Hirashima, M, and Rouse, BT. Role of Tim-3/Galectin-9 inhibitory interaction in viral-induced immunopathology: Shifting the balance toward regulators. J Immunol (2009) 182:3191–201. doi: 10.4049/jimmunol.0803673

164. Boyman, O, Kovar, M, Rubinstein, MP, Surh, CD, and Sprent, J. Selective stimulation of T cell subsets with antibody-cytokine immune complexes. Science (2006) 311:1924–7. doi: 10.1126/science.1122927

165. Rajasagi, NK, and Rouse, BT. IL-2 complex treatment amplifies CD8+ T cell mediated immunity following herpes simplex virus-1 infection. Microbes Infect (2016) 18:735–46. doi: 10.1016/j.micinf.2016.10.010

166. Kretschmer, K, Apostolou, I, Hawiger, D, Khazaie, K, Nussenzweig, MC, and von Boehmer, H. Inducing and expanding regulatory T cell populations by foreign antigen. Nat Immunol (2005) 6:1219–27. doi: 10.1038/ni1265

167. Cortez, JT, Montauti, E, Shifrut, E, Gatchalian, J, Zhang, Y, Shaked, O, et al. CRISPR screen in regulatory T cells reveals modulators of Foxp3. Nature (2020) 582:416–20. doi: 10.1038/s41586-020-2246-4

168. Floess, S, Freyer, J, Siewert, C, Baron, U, Olek, S, Polansky, J, et al. Epigenetic control of the Foxp3 locus in regulatory T cells. PloS Biol (2007) 5:e38. doi: 10.1371/journal.pbio.0050038

169. Tao, R, de Zoeten, EF, Özkaynak, E, Chen, C, Wang, L, Porrett, PM, et al. Deacetylase inhibition promotes the generation and function of regulatory T cells. Nat Med (2007) 13:1299–307. doi: 10.1038/nm1652

170. Cifuentes-Rius, A, Desai, A, Yuen, D, Johnston, APR, and Voelcker, NH. Inducing immune tolerance with dendritic cell-targeting nanomedicines. Nat Nanotechnol (2021) 16:37–46. doi: 10.1038/s41565-020-00810-2

171. Maldonado, RA, LaMothe, RA, Ferrari, JD, Zhang, A-H, Rossi, RJ, Kolte, PN, et al. Polymeric synthetic nanoparticles for the induction of antigen-specific immunological tolerance. PNAS (2015) 112:E156–65. doi: 10.1073/pnas.1408686111

172. Čolić, M, Džopalić, T, Tomić, S, Rajković, J, Rudolf, R, Vuković, G, et al. Immunomodulatory effects of carbon nanotubes functionalized with a Toll-like receptor 7 agonist on human dendritic cells. Carbon (2014) 67:273–87. doi: 10.1016/j.carbon.2013.09.090

173. Tomić, S, Kokol, V, Mihajlović, D, Mirčić, A, and Čolić, M. Native cellulose nanofibrills induce immune tolerance in vitro by acting on dendritic cells. Sci Rep (2016) 6:31618. doi: 10.1038/srep31618

174. Yang, G, Zhang, Z, Liu, K, Ji, X, Fatehi, P, and Chen, J. A cellulose nanofibril-reinforced hydrogel with robust mechanical, self-healing, pH-responsive and antibacterial characteristics for wound dressing applications. J Nanobiotechnology (2022) 20:312. doi: 10.1186/s12951-022-01523-5

175. Tomić, S, Ilić, N, Kokol, V, Gruden-Movsesijan, A, Mihajlović, D, Bekić, M, et al. Functionalization-dependent effects of cellulose nanofibrils on tolerogenic mechanisms of human dendritic cells. Int J Nanomedicine (2018) 13:6941–60. doi: 10.2147/IJN.S183510

176. Lai, Y, and Dong, C. Therapeutic antibodies that target inflammatory cytokines in autoimmune diseases. Int Immunol (2015) 28:181–8. doi: 10.1093/intimm/dxv063

177. Vandenbroucke, K, de Haard, H, Beirnaert, E, Dreier, T, Lauwereys, M, Huyck, L, et al. Orally administered L. lactis secreting an anti-TNF Nanobody demonstrate efficacy in chronic colitis. Mucosal Immunol (2010) 3:49–56. doi: 10.1038/mi.2009.116

178. Lynch, JP, González-Prieto, C, Reeves, AZ, Bae, S, Powale, U, Godbole, NP, et al. Engineered Escherichia coli for the in situ secretion of therapeutic nanobodies in the gut. Cell Host Microbe (2023) 31:634–649.e8. doi: 10.1016/j.chom.2023.03.007

