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Emerging evidence supports the involvement of nervous system in the regulation of immune responses. Group 2 innate lymphoid cells (ILC2), which function as a crucial bridge between innate and adaptive immunity, are present in large numbers in barrier tissues. Neuropeptides and neurotransmitters have been found to participate in the regulation of ILC2, adding a new dimension to neuroimmunity. However, a comprehensive and detailed overview of the mechanisms of neural regulation of ILC2, associated with previous findings and prospects for future research, is still lacking. In this review, we compile existing information that supports neurons as yet poorly understood regulators of ILC2 in the field of lung innate and adaptive immunity, focusing on neural regulation of the interaction between ILC2 and pulmonary immune cells.
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Introduction

The past decade has witnessed an unprecedented interest in the neural modulation of immunity (1–4). The immune barrier consists of innate and adaptive components that adopt different strategies to perceive and respond to pathogen challenge. In the context of innate immunity, innate lymphoid cells (ILCs) have been demonstrated to be a crucial bridge between both immunity branches (5, 6).

ILCs are a heterogeneous family of lymphocytes that lack re-arranged antigen receptors present on B and T cells. In earlier studies, lymphoid tissue inducer (LTi) cells and natural killer (NK) cells were initially identified as the subgroups of the ILCs (7–10). In recent years, more subgroups of the ILCs were discovered and, based on the surface markers, cytokines, and transcription factors, categorized into three major types, ILC1, ILC2 and ILC3 (11, 12). These ILCs groups have distinct phenotypic, developmental, and functional properties. They are the innate counterparts of T lymphocytes: ILC1, ILC2, and ILC3 mirror CD4+ T helper (Th)1, Th2, and Th17 cells, respectively, based on cytokine secretion and transcription factor expression (11, 13, 14). ILC1 consists of conventional NK cells and ILC1s. T-bet, a T-box transcription factor, is indispensable for the differentiation and interferon-gamma (IFN-γ) secretion ability of ILC1. RORα and GATA3 are essential for the development of ILC2, which can be grouped into transient, circulating inflammatory ILC2 (iILC2) and tissue-resident natural ILC2 (nILC2) types (15, 16). ILC3 comprises the classical lymphoid inducer (LTi) cells and LTi-like ILC3 with or without natural cytotoxicity receptors (NCRs), all of which rely on the RORγt (transcription factor) for development and secrete IL-17 and/or IL-22. ILCs protect individuals against infectious agents, response to inflammatory stimuli, and orchestrate lymphoid organogenesis and tissue repair, at various tissues especially mucosal barriers (17–19).

Among all subsets, ILC2 are the center of numerous investigations. They are mainly localized at mucosal barriers, e.g. the small intestine, skin, and lung (19–21). ILC2 are a master regulator of immune and inflammatory responses, but their own regulatory mechanisms remain largely elusive.

ILC2 are activated by host-derived alarmins such as IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), which are expressed during tissue injury (22–24). Once activation takes place, ILC2 release large quantities of cytokines such as IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17, and amphiregulin (16, 25–28). Furthermore, ILC2 interact with other cells through surface-bound molecules, such as CD80/86, MHC class II, PD-L1, OX40L, and inducible costimulator ligand (ICOS-L), and participate in immune-regulatory functions (29–32). ILC2 play critical roles in the regulation of inflammation, allergic immunity, metabolic homeostasis, parasite rejection, and tissue repair. Dysregulation of ILC2 contributes to inflammatory responses, including allergen-induced lung inflammation (33, 34), airway hyperreactivity (35), and atopic dermatitis (36).

Currently, the nervous system is found to have complex dual functions to quickly stimulate or suppress immune cells to defend the body against various inflammatory responses. There are continuing advances in our knowledge of neural regulation of ILC2, these brilliant results provide a new dimension of immune regulation (37–47). Studies have shown that receptors for norepinephrine, acetylcholine (Ach), neuromedin U (NMU), neuromedin B (NMB), α-Calcitonin Gene-Related Peptide (CGRP), and other neurotransmitters are present on T cells, dendritic cells (DCs), macrophages, ILC2, and other immune cells (19, 37, 38, 44, 48–50), and pattern-recognition receptors (PRRs) and cytokine receptors are distributed on neurons (51–54). Interestingly, immune cells are also able to synthesize and secrete catecholamines, acetylcholine, CGRP, and other neurotransmitters (39, 48, 49, 55). Moreover, ILC subtypes express the nicotinic and muscarinic cholinergic receptor for Ach, β2-adrenergic receptor (β2AR) for epinephrine and norepinephrine, calcitonin receptor-like (CALCRL) for CGRP, neuromedin U receptor 1 (NMUR1) for NMU, neuromedin B receptor (NMBR) for NMB, and VPAC1/2 (vasoactive intestinal peptide receptor) for vasoactive intestinal peptide (VIP) (19, 39, 44, 50, 56). These findings suggest physical machinery for neuro-immune communications. Also, type I cytokines can also influence cells of the center nervous system (CNS) and mediate what is called “sickness behavior” (57, 58). In this review, we highlight existing information that describes neurons as novel regulators of ILC2 in the context of pulmonary innate and adaptive immunity.



Mechanisms Underlying ILC2 Interact with Other Immune Cells

ILC2 function both as initiator of adaptive immunity or as responder to signals produced by B and T cells. Using ILC2-targeted models, investigations have shown multiple mechanisms by which ILC2 regulate innate and adaptive immune system.

Many previous studies showed that “crosstalk” exist between T cells and ILC2 (Figure 1). For instance, ILC2 are the largest group of the cytokine-secreting leukocytes after ovalbumin or HDM treatment (59), and ILC2 activity is essential for the efficient differentiation of Th2 cells (29, 60–63). In Rag2−/− mice, in which T cells and B cells are depleted due to Rag deficiency, the numbers of ILC2 also markedly decreased after helminth infection, indicating that T cells advance the survival of ILC2 (64). Epithelial cells derived cytokines and alarmins activate ILC2, which can be main producer of type 2 cytokines. Moreover, ILC2 can activate CD4+T cells either in the priming phase or during the effector phase since they present major histocompatibility complex class II (MHCII) (65, 66). IL-33–activated ILC2 enhances DCs migration into cancer tissues via C-C motif chemokine ligand 5 (CCL5) and further improve CD8+ T cell-mediated tumor immunity (67). Combination of anti-PD1 checkpoint blockade with rIL33 treatment collaborates to improve anti-tumor immunity by unleashing ILC2 activity (68). Activated ILC2 further facilitate the polarization of the anti-inflammatory M2 macrophages, which in turn stimulate Foxp3 regulatory T cells (Tregs) (69). Tregs are a subpopulation of T cells which modulate the adaptive immune responses through direct cell-cell interactions, as well as through the inhibitory functions of TGF-β and IL-10.




Figure 1 | ILC2 interacts with other immune and non-immune cells through a variety of cytokines and cell surface mediators. (1) After activation with alarmins, ILC2 produce type II cytokines and mediators; (2) ILC2 interact with T cells via MHCII, CCL5, PD-1/PD-L1, OX40/OX40L, CD86, CD80, IL-4, IL-5, and IL-13; (3) ILC2 activate B cells to undergo isotype-switching, survival, self-renewal, and secrete antibodies via ICOS/ICOS-L, IL-5; (4) ILC2 stimulate Tregs via IL-5, IL-9, ICOS/ICOS-L, while ILC2-released IL-4 suppress Tregs. Tregs are capable of inhibiting ILC2; (5) ILC2 prime macrophages into a type 2 immune cell phenotype via IL-13; (6) Epithelial cells derived alarmins activate ILC2. ILC2-released IL-9 and Areg protect lung endothelial cells. (7) ILC2 increase eosinophils via IL-5, HMGB1. ILC2 inhibit eosinophils via IL-10. Eosinophil- or basophil-released IL-4 activate ILC2; (8) ILC2 activate DCs via IL-9, IL-13, HMGB1.



Through cytokines and interactions of ICOS with its ligand ICOS-L, ILC2 activate B cell to undergo isotype-switching, survival, and secrete IgG1 and IgE (64, 70, 71). IgE produced by B cells, together with type 2 cytokines released by Th2 cells and ILC2, lead to further activation of smooth muscle contraction, mucus production, granulocyte effector cells, and, which in turn, result in the encapsulation or expulsion of inflammatory stimuli (72). B cell-derived IgE is an important effector of type 2 immunity, and the recognition of allergens by IgE on mast cells is responsible for induction of the cardinal features of classic allergic responses, including anaphylactic shock (70). ILC2-derived IL-5 is an important growth factor that contributes to B1 cell self-renewal (73, 74). ILC2 sorted from mesenteric fat-associated lymphoid clusters are able to increase IgA production by peritoneal B cells in vitro (74).