179. Hang, S, Paik, D, Yao, L, Kim, E, Trinath, J, Lu, J, et al. Bile acid metabolites control TH17 and Treg cell differentiation. Nature (2019) 576:143–8. doi: 10.1038/s41586-019-1785-z

180. Norris Brian, A, Uebelhoer Luke, S, Nakaya Helder, I, Price Aryn, A, Grakoui, A, and Pulendran, B. Chronic but not acute virus infection induces sustained expansion of myeloid suppressor cell numbers that inhibit viral-specific T cell immunity. Immunity (2013) 38:309–21. doi: 10.1016/j.immuni.2012.10.022

181. Sarkar, R, Mathew, A, and Sehrawat, S. Myeloid-derived suppressor cells confer infectious tolerance to dampen virus-induced tissue immunoinflammation. J Immunol (2019) 203:1325–37. doi: 10.4049/jimmunol.1900142

182. Polack, FP, Thomas, SJ, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med (2020) 383:2603–15. doi: 10.1056/NEJMoa2034577

183. Zajac, AJ, Blattman, JN, Murali-Krishna, K, Sourdive, DJD, Suresh, M, Altman, JD, et al. Viral immune evasion due to persistence of activated T cells without effector function. JEM (1998) 188:2205–13. doi: 10.1084/jem.188.12.2205

184. Barber, DL, Wherry, EJ, Masopust, D, Zhu, B, Allison, JP, Sharpe, AH, et al. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature (2006) 439:682–7. doi: 10.1038/nature04444

185. Sharma, P, and Allison, JP. The future of immune checkpoint therapy. Science (2015) 348:56–61. doi: 10.1126/science.aaa8172

186. Radziewicz, H, Ibegbu, CC, Fernandez, ML, Workowski, KA, Obideen, K, Wehbi, M, et al. Liver-infiltrating lymphocytes in chronic human hepatitis c virus infection display an exhausted phenotype with high levels of PD-1 and low levels of CD127 expression. J Virol (2007) 81:2545–53. doi: 10.1128/JVI.02021-06

187. Hashimoto, M, Kamphorst, AO, Im, SJ, Kissick, HT, Pillai, RN, RaMalingam, SS, et al. CD8 T cell exhaustion in chronic infection and cancer: Opportunities for interventions. Annu Rev Med (2018) 69:301–18. doi: 10.1146/annurev-med-012017-043208

188. Crawford, A, Angelosanto Jill, M, Kao, C, Doering Travis, A, Odorizzi Pamela, M, Barnett Burton, E, et al. Molecular and transcriptional basis of CD4+ T cell dysfunction during chronic infection. Immunity (2014) 40:289–302. doi: 10.1016/j.immuni.2014.01.005

189. Bi, J, and Tian, Z. NK cell exhaustion. Front Immunol (2017) 8:760. doi: 10.3389/fimmu.2017.00760

190. Sonia Norris, AC, Kuri-Cervantes, L, and Bower, M. Mark Nelson, and Martin R. Goodier. PD-1 expression on natural killer cells and CD8+ T cells during chronic HIV-1 infection. Viral Immunol (2012) 25:329–32. doi: 10.1089/vim.2011.0096

191. Beldi-Ferchiou, A, Lambert, M, Dogniaux, S, Vély, F, Vivier, E, Olive, D, et al. PD-1 mediates functional exhaustion of activated NK cells in patients with Kaposi sarcoma. Oncotarget (2016) 7:72961–77. doi: 10.18632/oncotarget.12150

192. Ju, Y, Hou, N, Meng, J, Wang, X, Zhang, X, Zhao, D, et al. T cell immunoglobulin- and mucin-domain-containing molecule-3 (Tim-3) mediates natural killer cell suppression in chronic hepatitis B. J Hepatol (2010) 52:322–9. doi: 10.1016/j.jhep.2009.12.005

193. Hsu, J, Hodgins, JJ, Marathe, M, Nicolai, CJ, Bourgeois-Daigneault, MC, Trevino, TN, et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1 blockade. J Clin Invest (2018) 128:4654–68. doi: 10.1172/jci99317

194. Ye, B, Liu, X, Li, X, Kong, H, Tian, L, and Chen, Y. T-cell exhaustion in chronic hepatitis B infection: current knowledge and clinical significance. Cell Death Dis (2015) 6:e1694–4. doi: 10.1038/cddis.2015.42

195. Nakamoto, N, Kaplan, DE, Coleclough, J, Li, Y, Valiga, ME, Kaminski, M, et al. Functional restoration of HCV-specific CD8 T cells by PD-1 blockade Is defined by PD-1 expression and compartmentalization. Gastroenterology (2008) 134:1927–1937.e2. doi: 10.1053/j.gastro.2008.02.033

196. Lee, RC, Feinbaum, RL, and Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell (1993) 75:843–54. doi: 10.1016/0092-8674(93)90529-Y

197. Alles, J, Fehlmann, T, Fischer, U, Backes, C, Galata, V, Minet, M, et al. An estimate of the total number of true human miRNAs. Nucleic Acids Res (2019) 47:3353–64. doi: 10.1093/nar/gkz097

198. Grundhoff, A, and Sullivan, CS. Virus-encoded microRNAs. Virology (2011) 411:325–43. doi: 10.1016/j.virol.2011.01.002

199. Moyano, AL, Steplowski, J, Wang, H, Son, K-N, Rapolti, DI, Marshall, J, et al. microRNA-219 reduces viral load and pathologic changes in Theiler's virus-induced demyelinating disease. Mol Ther (2018) 26:730–43. doi: 10.1016/j.ymthe.2018.01.008

200. Bhela, S, Mulik, S, Reddy, PBJ, Richardson, RL, Gimenez, F, Rajasagi, NK, et al. critical role of microRNA-155 in herpes simplex encephalitis. J Immunol (2014) 192:2734–43. doi: 10.4049/jimmunol.1302326

201. Hazra, B, Chakraborty, S, Bhaskar, M, Mukherjee, S, Mahadevan, A, and Basu, A. mIR-301a regulates inflammatory response to Japanese encephalitis virus infection via suppression of NKRF activity. J Immunol (2019) 203:2222–38. doi: 10.4049/jimmunol.1900003

202. Lanford, RE, Hildebrandt-Eriksen, ES, Petri, A, Persson, R, Lindow, M, Munk, ME, et al. Therapeutic silencing of microRNA-122 in primates with chronic hepatitis C virus infection. Science (2010) 327:198–201. doi: 10.1126/science.1178178

203. Janssen, HLA, Reesink, HW, Lawitz, EJ, Zeuzem, S, Rodriguez-Torres, M, Patel, K, et al. Treatment of HCV infection by targeting microRNA. NEJM (2013) 368:1685–94. doi: 10.1056/NEJMoa1209026

204. O'Connell, RM, Rao, DS, Chaudhuri, AA, and Baltimore, D. Physiological and pathological roles for microRNAs in the immune system. Nat Rev Immunol (2010) 10:111–22. doi: 10.1038/nri2708

205. Woods, PS, Doolittle, LM, Rosas, LE, Nana-Sinkam, SP, Tili, E, and Davis, IC. Increased expression of microRNA-155-5p by alveolar type II cells contributes to development of lethal ARDS in H1N1 influenza A virus-infected mice. Virology (2020) 545:40–52. doi: 10.1016/j.virol.2020.03.005

206. Thai, T-H, Calado, DP, Casola, S, Ansel, KM, Xiao, C, Xue, Y, et al. Regulation of the germinal center response by microrna-155. Science (2007) 316:604–8. doi: 10.1126/science.1141229

207. Dudda Jan, C, Salaun, B, Ji, Y, Palmer Douglas, C, Monnot Gwennaelle, C, Merck, E, et al. MicroRNA-155 is required for effector CD8+ T cell responses to virus infection and cancer. Immunity (2013) 38:742–53. doi: 10.1016/j.immuni.2012.12.006

208. Gracias, DT, Stelekati, E, Hope, JL, Boesteanu, AC, Doering, TA, Norton, J, et al. The microRNA miR-155 controls CD8+ T cell responses by regulating interferon signaling. Nat Immunol (2013) 14:593–602. doi: 10.1038/ni.2576

209. Trotta, R, Chen, L, Ciarlariello, D, Josyula, S, Mao, C, Costinean, S, et al. miR-155 regulates IFN-γ production in natural killer cells. Blood (2012) 119:3478–85. doi: 10.1182/blood-2011-12-398099

210. Moffett, HF, Cartwright, ANR, Kim, H-J, Godec, J, Pyrdol, J, Äijö, T, et al. The microRNA miR-31 inhibits CD8+ T cell function in chronic viral infection. Nat Immunol (2017) 18:791–9. doi: 10.1038/ni.3755

211. Stelekati, E, Cai, Z, Manne, S, Chen, Z, Beltra, J-C, Buchness, LA, et al. MicroRNA-29a attenuates CD8 T cell exhaustion and induces memory-like CD8 T cells during chronic infection. PNAS (2022) 119:e2106083119. doi: 10.1073/pnas.2106083119