Multiple indirect (cytokines) and direct (surface-bound molecules) mechanisms are involved in interactions between ILC2 and other cells as summarized below (Figure 1) (29, 75–77).


IL-4

IL-4 is expressed by activated ILC2 (78, 79). ILC2-released IL-4 participates in blocking the expansion of allergen-specific Tregs, thus involving in food allergy (80). ILC2-released IL-4 is also able to polarize TH2 cells during helminth infection (81).

On the other hand, eosinophil- or basophil-released IL-4 is found to affect ILC2 by enhancing ILC2 lineage proliferation, function and stability (82, 83).



IL-5

ILC2 can coordinate adaptive and innate immune functions through IL-5. IL-5 is critical for B cell function (74) and eosinophil homeostasis (Figure 1) (84, 85). When splenic B cells co-culture with mesenteric ILC2, IL-5 from ILC2 plays a pivotal role in the release of IgA from B cells (74). Besides, peripheral ILC2 in pulmonary, peritoneal cavity, and spleen are able to elevate the secretion of IgA, IgE, IgG1, and IgM by B cells in ex vivo co-cultures (86). Furthermore, upon NP-Ficoll (primes for a high affinity IgM anti-NP response) treatment in vivo, IgM produced by B cells is selectively initiated by lung ILC2 in an IL-5–dependent pattern (86). IL-5–producing ILC2 are also essential for the Th2 and Th9 cytokine responses against Trichinella spiralis infection (87). In addition, lung ICOS+ILC2 act a protective factor in a bleomycin model in an IL-5-dependent manner (88). Of note, the timing of IL-5 release by ILC2 seems important for the protective activity (88). Study showed that prostaglandin D2 (PGD2)-chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2) signaling increases ILC2 and its production of IL-5, which promotes Tregs proliferation (89).

Our recent study discovered that high mobility group box 1 (HMGB1, a late mediator of sepsis) signals via receptor for advanced glycation end products (RAGE) to increase lung ILC2 by enhancing ILC2 proliferation and suppressing ILC2 death. The activated ILC2 increase type 2 cytokines production and eosinophil infiltration in the lungs, both of which improve haemorrhagic shock-induced acute lung injury (85). Lung ILC2 activated by IL-33 secrete a large number of IL-5, which further up-regulate neutrophil and its IL-5 production (90).



IL-9

Price et al, reported in detail that ILC2 express IL-9 receptor (78). Using IL-9 reporter and subsequently IL-9 fate mapping mice, two studies delineated the autocrine signaling mechanism of IL-9 in ILC2 that enhances IL-13 and IL-5 release (Figure 1) (66, 91). In papain-induced pulmonary inflammation model, IL-9 was secreted for a short period by ILC2, then ILC2 changed to release IL-13 and IL-5. Furthermore, IL-33, but not IL-25, increased IL-9–producing ILC2 (91). Rauber et al, recently uncovered that IL-9 from ILC2 was necessary for Tregs activation and inflammation resolution in an arthritis model (92). HMGB1-activated ILC2 also secrete IL-9, which increase DCs (93). Moreover, our study discovered that ILC2-released IL-9 protects lung endothelial cells from pyroptosis by suppressing caspase-1 in a septic model (17).

IL-2 released by adaptive immune cells also play a crucial role in the IL-9 expression by ILC2, suggesting again the strong functional link between adaptive and innate lymphoid cells (94). Besides, IL-2 functions as a costimulator to ILC2 and promotes cell proliferation and survival by activating NF-κB pathway and gene transcription through p65 translocation (94). IL-9 and IL-2 work synergistically to direct ILC2 biology, and increased IL-9 production is related to an asthma-like phenotype in humans and mice highlighting the key role of these cytokines (95–98).



IL-13

IL-13 also mediates the interaction between ILC2 and immune and non-immune cells (Figure 1). During infection of helminth in mice, IL-13 released from ILC2 is more abundant than that from Th2 cells for restricting worm expulsion and immune response (23, 64, 78). IL-13 from ILC2 can induce goblet cell hyperplasia as well as mucus secretion (99). Yet the precise mechanism of IL-13 receptors on pulmonary cells at different states remains to be fully elucidated.

Pulmonary IL-13+ ILC2 and CD4+ T cells cooperate to suppress Nippostrongylus brasiliensis (Nb) infection. Immune-damaged larvae have a severe morphological defect that is due to the increase of CD4+ T cells and IL-13+ ILC2, as well as the activation of M2 macrophages (100). Besides, alveolar macrophages can be primed by ILC2-derived IL-13 into a type 2 immune cell phenotype (101). DCs are stimulated by IL-13 to convert to a type 2 chemokine-secreting phenotype. ILC2-derived IL-13 is also able to mediate DCs migration from the lungs to the LNs, thus impacting the differentiation of TH2 cell (102). In addition, the number of IL-13+ ILC2 was reported to be markedly upregulated in patients with uncontrolled asthma, and it was significantly decreased when these patients had their symptoms controlled by treatment, suggesting an important role for ILC2-derived IL-13 in asthma (103). In conclusion, ILC2-derived IL-13 can initiate and affect innate and adaptive type 2 immune responses.



Amphiregulin (Areg)

Areg is a member of the epidermal growth factors (EGF) family and acts via the EGF receptor (EGFR) (104). Both hematopoietic and non-hematopoietic cells in the lung present EGFR (105). ILC2 are a major cellular producer of Areg after activation with IL-33. ILC2-derived Areg is a critical component of effective pulmonary wound healing during influenza infection and restoring epithelial integrity and lung function (20). The initiation of mucus secretion and wound healing can prevent or ameliorate some respiratory diseases, although enhanced and excessive mucus may play a detrimental role in diseases, such as asthma (106, 107). Pulmonary Tregs are also capable of producing Areg without TCR signaling (Figure 1) (108). Thus, innate Areg released by ILC2 and Tregs is of high importance to restore tissue homeostasis and wound healing after pulmonary infection.



ICOS/ICOS-Ligand Interaction

Studies on helminth expulsion revealed ILC2-Tregs crosstalk (109). Tregs and ILC2 colocalize to similar regions within the lung tissues and visceral adipose tissue under homeostatic and inflammatory conditions (Figure 1) (31). Of note, ICOS+ Tregs and ICOS-L+ ILC2 were reported to accumulate in tissues after Nb infection or IL-33 administration, while Tregs accumulation in ICOS-L knock-out mice or after administration with neutralizing monoclonal antibody against ICOS-L was reduced, indicating that ICOS-L+ ILC2 could improve Tregs expansion, thus establishing a pathway for Tregs to cooperate with ILC2 (31). On the other hand, Tregs are capable of inhibiting ILC2 to restrict allergic airway inflammation (110). Besides, ICOS/ICOS-L interaction on ILC2 affects STAT5 signaling, activating ILC2 function and proliferation in an allergic model (111).



PD-1/PD-L1 Interaction

ILC2 constitutively express the checkpoint inhibitor molecule programmed death-ligand 1 (PD-L1), which has been discovered to activate CD4+ Th2 cell responses during type 2 pulmonary responses (Figure 1) (30). Conditional knockout of PD-L1 on ILC2 disrupted cytokine production and early Th2 polarization, resulting in delayed worm expulsion during infection with the gastrointestinal helminth Nb (30). Nevertheless, ILC2 can also express PD-1, which was reported to be upregulated on activated ILC2, and depletion of these PD-1+ ILC2 resolves papain-induced lung inflammation (112).



E-Cadherin/KLRG1 Interaction

E-cadherin, a cell adhesion molecule, interacts with the mature ILC2 marker, killer-cell lectin like receptor G1 (KLRG1). The finding that E-cadherin-KLRG1 ligation on human ILC2 reveals a significant decrease in GATA3 expression and type 2 cytokine (such as IL-5 and IL-13) release and the discovery that E-cadherin expression is suppressed in keratinocytes propose that inhibited E-cadherin expression may activate ILC2, promoting atopic dermatitis (AD) immunopathogenesis (28).



Other Interactions

OX40 ligand (OX40L) expression on ILC2 can be enhanced by IL-33. OX40-OX40L ligation has been reported to increase Th2 cell survival and number (32, 113), thus promoting adaptive immunity (75).

A molecularly distinct subset of lung ILC2 can secrete IL-10 and suppress some pro-inflammatory genes. IL-2, IL-4, IL-27, IL-10, and NMU stimulate IL-10 production from ILC2 and are associated with decreased eosinophil recruitment to the lung, indicating that ILC2 have anti-inflammatory functions similar to Tregs (Figures 1 and 3) (26, 114).




Figure 2 | The autonomic nervous system regulation of ILC2 function. Ach, Acetylcholine; α7nAChR, α7 nicotinic acetylcholine receptor; β2AR, β2-adrenergic receptor; NA, Norepinephrine.