212. Kosaka, A, Ohkuri, T, Ikeura, M, Kohanbash, G, and Okada, H. Transgene-derived overexpression of miR-17-92 in CD8+ T-cells confers enhanced cytotoxic activity. Biochem Biophys Res Commun (2015) 458:549–54. doi: 10.1016/j.bbrc.2015.02.003

213. Baumjohann, D, Kageyama, R, Clingan, JM, Morar, MM, Patel, S, de Kouchkovsky, D, et al. The microRNA cluster miR-17∼92 promotes TFH cell differentiation and represses subset-inappropriate gene expression. Nat Immunol (2013) 14:840–8. doi: 10.1038/ni.2642

214. Liu, X, Robinson, SN, Setoyama, T, Tung, SS, D'Abundo, L, Shah, MY, et al. FOXP3 is a direct target of miR15a/16 in umbilical cord blood regulatory T cells. Bone Marrow Transplant (2014) 49:793–9. doi: 10.1038/bmt.2014.57

215. Wei, J, Nduom, EK, Kong, LY, Hashimoto, Y, Xu, S, Gabrusiewicz, K, et al. MiR-138 exerts anti-glioma efficacy by targeting immune checkpoints. Neuro Oncol (2016) 18:639–48. doi: 10.1093/neuonc/nov292

216. Lu, L-F, Boldin, MP, Chaudhry, A, Lin, L-L, Taganov, KD, Hanada, T, et al. Function of miR-146a in controlling treg cell-mediated regulation of Th1 responses. Cell (2010) 142:914–29. doi: 10.1016/j.cell.2010.08.012

217. Yang, L, Boldin, MP, Yu, Y, Liu, CS, Ea, C-K, Ramakrishnan, P, et al. miR-146a controls the resolution of T cell responses in mice. JEM (2012) 209:1655–70. doi: 10.1084/jem.20112218

218. Peng, X, He, F, Mao, Y, Lin, Y, Fang, J, Chen, Y, et al. miR-146a promotes M2 macrophage polarization and accelerates diabetic wound healing by inhibiting the TLR4/NF-κB axis. J Mol Endocrinol (2022) 69:315–27. doi: 10.1530/jme-21-0019

219. Sheedy, FJ, Sheedy, FJ, Palsson-McDermott, E, Hennessy, EJ, Martin, C, O'Leary, JJ, et al. Negative regulation of TLR4 via targeting of the proinflammatory tumor suppressor PDCD4 by the microRNA miR-21. Nat Immunol (2010) 11:141–7. doi: 10.1038/ni.1828

220. Murugaiyan, G, da Cunha, AP, Ajay, AK, Joller, N, Garo, LP, Kumaradevan, S, et al. MicroRNA-21 promotes Th17 differentiation and mediates experimental autoimmune encephalomyelitis. J Clin Invest (2015) 125:1069–80. doi: 10.1172/jci74347

221. Garchow, BG, Bartulos Encinas, O, Leung, YT, Tsao, PY, Eisenberg, RA, Caricchio, R, et al. Silencing of microRNA-21 in vivo ameliorates autoimmune splenomegaly in lupus mice. EMBO Mol Med (2011) 3:605–15. doi: 10.1002/emmm.201100171

222. Wang, H, Xu, W, Shao, Q, and Ding, Q. miR-21 silencing ameliorates experimental autoimmune encephalomyelitis by promoting the differentiation of IL-10-producing B cells. Oncotarget (2017) 8:94069. doi: 10.18632/oncotarget.21578

223. Youness, RA, Rahmoon, MA, Assal, RA, Gomaa, AI, Hamza, MT, Waked, I, et al. Contradicting interplay between insulin-like growth factor-1 and miR-486-5p in primary NK cells and hepatoma cell lines with a contemporary inhibitory impact on HCC tumor progression. Growth Factors (2016) 34:128–40. doi: 10.1080/08977194.2016.1200571

224. Sun, L-L, Li, W-D, Lei, F-R, and Li, X-Q. The regulatory role of microRNAs in angiogenesis-related diseases. J Cell Mol Med (2018) 22:4568–87. doi: 10.1111/jcmm.13700

225. Mulik, S, Xu, J, Reddy, PBJ, Rajasagi, NK, Gimenez, F, Sharma, S, et al. Role of miR-132 in angiogenesis after ocular infection with herpes simplex virus. Am J Pathol (2012) 181:525–34. doi: 10.1016/j.ajpath.2012.04.014

226. Hum, C, Loiselle, J, Ahmed, N, Shaw, TA, Toudic, C, and Pezacki, JP. MicroRNA mimics or inhibitors as antiviral therapeutic approaches against COVID-19. Drugs (2021) 81:517–31. doi: 10.1007/s40265-021-01474-5