Figure 3 | The somatic nervous system regulation of ILC2 function. CGRP, α-calcitonin gene-related peptide; DRG, Dorsal root ganglion; NMB, neuromedin B; NMU, neuromedin U; PNECs, Pulmonary neuroendocrine cells; VIP, Vasoactive Intestinal Peptide.



The expression of CD86, CD80, and MHCII by mouse ILC2 is also involved in ILC2 interactions with CD4+ T cells;

MHCII+ ILC2 can drive the differentiation of naive CD4+ T cells into Th2 in vitro, whereas MHCII-deficient ILC2 upregulate Th2 cell-driven helminth expulsion in vivo (29, 75).




Pulmonary Nervous System and its Regulatory Function

Lung is densely innervated by peripheral nervous system (PNS), which is divided into motor and somatosensory nervous systems (Figure 2).


Motor Nervous System

The motor nervous system consists of the autonomic (sympathetic, parasympathetic, and enteric) and somatic branches.

Autonomic nervous system serves to regulate involuntary functions. Sympathetic branch comes from the upper six thoracic spinal cord segments; the synapse together with the sympathetic ganglia, and postganglionic fibers then innervate the airways. The sympathetic nervous system participates in the body response to stress and regulates bronchodilation and the production of mucous.

The cholinergic parasympathetic branch comes from the vagal nuclei of the medulla; the superior and recurrent laryngeal vagal nerves synapse at the parasympathetic ganglia to innervate the lung (115). The parasympathetic branch is mainly responsible for keeping homeostasis (116). It regulates bronchoconstriction, carbon dioxide and oxygen levels, as well as neural reflexes including coughing.



Somatosensory Nervous System

The somatosensory nervous system delivers sensory stimuli, such as proprioception, touch, and pain. Somatosensory neurons are further divided into pruriceptors and nociceptors responsible for sensing itch-inducing or noxious stimuli, respectively. These neurons are important because their activation is closely related to inflammation and immunity (Figure 2).

All opponents of the PNS play a critical role in orchestrating immunity, inflammation, and tissue repair at host barrier tissues in response to stimuli and stressors. Primary evidence that neurotransmitters may regulate immune responses was that their release from nerves could lead to signaling through the surface receptors of lymphocyte cell (117). Leukocytes have receptors for the neurotransmitters such as dopamine, serotonin and glutamate (117), and also produce neurotransmitters that work as paracrine or autocrine signals (118). The neuronal reflex senses peripheral inflammation and coordinates the host response to injury and/or infection, regulating events within the initiation of inflammation (48, 119). Lung is heavily populated by resident immune cells, such as macrophages, DCs, γδ T cells mast cells and ILCs. It allows fast, integrated reactions to pathogens and noxious stimuli (120).



Sympathetic Nervous System

Sympathetic nervous system helps the center nervous system to control innate immune responses between antiviral and pro-inflammatory actions (Figure 2) (121, 122).

The nerves of the sympathetic nervous system distribute the neurotransmitter catecholamines into tissue microenvironments in which immune response gene transcription occurs, including all lymphoid organs, most musculoskeletal structures and visceral organs, and the vasculature and perivascular tissues (123).

Recent reports have revealed a sympathetic nervous system-mediated steering of innate immune response programs, which include enhanced transcription of pro-inflammatory cytokine genes (such as Il6, tnf, and Il1β) (121, 124) and inhibition of type I IFN-mediated antiviral responses (122).

Stimulation of the sympathetic nervous system has also been shown to change the production and trafficking of innate immune cells, for instance, through the upregulation of myelopoiesis and the mobilization of monocytes, splenic neutrophils, natural killer cells, and haematopoietic stem cells (123). A current study showed that the sympathetic nervous system stimulates IL-33 and then ILC2 in adipose tissue. Cold exposure stimulates IL-33 expression, ILC2 and eosinophils in adipose tissue. Furthermore, sympathetic denervation induced by 6-hydroxydopamine (6-OHDA) cancels this effect (125).

Catecholamines are monoamine neurotransmitters which are mainly released by the postganglionic fibers of the sympathetic nervous system and the chromaffin cells of the adrenal medulla. Included among catecholamines are dopamine, epinephrine (adrenaline), and norepinephrine (noradrenaline) (Table 1 and Figure 2). Release of the epinephrine and norepinephrine from the adrenal glands and adrenergic nerves is part of the fight-or-flight response.


Table 1 | Sources, receptors on ILC2, and relationships with ILC2 of several neurotransmitters.



Catecholamines exert their effects via two classes of adrenergic receptors, α and β. Both groups could be functionally divided into subgroups (α1 and α2; β1, β2, and β3).

Norepinephrine regulates leukocyte gene expression through β-adrenergic receptors (123). β-adrenergic receptor is expressed on most immune cells, such as B cells, T cells, and other innate cells (40, 126–128). It was initially thought to regulate adaptive immune responses by suppressing the expression of TH1-type genes, such as Il12β and Ifnγ, and activating the transcription of TH2-type cytokine genes, i.e. Il4 and Il5 (129–131).

Interestingly, β2AR has an inhibitory effect on innate immune responses. β2-agonists suppress cardiodepressant and inflammatory factors, including HMGB1 and TNF. Recently, ILC2 from the lung and the gut-related tissues (small intestinal lamina propria, colonic lamina propria and mesenteric lymph nodes) were found to express β2AR. ILC2 were also shown to colocalize with adrenergic neurons in the mouse intestine (40).

β2AR deficiency led to enhanced ILC2 proliferation and subsequent type 2 cytokine production in lung and intestinal tissues after infection with Nb. Lung eosinophilia was observed following enhanced IL-5 production from ILC2 in β2AR-deficient mice. On the other aspect, β2AR agonist administration disrupted ILC2 responses and suppressed inflammation in vivo. By using conditional β2AR-deficient mice, or by transferring ILC2 progenitors from wild-type mice or β2AR-deficient mice into ILC-deficient mice, the group generated ILC2-specific β2AR-deficient mice and ensured that the β2AR negatively controls ILC2 and type 2 inflammation (40). This study provides another evidence of neuronal regulatory circuit that regulates ILC2-dependent type 2 inflammation. β2AR-agonists are the most effective medications for the treatment of asthma. β2AR-mediated ILC2 regulation could be one of the pathways of β2AR-agonists effect in asthma (33, 38, 44, 110, 132, 133). On the other hand, β2AR is the first adrenergic receptor documented to participate in the “anti-inflammatory reflex” of the parasympathetic system which will be discussed in the next section (Table 1 and Figure 2).



Parasympathetic Nervous System

Parasympathetic and sympathetic systems are usually considered to work in opposition to maintain physiological homeostasis. While current literatures suggested that both branches work together to restrain systemic inflammation in life-threatening illnesses, including arthritis, inflammatory bowel disease, sepsis and endotoxemia (46, 48, 134–138).

Nerve fibers of the parasympathetic nervous system arise from three primary areas: cranial nerves (facial nerve, oculomotor nerve, and glossopharyngeal nerve), vagus nerve, and pelvic splanchnic nerves (three spinal nerves in the sacrum, S2-4).

The parasympathetic nervous system mainly utilizes acetylcholine (ACh) as its neurotransmitter (Table 1 and Figure 2). Tuft cells, capable of secreting the ILC2 activator IL-25, also secrete Ach (139, 140). The ACh has two kinds of receptors, the nicotinic and muscarinic cholinergic receptors. α7 nicotinic acetylcholine receptor (α7nAChR), one of the nicotinic acetylcholine receptors, is expressed by ILC2 at steady state, and this expression is further increased following alarmin-induced activation such as IL-33 (44). The α7nAChR is also present on B cells (141), T cells (142, 143), macrophages (144) and ILC3 (41).

α7nAChR-/- mice were more susceptible to severe lung injury and higher mortality than α7nAChR+/+ mice. Increased α7nAChR+ alveolar neutrophils and macrophages were observed in the mice injured lungs. The immunomodulatory cholinergic α7nAChR pathway of alveolar neutrophils and macrophages alleviated E. coli- and LPS-induced acute lung injury by inhibiting transalveolar neutrophil migration and chemokine production.

It was reported that the expression of HMGB1 protein was suppressed by α7nAChR agonist nicotine and the survival of post-sepsis acute lung injury was improved (145). In addition, administration of α7nAChR agonist inhibits type 2 cytokine production from ILC2 and ameliorates ILC2-mediated lung inflammation induced via IL-33 stimulation or Alternaria alternata inhalation. Mechanistically, α7nAChR agonist is reported to inhibit cellular markers for proliferation in ILC2 (Ki67, NF-κB and GATA3 signaling pathways) (27, 44, 146, 147) (Table 1). These findings indicate that α7nAChR may be a potential therapeutic target for acute lung injury (120).

On the other aspect, Bcl-2, an anti-apoptotic factor of ILC2, was unchanged by α7nAChR agonist treatment. These studies indicate that parasympathetic nervous system modulates ILC2 proliferation, but not death. The suppressive effects of α7nAChR on ILC2 may serve as the mechanism underlying the observed reduced pulmonary allergic inflammation induced by nicotine treatment (148). Moreover, in cancer immunity, nicotine treatment stimulates tumor growth by suppressing apoptosis and promoting cell proliferation (149–152).



Anti-Inflammatory Reflex

The vagus nerve is the main parasympathetic nerve connecting between the central nervous system and peripheral organs (128, 153). Pharmacological or electrical stimulation of the vagus nerve can restrain the systemic inflammation response, organ damage, and mortality in different experimental hemorrhage and resuscitation (43), pancreatitis (154), ischemia and reperfusion (43, 155, 156), colitis (157), endotoxemia (42, 155, 158, 159) and sepsis (145, 160).

Mechanically, the motor and sensory vagus nerve form a complex neural reflex circuit termed the “anti-inflammatory reflex” which control spleen cytokine production through splenic nerve (42, 161–166). ACh released by the vagus nerve in the celiac mesenteric ganglia stimulates postsynaptic α7nAChR of splenic nerve (46). The adrenergic splenic nerve release norepinephrine to activate a discrete subset of spleen lymphocytes via β2AR. Activated lymphocytes then release Ach (48, 167). Lymphocyte-derived Ach downregulates macrophage cytokine release, and switches them toward a tissue-protective, M2 anti-inflammatory phenotype. α7nAChR mediates Ach-induced signal transduction in macrophages and monocytes (144). α7nAChR inhibits the inflammasome activity (168), enhances the JAK2-STAT3 pathway (169), stabilizes mitochondrial membranes, and suppresses the nuclear translocation of NF-κB (119, 145, 168–170).

The eventual influence of inflammatory reflex on the spleen is the inhibition of cytokine release by spleen macrophages, which produce over 90% of the IL-1 and TNF during acute endotoxemia (159, 167). The anti-inflammatory reflex is a special instance of a functional network between the efferent parasympathetic vagus nerve, the splenic nerve (termed sympathetic) and T cells relaying neural signals. In depicting this cooperation, the use of the classical sympathetic-versus-parasympathetic neuronal designation should be modified.

Indirect studies suggested that anti-inflammatory reflex is involved in the regulation of ILC. Dalli et al, reported that dissection of the right vagus downregulated the number of peritoneal ILC3 and changed peritoneal macrophage responses. Right vagotomy led to decreased peritoneal levels of pro-resolving mediators, which include the protective immunoresolvent protectin conjugates in tissue regeneration 1 (PCTR1), as well as increased inflammation-initiating eicosanoids. Ach restored the PCTR1 production from ILC3. Treatment of PCTR1 or ILC3 repaired tissue and ameliorated E. coli infections in vagotomized mice (41). Another group studied the regulation of ILC2 using coding α7nAChR (Chrna7) knockout mice, pulmonary C fibre (PCF, which releases ACh and neuropeptides) degeneration mice, and vagotomized mice. Knockout of Chrna7 enhanced resident ILC2s and trafficking iILC2s in the lung, worsened allergic inflammation. However, PCF degeneration and vagotomy significantly reduced these two types of ILC2 and attenuated asthma responses (171). Although there is no direct evidence suggests that “anti-inflammatory reflex” regulates ILC2, it is promising to investigate since the number of ILC2 is significantly increased in spleen during inflammation or infection (172).

In sum, parasympathetic nervous system participates in the pathogenesis of various diseases, with a different role in each disease.



Sensory Neurons

The lung is innervated by a dense network of sensory neurons that mainly comes from vagal afferents whose cell bodies reside in the vagal ganglia (jugular and nodose ganglia); while other sensory nerve innervation originates from the dorsal root ganglion (DRG) (Figure 3) (115, 173–175). Nociceptive receptors are richly expressed in sensory neurons endings, which are abundantly present in the lung parenchyma and near the airways; this poises them to act as the first wall for host defense and these neurons interact directly with inflammatory stimuli such as ATP, pathogens, allergens, protons, heat, mechanical injury and chemical irritants like immune cells such as APCs, macrophages, and other phagocytes (116, 176–178).

Sensory neuronal action potentials evoked by this interaction are then transmitted into the CNS within milliseconds of the detection of inflammation or invasion. This action-potential signaling mechanism is significantly faster than immune cell. Once activated, nociceptive receptors induce coughing, pain and bronchoconstriction (173, 178–180). Neuropeptides emanating from nociceptor nerve terminals also participate in the nociceptors crosstalk with immune cells (173, 181–183).

Excitation of nociceptors increases the release of multiple neuropeptides, such as substance P, VIP and CGRP which regulate both innate and adaptive immune cells (184) (Table 1 and Figure 3).



CGRP

CGRP, encoded by Calca, is a member of the calcitonin family peptides that not only secreted by peripheral nociceptive neurons but also found in central neurons (45, 185). CGRP binds to a heteromeric receptor composed of a receptor activity-modifying protein (RAMP1) and a G-protein coupled receptor termed CALCRL. CGRP via these receptors stimulates AC, which results in cAMP and PKA pathway activation and leads to the phosphorylation of several downstream pathways including NOS, MAPK, and CREB pathways (186).

In skin bacterial infection, lymph node hypertrophy and TNF-α production are found to be suppressed by CGRP (183, 187). CGRP levels markedly increased in the bronchoalveolar lavage fluid (BALF) after Staphylococcus aureus infection. S. aureus also increases cultured neuronal production of CGRP in vitro. CGRP could alleviate the symptoms of S. aureus-induced pneumonia by suppressing TNF-α, CXCL1, γδ T cells and neutrophils (188).

A recent study discovered the relationship between CGRP and pulmonary neuroendocrine cells (PNECs), which comprise ~1% of the airway cell population (189, 190). PNECs (locate in close proximity to ILC2 near airway branch points) could secrete CGRP, which aggravates allergen-induced asthma in mice by stimulating ILC2 proliferation and the secretion of IL-5 from ILC2 (133). On the other hand, Il5hiILC2 produce both CGRP and its receptor CGRPR following Nb infection. CGRP treatment alone does not increase cytokine production from ILC2, a combination of neuromedin U (NMU) + IL-33 with CGRP stimulates IL-5 but limits IL-13 production and ILC2 proliferation. Worm expulsion and ILC2 responses are augmented without CGRP signaling (39). Interestingly, Xu et al, reported that OVA-induced inflammation increased the expression of Calca in KLRG1+ILC2. CGRP suppressed KLRG1+ILC2s proliferation but promoted IL-5 expression (191). Collectively, these paradoxes point to both pro- and anti-inflammatory properties of CGRP on immune responses in the lung and warrant further investigation (Table 1 and Figure 3).



VIP

The neuropeptide VIP also involves in the regulation of ILC2. It has been firstly characterized as a polypeptide isolated from the small intestine with multiple impacts on different systems such as respiratory and cardiovascular systems (192). VIP can be perceived by VIP receptor type 1 (VPAC1) or VIP receptor type 2 (VPAC2), which are differentially regulated according to cell type and activity conditions (193, 194). Similar to CGRP, VIP enhances the AC/cAMP/PKA pathway and phospholipase C, which causes the accumulation of intracellular Ca2+ (195).

Of note, pulmonary and intestinal ILC2 express VPAC1 and VPAC2 and produce IL-5 when they are incubated with IL-7 and VIP- or VPAC2-specific agonist (84). Talbot et al, discovered a critical relationship between ILC2, VIP, T cells, and nociceptive neurons (182). Reciprocally, ILC2-derived IL-5 activates nociceptors on afferent neurons and upregulates the release of VIP, which in return acts via VPAC2 and leads ILC2 and subsequently T cells to release more IL-5 and thereby forming a type 2 inflammatory positive feedback loop mainly based on the neuro-immune axis (Table 1 and Figure 3) (182). Since the levels of blood eosinophils and type 2 cytokine release from ILC2 are regulated by circadian rhythm and food intake, this suggests that VIP might influence blood eosinophils via upregulation of ILC2 (84).



NMU

NMU is a neuropeptide mainly released by cholinergic sensory neurons originating from DRG, but not parasympathetic neurons in the vagal ganglion (196). The initial biological functions ascribed to NMU were food intake and body weight reduction, smooth muscle contraction of the uterus, pronociceptive effects promotion and circadian rhythm regulation (197, 198). In addition, NMU is also occasionally secreted by some APCs, including monocytes, B cells, and dendritic cells (199). Thus, it is suggested to play an important role in the regulation of adaptive and innate immunity. In an allergen-induced asthma model, airway eosinophilia was shown to decrease in nmu-/- mice. NMU directly stimulated extracellular/signal-regulated kinase phosphorylation and Ca2+ mobilization. NMU also induced cell adhesion to components of the extracellular matrix, and chemotaxis in vitro (200).