227. Arghiani, N, Nissan, T, and Matin, MM. Role of microRNAs in COVID-19 with implications for therapeutics. BioMed Pharmacother (2021) 144:112247. doi: 10.1016/j.biopha.2021.112247

228. Gambardella, J, Kansakar, U, Sardu, C, Messina, V, Jankauskas, SS, Marfella, R, et al. Exosomal miR-145 and miR-885 regulate thrombosis in COVID-19. J Pharmacol Exp Ther (2023) 384:109–15. doi: 10.1124/jpet.122.001209

229. Soni, DK, Cabrera-Luque, J, Kar, S, Sen, C, Devaney, J, and Biswas, R. Suppression of miR-155 attenuates lung cytokine storm induced by SARS-CoV-2 infection in human ACE2-transgenic mice. bioRxiv (2020). doi: 10.1101/2020.12.17.423130

230. Sumbria, D, Berber, E, Mathayan, M, and Rouse, BT. Virus infections and host metabolism—can we manage the interactions? Front Immunol (2021) 11:594963. doi: 10.3389/fimmu.2020.594963

231. Pålsson-McDermott, EM, and O’Neill, LAJ. Targeting immunometabolism as an anti-inflammatory strategy. Cell Res (2020) 30:300–14. doi: 10.1038/s41422-020-0291-z

232. Buck, MD, Sowell, RT, Kaech, SM, and Pearce, EL. Metabolic instruction of immunity. Cell (2017) 169:570–86. doi: 10.1016/j.cell.2017.04.004

233. Sumbria, D, Berber, E, and Rouse, BT. Factors affecting the tissue damaging consequences of viral infections. Front Microbiol (2019) 10:2314. doi: 10.3389/fmicb.2019.02314

234. O’Neill, LAJ, and Pearce, EJ. Immunometabolism governs dendritic cell and macrophage function. JEM (2016) 213:15–23. doi: 10.1084/jem.20151570

235. Berber, E, Sumbria, D, and Rouse, BT. Could targeting immunometabolism be a way to control the burden of COVID-19 infection? Microbes Infect (2021) 23:104780. doi: 10.1016/j.micinf.2021.104780

236. Plint, AC, Johnson, DW, Patel, H, Wiebe, N, Correll, R, Brant, R, et al. Epinephrine and dexamethasone in children with bronchiolitis. NEJM (2009) 360:2079–89. doi: 10.1056/NEJMoa0900544

237. Weichhart, T, and Säemann, MD. The multiple facets of mTOR in immunity. Trends Immunol (2009) 30:218–26. doi: 10.1016/j.it.2009.02.002

238. Borders, EB, Bivona, C, and Medina, PJ. MamMalian target of rapamycin: Biological function and target for novel anticancer agents. Am J Health Syst Pharm (2010) 67:2095–106. doi: 10.2146/ajhp100020

239. Deshpande, S, Zheng, M, Lee, S, Banerjee, K, Gangappa, S, Kumaraguru, U, et al. Bystander activation involving T lymphocytes in herpetic stromal keratitis. J Immunol (2001) 167:2902–10. doi: 10.4049/jimmunol.167.5.2902

240. Kelly, B, Tannahill, GM, Murphy, MP, and O'Neill, LAJ. Metformin inhibits the production of reactive oxygen species from nadh:Ubiquinone oxidoreductase to limit induction of interleukin-1β (IL-1β) and boosts interleukin-10 (IL-10) in lipopolysaccharide (LPS)-activated macrophages. JBC (2015) 290:20348–59. doi: 10.1074/jbc.M115.662114

241. Ma, Z, Patel, N, Vemparala, P, and Krishnamurthy, M. Metformin is associated with favorable outcomes in patients with COVID-19 and type 2 diabetes mellitus. Sci Rep (2022) 12:5553. doi: 10.1038/s41598-022-09639-2

242. Bramante, CT, Buse, JB, Liebovitz, DM, Nicklas, JM, Puskarich, MA, Cohen, K, et al. Outpatient treatment of COVID-19 and incidence of post-COVID-19 condition over 10 months (COVID-OUT): a multicentre, randomised, quadruple-blind, parallel-group, phase 3 trial. Lancet Infect Dis (2023) 23:S1473–3099. doi: 10.1016/S1473-3099(23)00299-2

243. Huang, S, Zhu, B, Cheon, IS, Goplen, NP, Jiang, L, Zhang, R, et al. PPAR-γ in macrophages limits pulmonary inflammation and promotes host recovery following respiratory viral infection. J Virol (2019) 93:e00030–19. doi: 10.1128/JVI.00030-19

244. Zhang, H, Alford, T, Liu, S, Zhou, D, and Wang, J. Influenza virus causes lung immunopathology through down-regulating PPARγ activity in macrophages. Front Immunol (2022) 13:958801. doi: 10.3389/fimmu.2022.958801

245. Apicella, M, Campopiano, MC, Mantuano, M, Mazoni, L, Coppelli, A, and Del Prato, S. COVID-19 in people with diabetes: understanding the reasons for worse outcomes. Lancet Diabetes Endocrinol (2020) 8:782–92. doi: 10.1016/S2213-8587(20)30238-2

246. Schmidt, SV, and Schultze, JL. New Insights Into IDO biology in bacterial and viral infections. Front Immunol (2014) 5:384. doi: 10.3389/fimmu.2014.00384

247. Munn, DH, and Mellor, AL. Indoleamine 2,3 dioxygenase and metabolic control of immune responses. Trends Immunol (2013) 34:137–43. doi: 10.1016/j.it.2012.10.001

248. Huang, L, Li, L, Klonowski, KD, Tompkins, SM, Tripp, RA, and Mellor, AL. Induction and role of indoleamine 2,3 dioxygenase in mouse models of influenza a virus infection. PloS One (2013) 8:e66546. doi: 10.1371/journal.pone.0066546

249. Trompette, A, Gollwitzer, ES, Pattaroni, C, Lopez-Mejia, IC, Riva, E, Pernot, J, et al. Dietary fiber confers protection against flu by shaping Ly6c– patrolling monocyte hematopoiesis and CD8+ T cell metabolism. Immunity (2018) 48:992–1005.e8. doi: 10.1016/j.immuni.2018.04.022

250. Milner, JJ, Rebeles, J, Dhungana, S, Stewart, DA, Sumner, SCJ, Meyers, MH, et al. Obesity increases mortality and modulates the lung metabolome during pandemic H1N1 influenza virus infection in mice. J Immunol (2015) 194:4846–59. doi: 10.4049/jimmunol.1402295

251. Moorthy, AN, Tan, KB, Wang, S, Narasaraju, T, and Chow, VT. Effect of high-fat diet on the formation of pulmonary neutrophil extracellular traps during influenza pneumonia in BALB/C mice. Front Immunol (2016) 7:289. doi: 10.3389/fimmu.2016.00289

252. O’Brien, KB, Vogel, P, Duan, S, Govorkova, EA, Webby, RJ, McCullers, JA, et al. Impaired wound healing predisposes obese mice to severe influenza virus infection. J Infect Dis (2011) 205:252–61. doi: 10.1093/infdis/jir729

253. Vielma, SA, Klein, RL, Levingston, CA, and Young, MRI. Adipocytes as immune regulatory cells. Int Immunopharmacol (2013) 16:224–31. doi: 10.1016/j.intimp.2013.04.002

254. Stephensen, CB. Vitamin a, infection, and immune function. Annu Rev Nutr (2001) 21:167–92. doi: 10.1146/annurev.nutr.21.1.167

255. Hussey, GD, and Klein, M. A randomized, controlled trial of vitamin a in children with severe measles. NEJM (1990) 323:160–4. doi: 10.1056/nejm199007193230304

256. Cengiz, M, Borku Uysal, B, Ikitimur, H, Ozcan, E, Islamoğlu, MS, Aktepe, E, et al. Effect of oral l-Glutamine supplementation on Covid-19 treatment. Clin Nutr Exp (2020) 33:24–31. doi: 10.1016/j.yclnex.2020.07.003

257. Hiedra, R, Lo, KB, Elbashabsheh, M, Gul, F, Wright, RM, Albano, J, et al. The use of IV vitamin C for patients with COVID-19: a case series. Expert Rev Anti Infect Ther (2020) 18:1259–61. doi: 10.1080/14787210.2020.1794819

258. Finzi, E. Treatment of SARS-CoV-2 with high dose oral zinc salts: A report on four patients. Int J Infect Dis (2020) 99:307–9. doi: 10.1016/j.ijid.2020.06.006

259. Sedighiyan, M, Abdollahi, H, Karimi, E, Badeli, M, Erfanian, R, Raeesi, S, et al. Omega-3 polyunsaturated fatty acids supplementation improve clinical symptoms in patients with Covid-19: A randomised clinical trial. Int J Clin Pract (2021) 75:e14854. doi: 10.1111/ijcp.14854

260. Sumbria, D, Berber, E, Miller, L, and Rouse, BT. Modulating glutamine metabolism to control viral immuno-inflammatory lesions. Cell Immunol (2021) 370:104450. doi: 10.1016/j.cellimm.2021.104450

261. Manivannan, S, Baxter, VK, Schultz, KLW, Slusher, BS, and Griffin, DE. Protective effects of glutamine antagonist 6-Diazo-5-Oxo-l-norleucine in mice with alphavirus encephalomyelitis. J Virol (2016) 90:9251–62. doi: 10.1128/JVI.01045-16