Recent studies reported that NMU from lamina propria play a regulatory role in mice type 2 innate immunity through binding to the neuromedin U receptor 1 (Nmur1), which is selectively enriched in ILC2. Consistent with this idea, NMU-expressing neurons have been discovered in close vicinity to ILC2 in the lungs (19, 37, 38). Lung ILC2 present NMUR1 at steady state and upon IL-25 stimulation, however, NMUR1 was inhibited upon IL-33 exposure (38).

In a mice model of worm infection in the lungs and intestine, stimulation of ILC2 with NMU led to strong and immediate production of tissue protection and innate inflammatory cytokines in a NMUR1-dependent manner, thereby alleviating worm burden (37).

In a model of airway allergy, ILC2 were activated by NMU in vitro, and in vivo co-treatment of NMU with IL-25 significantly increased lung histopathology. Disruption of NMU-NMUR1 pathway decreased ILC2 number and effector function, and changed transcriptional programs following in vivo allergen exposure (38). NMU elevates pulmonary ILC2 proliferation and a selectively potent secretion of innate IL-5, IL-13, and amphiregulin (19, 37, 38). Furthermore, ILC2 activated by NMU increase the number of lung eosinophils and mast cells, thus alleviating antihelminth responses (19, 37, 38). Interestingly, IL-13 enhance NMU production in DRG neurons, thus indicating the existence of a reciprocal neuron–ILC2 regulatory loop via ILC2-derived IL-13 and neuronal NMU expression (38). IL-10, primarily secreted by Tregs, was increased by NMU in activated intestinal ILC2. IL-10 further stimulated IL-10 production in ILC2 through a positive feedback loop (Table 1 and Figure 3) (114). These findings suggested that NMU treatment enhance inflammation-induced damage in the lungs and pointed to a double-edged sword of NMU-NMUR1 signaling.



NMB

NMB belongs to the neuromedin family that includes NMB, NMC, NMK, NML, NMN, NMU and NMS (201, 202). It is expressed widely in the CNS (olfactory bulb, dentate gyrus, amygdala, basal ganglia, and brainstem) and the PNS (gastrointestinal tract, trigeminal and dorsal root ganglia (DRG)) (203, 204).

NMB controls cell growth, blood glucose, body temperature, emotion, energy homeostasis, exocrine and endocrine secretion, food intake, grooming and scratching, nociception and smooth muscle contraction. Inclan-Rico, Juan M et al, found that administration of NMB suppressed ILC2 responses via NMU receptor (NMBR), eosinophilia and mucus production after Nb infection in the lung. In consistent with in vivo results, in vitro treatment of NMB inhibited the growth of sorted ILC2 (Table 1 and Figure 3). Of note, ILC2 sorted from basophil-depleted mice were unchanged by NMB stimulation, indicating that basophils are indispensable for the inhibitory effects of NMB on ILC2 (50).




Promising Directions for Research on the Neural Regulation of ILC2 in the Lung

The discoveries of neural control of ILC2 have added a new dimension to neuroimmunity. All previously known findings of ILC2 in the lung could be re-examined from this perspective.

Previous studies on the lung ILC2 have been mainly performed in models of allergic disease (205–208), helminth infection (16, 50, 209, 210), and septic lung injury (17, 85, 211, 212). Multiple neural pathways have been reported to be involved in these disease models (4, 213, 214). Although recent studies have found some clues, the relationship between nervous system and ILC2 still remains contradictory and inconclusive. For example, CGRP shows opposite effects on different ILC2 subtypes. NMU is able to enhance the pro-inflammatory function of ILC2 as well as its anti-inflammatory function. Does the nervous system or neural mediators play ameliorating or worsening roles in these diseases by regulating ILC2? If future studies can prove this hypothesis, then ILC2 will not only be a bridge between innate and adaptive immunity, but also between the nervous system and the immune system.

The second promising research direction will be the effects of neural-regulated ILC2 on nervous system. Type I cytokines and their receptors (such as IL-1, IL-6, and TNFs) are expressed widely in CNS cells and are important for the development and function of the CNS (58). However, the impacts of ILC2-released type II cytokines and mediators on nervous system remains to be elucidated. Currently, a reciprocal DRG–ILC2 regulatory loop via ILC2-derived IL-13 and neuronal NMU expression has been found (38). Besides, ILC2-derived IL-5 activates nociceptors on afferent neurons and upregulates the release of VIP, which in return, acting via VPAC2 leads to ILC2 and T cells to release more IL-5 and, thereby, forming a type 2 inflammatory positive feedback loop (182). It would be important to explore unidentified neuron-ILC2 positive/negative regulatory loops.

The third area of interest will be the neural regulation of ILC1 and ILC3. Recent studies have shown that three ILCs are functionally plastic. For instance, plastic iILC2 can coproduce both type-2 cytokines and the ILC3-characteristic cytokine (IL-17A) (215). Under certain conditions, c-Kit+ILC2 can convert to ILC3-like cells (216). Besides, IL-12 and IL-18 converted ILC2 into ILC1 in patients with chronic obstructive pulmonary disease (COPD) (217). Does neuromodulation affect the interconversion of ILC2 and two other cell subtypes? If these plastic properties can be elucidated, we can gain a comprehensive understanding of the relationship between ILC as a cell type and the nervous system.

Least but not last, these results have great therapeutic implications for precision medicine. For example, NMUR1 is selectively expressed by ILC2, while receptors for classical ILC2 activators, i.e. IL-25, IL-33, and TSLP, are widely expressed by various cell types (19, 37, 38). Meanwhile, researchers have developed many methods to selectively stimulate and inhibit neurons (218, 219). Combining these advances will allow us to identify more effective clinical targets.



Conclusion

Emerging evidence from in vivo animal models, human studies, and in vitro experiments indicates that neuropeptides and neurotransmitters released from various neurons and non-neuronal cells are critical in regulation of immune responses in different tissues including the lung. This review article provides a comprehensive overview of the effects of novel neural mediators and pathways on ILC2 and underlying mechanisms as well as the insights into the direct and indirect interactions between ILC2 and other immune cells, highlighting ILC2 as the bridge between innate and adaptive immunity. However, the research in neuro-immune area is, in general, in a premature status, and numerous questions remain to be addressed. For examples, the most of signaling pathways that mediate neural regulation of ILC2 are yet clear; and the mechanisms, by which ILC2 selectively respond to neutral and non-neural signaling need to be elucidated as well. In addition, translational and clinical investigations are required to promote the application resulted from the studies in this area.
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The cholinergic system is present in both bacteria and mammals and regulates inflammation during bacterial respiratory infections through neuronal and non-neuronal production of acetylcholine (ACh) and its receptors. However, the presence of this system during the immunopathogenesis of pulmonary tuberculosis (TB) in vivo and in its causative agent Mycobacterium tuberculosis (Mtb) has not been studied. Therefore, we used an experimental model of progressive pulmonary TB in BALB/c mice to quantify pulmonary ACh using high-performance liquid chromatography during the course of the disease. In addition, we performed immunohistochemistry in lung tissue to determine the cellular expression of cholinergic system components, and then administered nicotinic receptor (nAChR) antagonists to validate their effect on lung bacterial burden, inflammation, and pro-inflammatory cytokines. Finally, we subjected Mtb cultures to colorimetric analysis to reveal the production of ACh and the effect of ACh and nAChR antagonists on Mtb growth. Our results show high concentrations of ACh and expression of its synthesizing enzyme choline acetyltransferase (ChAT) during early infection in lung epithelial cells and macrophages. During late progressive TB, lung ACh upregulation was even higher and coincided with ChAT and α7 nAChR subunit expression in immune cells. Moreover, the administration of nAChR antagonists increased pro-inflammatory cytokines, reduced bacillary loads and synergized with antibiotic therapy in multidrug resistant TB. Finally, in vitro studies revealed that the bacteria is capable of producing nanomolar concentrations of ACh in liquid culture. In addition, the administration of ACh and nicotinic antagonists to Mtb cultures induced or inhibited bacterial proliferation, respectively. These results suggest that Mtb possesses a cholinergic system and upregulates the lung non-neuronal cholinergic system, particularly during late progressive TB. The upregulation of the cholinergic system during infection could aid both bacterial growth and immunomodulation within the lung to favor disease progression. Furthermore, the therapeutic efficacy of modulating this system suggests that it could be a target for treating the disease.
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Introduction

The cholinergic system is responsible for the coordinated synthesis, effects, and degradation of acetylcholine (ACh), an endogenous nicotinic receptor (nAChR) and muscarinic receptor (mAChR) agonist (1). Although ACh is the primary parasympathetic neurotransmitter of the airways, non-neuronal cells are crucial sources of ACh production (2). Through nAChR and mAChR stimulation, ACh modulates airway inflammation in chronic inflammatory lung disease (3, 4) and in bacterial respiratory infection (5–9). However, its dynamics during pulmonary tuberculosis (TB) remain unknown.