262. Wang, A, Huen, SC, Luan, HH, Yu, S, Zhang, C, Gallezot, J-D, et al. Opposing effects of fasting metabolism on tissue tolerance in bacterial and viral inflammation. Cell (2016) 166:1512–1525.e12. doi: 10.1016/j.cell.2016.07.026

263. Berber, E, Sumbria, D, Newkirk, KM, and Rouse, BT. Inhibiting glucose metabolism results in herpes simplex encephalitis. J Immunol (2021) 207:1824–35. doi: 10.4049/jimmunol.2100453

264. Berber, E, and Rouse, BT. Controlling herpes simplex virus-induced immunoinflammatory lesions using metabolic therapy: A comparison of 2-deoxy-d-glucose with metformin. J Virol (2022) 96:e00688–22. doi: 10.1128/jvi.00688-22

265. Sohail, A, Iqbal, AA, Sahini, N, Chen, F, Tantawy, M, Waqas, SFH, et al. Itaconate and derivatives reduce interferon responses and inflammation in influenza A virus infection. PloS Pathog (2022) 18:e1010219. doi: 10.1371/journal.ppat.1010219




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 © 2023 Mulik, Berber, Sehrawat and Rouse. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Controlling viral inflammatory lesions by rebalancing immune response patterns

      

        		

          Introduction

        



        		

          Minimizing inflammatory reactions by rebalancing aspects of the innate immune response

        



        		

          Minimizing inflammatory reactions by manipulating the activity of adaptive immune participants

        



        		

          Rebalancing reactions by expanding the activity of regulatory mechanisms

        



        		

          Rebalancing inflammatory reactions by restoring lost effector cell functions

        



        		

          Rebalancing reactions by changing the microRNA environment

        



        		

          Rebalancing reactions by targeting metabolic pathway differences in inflammatory lesion participants

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1257192-g001.jpg
REBALANCING IMMUNE ACTIVITIES TO CONTROL VIRAL IMMUNOPATHOLOGY

Remove or block non-lymphoid
inflammatory cells and mediators

Remove or block T cells and their
products

Eliminate host proteins that block

Viral inflammatory lesions .
y resolution

Restore functions of exhausted Expand regulatory cells and
protective components inhibitory mediators





OEBPS/Images/table2.jpg
Approaches

Use of genetically engineered mice where specific cell
types can be deleted, or their function blocked

Use of mAbs with or without Toxin Expression

Using small molecule inhibitors that block the function
of specific cell types

Genetic modification of adaptive immune cells and
adoptive cell transfers

Use of antagomirs, siRNAs or methods to target genes
in Th17 cells

Use of epigenetically acting drugs to mitigate
inflammatory damage

Using T cell exhaustion/check point therapy to
reversing T cell exhaustion, thereby enhancing the
immune response to clear the infection.

come observed

VIVO

Deficiency of IL-17 receptor mitigated HSV-1 induced immunopathology in mice
Absence of IL-17A inhibits EAE development

Lack of IL-17A in CD4 T cells attenuated development of EAE in mice

RORT deficiency in T cells results in absence of tissue infiltrating Th17 cells and inhibits EAE
development

Neutralization of IL-17A diminished HSV-1 induced corneal immunopathology in mice

Blocking IL-17A during induction phase attenuated EAE disease in mice
Blocking IL-17A was beneficial in COVID-19 patients

Blocking lymphotoxin alpha inhibited Th1 and Th17 cells and mitigated ocular lesions after HSV-1
infection

Small molecule inhibitors can selectively block the activity of Th17 cell types involved in
inflammatory lesions, suppressing the production of pro-inflammatory molecules and reducing
inflammation.

Adaptive immune cells are modified by CRISPR/Cas9 or CAR technology and gene modified T cells
are transferred into mice to attenuate inflammatory damage.

Antagomir sequences, siRNAs or LNA are used to target genes in Th17 cells and to mitigate
inflammation.