Visceral afferent neurons monitor and transmit information from strategically located peripheral sites associated with infection and injury, and through a reflex fashion return efferent autonomic signals to regulate localized immune responses. In the lungs, vagal sensory neurons are activated during bacterial or viral infection, cellular damage, and in airway allergenic responses (10). Cholinergic modulation of the lung’s immune response during normal conditions and in inflammatory conditions is partly mediated by the “pulmonary parasympathetic inflammatory reflex” (PPIR) (11), which is comparable to the spleen’s inflammatory reflex (12). This reflex is initiated with stimulation of C-fiber receptors, cytokine receptors and toll-like receptors in pulmonary afferent vagus nerve fibers and neural signal relay to the solitary tract nuclei. Subsequent activation of the dorsal motor nucleus causes efferent vagus nerve activation and ensuing neuronal and non-neuronal ACh release within the lung. The released ACh downregulates local leukocyte proinflammatory cytokines output through NF-κB interference (11). Importantly, microorganisms may have developed strategies to hijack the PPIR to induce pulmonary immunomodulation and infection progression (5, 7, 11, 13).

Despite the widespread use of antibiotic combination therapy, TB remains the most lethal infectious disease worldwide and many aspects of its pathogenesis remain unknown (14). ACh has not been studied in a pulmonary TB context. However, several studies have demonstrated that nicotine, a major constituent of cigarette smoke, worsens disease outcomes through nAChR stimulation (15–17). Additionally, receptors involved in the PPIR are implicated in the pathogenesis of active TB (18, 19). Consequently, the purpose of our study was to determine if the cholinergic system is upregulated during pulmonary TB using an in vivo experimental model (20).

We found upregulation of the lung’s extraneuronal cholinergic system during early infection and an even greater potentiation during advanced disease. Furthermore, administering nicotinic ACh receptor (nAChR) α7 and α4β2 antagonists reduced bacterial counts and presented synergism with second-line antibiotics. Finally, we demonstrated that Mtb produces ACh and that its growth is potentiated with nanomolar quantities of ACh and inhibited with nAChR antagonists.



Materials and Methods


Mice

Pathogen-free, 6–8-week-old male BALB/c mice (aprox. weight 22g), were obtained from the animal facilities of the Salvador Zubirán National Institute of Medical Sciences and Nutrition (INCMNSZ). All work was done according to the guidelines of the Mexican Constitution law NOM 062–200-1999, and approval of the ethical committee for animal experimentation of the INCMNSZ under governmental permit 224. Animals were monitored daily and euthanasia with pentobarbital (Nembutal, 400 mg/kg) was carried out before sample obtainment, as well as on any animal that presented signs of respiratory insufficiency, accentuated cachexia or full immobilization. Mice euthanized for sample obtainment underwent exsanguination by bleeding out the axillary vein. All mouse and sample protocols were carried out in biosafety level III cabinets.



Induction of Experimental Pulmonary Tuberculosis

Bacterial cultures of the reference strain H37Rv and the multidrug resistant (MDR) isolate CIBIN-99 were prepared as previously described (19, 20). For infection assays, mid-log phases were used. Experimental pulmonary tuberculosis was induced as previously described (20, 21). Mice were anesthetized briefly before inoculation in acrylic lidded boxes through inhalation of 2% sevoflurane vapor (Abbott Laboratories, IL, USA) in 2 L of O2. Mice were afterwards immobilized on a unicel cardboard covered by aluminum and infected by the non-invasive instillation (via the oro-tracheal route using a rigid stainless steel cannula [Thomas Scientific, Swedesboro, NJ] connected to an insulin syringe) of 2.5 × 105 H37Rv Mtb or 3.25 × 104 MDR Mtb live bacilli resuspended in 100 µl of sterile isotonic saline solution. Mice were grouped into five-mouse cages that were fitted with microisolators and connected to negative pressurizers within an animal biosafety level III facility.



Quantification of Lung Acetylcholine

Lungs from infected mice were obtained at 1, 3, 7, 14, 21, 28, and 60 days after infection with Mtb and stored at -80°C. Acetylcholine and choline concentrations in lung homogenates were measured by cation exchange HPLC-EC detection as described by Potter et al. (22). Briefly, an analytic column for ACh and choline (MF-6150; Bioanalytical Systems, West Lafayette, IN) and an immobilized enzyme reactor (Bioanalytical Systems) attached in tandem were coupled to the HPLC (model 9012; Varian, Walnut Creek, CA) and connected to the electrochemical detector (Coulochem II; ESA, Chelmsford, MA). For this technique, the isocratic mobile phase (50 mM Tris/NaClO4 plus 1% ProClin reagent, pH 8.5) was pumped at a rate of 1 ml/min. Standard curves for ACh and choline (1–100 nM) were used for calibration. The system’s detection limit was ∼0.1 nM for both molecules using 15-μl of the sample. Data were stored and analyzed using a data acquisition and analysis software (Star Chromatography Workstation v4.01, Varian). Total ACh was obtained by adding ACh and choline concentrations and adjusted to protein content (Bradford’s method) and expressed as µmol/mg protein.



Immunohistochemistry

After removing the right lung for HPLC analysis, the left lungs of BALB/c mice were endotracheally perfused with absolute ethanol and embedded into paraffin blocks. Immunohistochemistry triplicate sections 5 μm thick belonging to three different mice per day of the infection kinetic were mounted on silane-coated slides, deparaffinized and rehydrated. Heat-induced epitope retrieval was carried out using 0.01 mol/L citrate buffer (pH 6.2) and immersing the slides for 10min into a 95°C water bath. The endogenous peroxidase was quenched using a rabbit polydetector peroxidase blocker (Bio SB). Slides were incubated overnight with 200 µl of rabbit anti-mouse polyclonal antibody [ChAT (Santa Cruz, sc-20672 1:250 dilution), α7 nAChR (Santa Cruz, sc-5544, 1:100 dilution). Afterwards, the slides were incubated for 30 mins with mouse/rabbit immunodetector biotin link and rabbit polydetector HRP Label (Bio SB) and bound antibodies were detected with the Rabbit Polydetector DAB kit (Bio SB, Santa Barbara California).



Treatment Administration

Mice infected with Mtb H37Rv were separated into three groups receiving treatment three times per week (Monday, Wednesday, and Friday). The first group received intragastric administration of the α7 nAChR antagonist methyllycaconitine (MLA, Sigma Aldrich - 3 mg/kg) (23). The second group received endotracheal administration, under anesthesia with sevoflurane, of the α4β2 nAChR antagonist dihydro-beta-erythroidine (24) (DHβE, Tocris Bioscience—0.19 mg/kg). The intratracheal dose determination of DHβE was obtained using Akhila et al’s method (25). The third group received 100 µl of saline solution (vehicle) and served as the control group. The two nAChR antagonist treatment groups used for H37Rv infected mice were repeated for MDR Mtb infected mice.

To determine if the nAChR antagonists could have synergy with antibiotic treatment, MDR infected mice were additionally treated with an adjusted WHO-recommended regimen consisting of: 1.1 mg/kg of amikacin (A, Sigma Aldrich), 0.55 mg/kg of ethionamide (Et, Sigma Aldrich), 1.1 mg/kg of moxifloxacin (M, Bayer) and 1.65 mg/kg of pyrazinamide (Z, Sigma Aldrich) (26). AEtMZ was administered daily for 5 days per week (Monday–Friday) and served as the exclusive treatment of the control group of MDR TB treated mice. All pharmacological treatments received by mice were suspended in 100 µl of sterile isotonic saline solution, prepared on a weekly basis and stored at 4°C. Treatment schedules began 60 days after infection and continued for a 60-day period. Two independent experiments were performed.



Measuring Colony-Forming Units

Groups of four animals were euthanized 30 and 60 days after treatment initiation (see section above). In addition, groups of 4 mice infected with MDR Mtb were euthanized 7 and 14 days after commencing treatment. Following hilar lymph node and thymic tissue removal, right lungs were frozen and kept at −70°C for the subsequent measurement of CFUs as previously described (27, 28). In brief, lungs were exposed to 40-second cycles in a FastPrep homogenizer (MP biomedicals) within sterile tubes containing 1ml of isotonic saline solution (following the manufacturer’s recommendations). Four serial 10-fold dilutions of each homogenate were spread onto duplicate plates containing Bacto Middle brook 7H10 agar (Difco Labs, Detroit MI, USA) enriched with oleic acid, albumin, catalase, and dextrose; CFU counting was done after a 21-day incubation period.



Morphometric Analysis

After removing the right lungs for CFU determination, the left lungs of three or four mice from each treatment group from two independent experiments were fixed with alcohol perfused through the intratracheal route. Sagittal lung sections were prepared for histological analysis and stained with hematoxylin and eosin. To determine pneumonic area percentage, each slide was photographed using a camera system (Olympus DP70, Milton Keynes) that obtained an image of the complete lung section, which corresponded to 100% of the lung area. Subsequently, pneumonic areas (foci of consolidation of leukocyte-rich infiltrate in airway walls and adjacent alveolar spaces) were delimited and quantified using an automated histology system (Q-Win Leica 500). Finally, the percentage of the lung surface area affected by pneumonia, was determined. Measurements were carried out blinded with respect to the experimental treatment to which each slide belonged.



Gene Expression of Lung Proinflammatory Molecules

These assays were performed as previously described (28). Briefly, after removing the right lungs for CFU determination, the left lungs of three or four mice from each treatment group were obtained from two independent experiments. Samples from the evaluated mice were stored in 1.5ml cryotubes containing 1ml of RLT plus, frozen immediately in liquid nitrogen and stored later at -80 degrees centigrade until processing. Each sample was homogenized with zirconia and flint beads (MP Biomedicals) in the FastPrep-24TM equipment for three cycles of 20 s. The RNA extraction was carried out using the commercial RNeasy Mini (Qiagen) kit, following the manufacturer’s instructions. RNA concentration and purity were determined by spectrophotometry (EPOCH 2 spectrophotometer, A260/280). Subsequently, 100 ng of RNA from each lung were used for cDNA production by reverse transcription following the indications of the commercial OmniScript kit (Qiagen). From the complementary DNA (cDNA) obtained for each sample, real-time reverse transcription semi-quantitative PCR (RT-qPCR) was performed with the PCR-RT 7500 instrument (Applied Biosystems) and the QuantiTect SYBR Green Mastermix commercial kit (Qiagen). The expression of iNOS, TNF-α, IFN-γ, and IL-17A transcripts was determined, whose previously reported sequence is specified in Supplementary Table 1. The results were standardized with respect to the mRNA content of the β-actin housekeeping gene (whose primer sequence is also specified in Supplementary Table 1) of each sample. The appropriate standard curve was included in the individual gene detection, in addition to reverse transcription negative controls. The cycle conditions used were as follows: initial denaturation at 95°C for 15min, followed by 40 cycles at 95 degrees for 20 s, 60 degrees for 20 s, and 72 degrees for 34 s. Data analysis was calculated according to the rate of change in gene expression using the equation described by Livak and the method of 2-ΔΔCT occupying a minimum limit of 35 cycles of TC detection (29).



Minimum Growth and Inhibitory Concentration Assays

These assays were performed as previously described (28). Briefly, 3 x 105 CFUs (for the ACh assay) or 6 x 105 CFUs (for the nAChR antagonist assay) of the Mtb strain H37 Rv were placed in 100 μl of 7H9-OADC supplemented growth media in each well of a 96-well plate. Progressive concentrations of ACh [similar to those reported in human lungs (30)] or nAChR antagonists [in the range of the reported pharmacological dose (23, 24)] diluted in 100 µl of 7H9 medium were subsequently added. A well triplicate with bacteria in 7H9 medium without compounds was used as a positive (bacterial) control and a second triplicate without bacteria was used as a negative (medium) control. In addition, isoniazid (INH) at its minimum inhibitory concentration (0.5 µg/ml) and a solvent control containing saline solution and 7H9 medium were added. Plates were then placed in a humidified incubator at 37˚C with 5% CO2 for 7 days. Four hours prior to the end of the exposure period, MTS (Owen’s reagent, 20 μl/well) was added and its conversion to formazan was tracked every hour spectrophotometrically at 492 nm (BioTek Instruments, ELX 800, USA) and used as an indirect measure of bacterial quantity. The number of bacteria was confirmed counting CFUs taken from 30 µl of the control wells, in addition to the wells exposed to the maximum and minimum concentrations of ACh and conducting four serial 10-fold dilutions into 7H-10 agar plates.



Macrophage Phagocytosis Assay

The assays were realized as previously described (27). Briefly, murine BALB/c alveolar macrophages (MHS cell line, ATCC CRL-2019) were incubated for 2h in duplicate wells (6 x 104 cells per well) containing 200 µl of RPMI medium supplemented with Fetal Bovine Serum within a 96-well plate with no Mtb strains (negative control) or at a multiplicity of infection (MOI) of 5:1 with the following Mtb strains (31): H37 Ra (non-virulent strain), 5186 (hypervirulent strain), live and heat-inactivated H37Rv strain. Subsequently, the supernatants were removed and cells were washed 3 times with Fetal Bovine Serum free RPMI supplemented with 1% streptomycin and once with PBS cell solution and were later incubated in 200 µl of Fetal Bovine Serum free RPMI for 2h. The well contents were then collected and MH-S cells were lysed through pipetting, after having added the assay buffer and were later centrifuged at 25,830 x g for 2 mins at 4°C to retrieve supernatants. The supernatants were later collected and kept on ice and subsequent CFU analysis was carried out as a control measure.



Determination of Acetylcholine in Mycobacteria Growth Culture Medium and in Macrophage Supernatants by Colorimetric Analysis

For colorimetric assays, 3 x 105 CFUs of freshly grown bacterial cultures were obtained, 2, 10, and 18 days after culture initiation (lag, log and stationary growth phases respectively). Each culture sample was diluted in 600 µl of 7H9 medium, centrifuged at 25,830 x g for 2min at 4°C and the bacterial supernatants collected and kept on ice. The remaining bacterial pellet was complemented with 500 µl of assay buffer (Colorimetric Acetylcholine Assay kit, Abcam, ab65345) and exposed to three 20-s cycles at 5500 RPMs in the Precellys 24 tissue homogenizer using the bacterial lysing CK01 kit (Bertin Instruments, France). The samples were then centrifuged at 25,830 x g for 2min at 4°C and the bacterial lysate supernatants collected and kept on ice. Standards, choline probe, acetylcholinesterase solution and the enzyme mix were prepared according to the manufacturer’s instructions of the colorimetric acetylcholine assay kit (Abcam, ab65345). Duplicate wells containing 50 µl of standard curve, reaction mix (background wells), bacterial, and cell samples were prepared with and without acetylcholinesterase to determine total and free choline values respectively. Afterwards, 50 µl of the reaction mix was added to each well and the plate was left incubating at RT for 30min protected from light. A colorimetric reading at OD 570 nm was subsequently made and values were extrapolated from the standard curve. Acetylcholine concentrations were obtained by subtracting free choline from total choline values. In addition, a medium control consisting of 7H9 media without bacterial or cell samples was added and its colorimetric value was subtracted from the value of each sample.



Statistical Analysis

The data represented in Figures 1 and 5, 6 were analyzed using one way analysis of variance (ANOVA) followed by a Bonferroni correction for multiple comparisons and presented as either the median ± interquartile range or as the mean ± standard error of the mean (SEM) respectively. The data represented in Figures 2–4 were analyzed using the Kruskal-Wallis test with Dunn’s multiple comparison and presented as the median + interquartile range. Tests were performed using GraphPad Prism Software, Inc. (version 8.0, La Jolla, USA).




Figure 1 | Kinetics of ACh, ChAT, and the α7 nAChR subunit during pulmonary TB. Kinetics of ACh quantification determined by HPLC in BALB/C mice lung pairs infected with the Mtb strain H37Rv (box-and-whisker plots of ACh values). (A) Horizontal black lines within the boxes represent the median, while the lower and upper boundaries represent the 25th and 75th percentile, respectively. The upper and lower whiskers correspondingly outspread from the box toward the maximum and minimum values (n = 4 mice per time point/group). One-way ANOVA was used for significance testing, with Bonferroni's post-test for comparisons using lungs of mice from day 1 as the control group (*P < 0.05, **p < 0.01). Representative immunohistochemistry micrographs detecting ChAT and the nAChR α7 subunit (B–G). Representative sections are shown by a 40x objective; bar, 50 um. At day 7 postinfection, there is mild ChAT immunostaining in the bronchial epithelium (arrow) (B). Two weeks after infection, organized nodules constituted by inflammatory cells that correspond to granulomas showed some cells that exhibit ChAT immunostaining (arrow). (C). After 60 days of infection, occasional macrophages with cytoplasmic vacuoles located in pneumonic areas show strong ChAT immunostaining (arrowheads) (D). After one week of infection, some macrophages exhibit intense immunolabeling (arrowhead) of the α7 nAChR subunit (E). Two weeks after infection, some cells in a granuloma show α7 nAChR immunostaining (arrow) (F). After 60 days of infection, numerous vacuolated macrophages and lymphocytes located in pneumonic patches exhibit α7 nAChR immunostaining (arrowheads) (G).