Epigenetically acting drugs are used that inhibit inflammatory adaptive immune cells or to increase
regulatory cells

PD-1 blockade was effective on CXCR5+ progenitor Tex, inducing proliferation and cytokine
production to clear LCMV infection, but was without effect on terminal Tex

Dual blockade of Tim-3 and PD-1 or combining PD-1 blockade with IL-2R agonist substantially
enhanced virus-specific CD8 T cell responses, increasing the numbers and cytokine production
compared to single checkpoint blockade in LCMV infection

The combination of PD-L1 blockade with 4-1BB costimulation led to significantly improved antiviral
CD8 T cell responses in chronic LCMV infection

(97)
(98)

(99)

(100)

97)
(98)

(101,
102)

(103)

(104-
106)

(107,
108)

(109-
113)

(114-
117)

(118)

(119-
121)

(122)






OEBPS/Images/fimmu-14-1257192-g003.jpg
f.
Lo L,

g A
) \=.
IL-2+anti-IL-2

immunocomplexes

Trichostatin A
Valproic acid
DNA methyl- transferase

(Dnmt1) ”

Rapamycin,
Retinoic acid,

Glatiramer acetate
FTY720

IsoalloLCA
Sodium propionate

Nanogel
backpacks






OEBPS/Images/table4.jpg
Targeted
miRNA

miR155

miR-31

miR-29a

miR-17-92
cluster

miR-15a/16

miR-138

miR-146a

miR-21

miR-486-5p

Target cell

Thl and Th17

Broncho-alveolar lavage fluid
(BALF) containing
macrophages and neutrophils

B lymphocytes

CD8 T cells

NK cells

CD8 T cells

Follicular helper CD4 T cells

Treg

nTreg

CD4+ T cells

Treg

CD4+ and CD8+ T cells

Macrophages

Macrophages

Th17 cells

B and T lymphocytes

B lymphocytes

NK cells

Targeting strategy

mirl55-/- gene KO mice

Antagomir-155 nanoparticles

miR155-/- gene KO mice

miR155-/- gene KO mice
miR155-/- gene KO mice

Lentivirus mediated
overexpression and knockdown

mlIR-31 -/- gene KO mice

LCMV-specific CD8 T cells
transduced with mIR-29a
expressing retrovirus

CD8 T cells in transgenic mice
expressing miR-17-92 (miR-17-
92/Pmel-Tg mice).

Mice with no miR-27~92 in
CD4 T cells

Transfection and transduction of
miRNA's into cord blood
derived Treg.

Knockdown of miR15a and
miR16 in conventional cord
blood T cells

nTreg were collected form
healthy people and transfected
with mIR-138

CD4+ T cells transfected with
miR-138

Bone marrow chimeras

Mice with miR-146a absence in
T cells

Overexpression
Overexpression, knockdown

Mice deficient in miR-21, anti
miR-21 sequences

silencing of miR-21 using LNA

Silencing of miR-21 using
antisense sequences

NK cells isolated from HCC
patients and in-vitro transfected
with miR-486-5p

Effects on immune cells and their functions

miR-155 is required for development of Th17 cell and Thl cell subsets
in EAE.

Mir-155 promotes generation of both Th1 and Th17 effector cells and
increase susceptibility to EAE

Th1 and TH17 cell response diminished in HSV infected mice and
reduced inflammatory eye lesion severity post miR-155 blockade

Flu virus infected miR155-/- KO mice had 4-fold less IFN-y than WT in
lung wash samples taken at day 6 pi.

Absence of miR-155 led to compromised antibody responses
Absence compromises effector CD8 T cell response, antiviral response

Overexpression of miR-155 increased IFN-y production. Conversely,
knockdown decreased IFN-y production.

Mice lacking miR-31 had more polyfunctional IFN-y and TNF
expressing CD8 T cells than WT mice in chronic LCMV infection.

mIR-29a expression attenuates CD8 T cell exhaustion and promote
memory —like CD8-T cells in chronic LCMV infection.

CD8+ T cells had higher cytotoxicity and IFN-y production against
glioblastoma

Fewer splenic TFH cells, required for TFH differentiation

Overexpression of miR15a/16 reduced the suppressive functions of Treg
cells, leading to decreased expression of FoxP3/CTLA4 proteins and
diminished Treg suppressive function.

Stimulated the expression of FoxP3 and CTLA4.

CTLA-4 and PD-1 immune checkpoint protein expressions were
reduced.

CTLA-4 and PD-1 immune check proteins and FoxP3 expression had
downregulated.

Absence of miR-146a in Tregs resulted in fatal Th-1 mediated
inflammation.

Deficiency of miR-146a made T cell hyper aggressive leading to
autoimmunity.

Overexpression promoted polarization towards M2 phenotype.

Overexpression of miR-21 increased IL-10 production. Knockdown had
the opposite effect.

Deficiency of miR-21 blocked Th17 differentiation, Blockade of miR-21
with antagomirs attenuated EAE in mice.

Silencing of miR-21 mitigated splenomegaly in lupus in mice.

Silencing of miR-21 increased representation of IL-10+ Breg cells and
mitigated EAE disease.

miR-486-5p transfected NK showed enhanced cell cytotoxicity via
activation in natural killer group 2D (NKG2D) and perforin expression.
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