Figure 2 | Administration of nAChR antagonists during late infection with Mtb H37Rv reduces lung bacillary burden but does not reduce pneumonia. (A) After 60 days of infection with Mtb strain H37Rv BALB/c mice received saline solution (control mice, black bars) or a nAChR antagonist (dihydro-beta-erythroidine [DHβE] gray bars or methyllycaconitine [MLA] white bars). After 30 and 60 days of treatment initiation, quantification of colony forming units (CFU) determined bacilli load in the lungs. (B) Percentage of pneumonic areas of the mice infected lungs determined by automated morphometry. Automatized reconstruction of infected lungs after 60 days of treatment with saline solution (C), DHβE (D), or MLA (E). Graphs represent pooled data from two experiments (N = 7 mice) and individual groups display median + interquartile range at each time-point. Significance testing was done using the Kruskal-Wallis test with Dunn's multiple comparison. NS refers to non-significant difference between groups (**P < 0.01).






Figure 3 | Administration of nAChR antagonists during late tuberculosis infection increases the mRNA transcripts of proinflammatory mediators in the lungs. After 60 days of infection with the Mtb strain H37Rv, groups of BALB/c mice were treated with saline solution (control mice, black bars) or dihydro-beta-erythroidine (DHβE, a nAChR antagonist, gray bars). After 90 and 120 days of infection, the indicated gene expression of the proinflammatory molecules in the lungs was quantified by RT-PCR using the 2ΔΔCTmethod in relation to the expression of the β-actin housekeeping gene: TNG-α (A) IFN-γ (B) iNOS (C) and IL-17A (D). Graphs represent pooled data from two experiments (N = 7 mice) and individual groups display mean + interquartile range at each time-point. Significance testing was done using the Kruskal-Wallis test with Dunn’s multiple comparison. NS refers to a non-significant difference between groups (*P < 0.05, **P < 0.01, *** P < 0.001).






Figure 4 | Administration of nAChR antagonists synergizes with antibiotic therapy reducing bacillary burden and pneumonia. (A) Lung colony forming unit (CFU) determination in mice receiving the indicated treatments for 7, 14 and 30 days, following 60 days of infection with an MDR strain. (B) Percentage of lung area affected by pneumonia determined by automated morphometry. Graphs represent pooled data from two experiments (N = 6 mice) and individual groups display median + interquartile range at each time-point. Significance testing was done using the Kruskal-Wallis test with Dunn's multiple comparison. NS refers to a non-significant difference between groups (*P < 0.05, **P < 0.01). Lower panel (C–E) shows low power micrographs of the lungs after 90 days of the indicated treatment.






Figure 5 | Mtb growth is stimulated by ACh and is blocked by nAChR antagonists. Optical density served as a surrogate of the quantity of live bacteria after the addition of Owen's reagent and was confirmed by CFU counting. The optical density of 3 × 105 CFUs of the Mtb strain H37Rv in liquid culture increases after incubation with nanomolar and micromolar concentrations of ACh (gray circles). Bacteria exposed to nM concentrations and 1 µM concentrations of ACh showed a significant increase in optical density compared with bacterial and solvent controls, indicating bacterial proliferation (A). Increase in mycobacterial CFU burden in bacteria incubated with the ACh concentration that presented the highest optical density (66 nM) compared with bacterial and solvent controls was confirmed through the determination and counting of CFUs (B). Conversely, the incubation of 6 × 105 CFUs of the Mtb strain H37Rv after the addition of incremental concentrations of nAChR antagonists (gray circles) reduced their optical density (C) and CFU burden (D) compared with bacterial and solvent controls. Data expressed as the mean  SEM of three wells and are representative of three independent experiments. ANOVA P < 0.001. Bonferroni's multiple comparison of values from the bacterial control (black circles), which was not exposed to any compound, with bacteria exposed to the solvent control (saline solution), isoniazid (INH), as well as different concentrations of ACh (A) or nicotinic antagonists (B) is shown (*P < 0.05, **P < 0.01 ***P < 0.001 ****P < 0.0001), NS refers to a non-significant difference between groups.






Figure 6 | Mycobacterium tuberculosis produces different acetylcholine concentrations during its growth curve and induces acetylcholine secretion in MH-S cells as measured in supernatants and lysates of Mtb H37Rv recovered during three different growth phases. Acetylcholine was detected in Mtb supernatants exclusively during its lag phase and was present in bacterial lysates during all three growth phases but predominated during the logarithmic phase (day 10). (A) Acetylcholine concentrations in supernatants of MH-S cells. Acetylcholine concentrations were below the limit of detection (<LOD) in the supernatants of uninfected MH-S cells and in supernatants of MH-S cells infected with avirulent or heat-inactivated Mtb strains. In contrast, infection with live Mtb virulent strains generated detectable acetylcholine concentrations in MH-S cell supernatants (B). Data expressed as the mean + SEM of three wells and are representative of two independent experiments using 3 x 105 CFUs of Mtb. ANOVA P < 0.001. The limit of detection of acetylcholine for the assay was 3 nmol.






Results


Lung Acetylcholine Increases During Pulmonary Tuberculosis

To record pulmonary ACh concentrations during experimental TB, mouse lungs from representative days of the experimental kinetic underwent HPLC analysis (Figure 1A). ACh concentrations obtained during the first day after infection had a mean value of 45 µmol/mg, the lowest in all the kinetic. This mean value, therefore, served as a control to compare against other days. Comparison analysis revealed a two-fold increase (P ≤ 0.05) in lung ACh concentrations 7 and 14 days after infection, which averaged a mean value of 93 µmol/mg. The highest ACh concentration (P ≤ 0.01) was seen after 60 days of infection (106 µmol/mg). Thus, ACh concentrations were measurable during all the TB infection kinetic and showed two peaks, the first at early infection (days 7 and 14) and the highest concentration during late progressive disease (day 60).



Cholinergic Elements Are Upregulated During Disease Progression

To establish the expression of cholinergic elements (ChAT and α7 nAChR), during early (days 7 and 14) and late (day 60) infection with elevated ACh concentrations, lung tissue sections were studied by immunohistochemistry (Figure 1). Mice that had not received intratracheal inoculation of Mtb served as controls. Immunohistochemistry analysis of non-infected mice did not show ChAT or α7 nAChR staining (results not shown). However, bronchial epithelial cells and occasional scattered lung fibroblasts and alveolar macrophages in infected mice 7 days after infection display intense ChAT immune staining (Figure 1B). After 2 weeks of infection, the airway epithelium appears negative to ChAT immunostaining, while scattered macrophages and macrophages in diffuse inflammatory infiltrates exhibit strong ChAT staining (Figure 1C). At these time points, macrophages show intracellular α7 nAChR staining (Figures 1E, F). During late disease (day 60 after infection), diffuse inflammatory infiltrates and particularly pneumonic patches reveal strong and widespread ChAT immunostaining (Figure 1D), while lung lymphocytes and macrophages express α7 nAChR immunostaining (Figure 1G).



Administration of nAChR Antagonists During Late Tuberculosis Reduces Lung Bacillary Burden but Not Inflammation

To gain insight into the impact of nAChR stimulation by ACh on bacterial burden and inflammation during pulmonary tuberculosis, mice received the α7 nAChR antagonist (MLA) and the α4β2 nAChR antagonist (DHβE) 60 days after infection. Compared with the control group, which only received vehicle treatment, MLA and DHβE administration produced a significant reduction in lung CFUs (Figure 2A) but not lung inflammation (Figures 2B–E).



Th1 and Th17 Associated Lung mRNA Transcripts Are Increased After the Administration of a nAChR Antagonist During Advanced Disease

To gain insight into the immunomodulatory effects generated by administering nAChR antagonists during pulmonary tuberculosis, mice were treated with the α4β2 antagonist DHβE, 60 days after infection. Compared with the control group, lung molecular transcripts of the Th1 cytokines TNF-α and IFN-γ and of inducible nitric oxide synthetase (iNOS), increased by more than two-fold, 60 days after the start of treatment (Figures 3A–C). Furthermore, administering the nAChR antagonist potentiated the transcription of IL-17A mRNA in the lungs, by approximately five times (P ≤ 0.001) during the same time period (Figure 3D).



Blockade of Nicotinic Receptors During Late Tuberculosis Infection Synergizes With Antibiotic Therapy in MDR Infection by Reducing Lung Bacillary Burden and Lung Inflammation

To determine if nAChR antagonists could be useful in shortening the duration of second-line chemotherapy, 60 days after mice were infected with an MDR TB strain, treatment with second-line antibiotics alone or in combination with MLA and DHβE was initiated. After 14 days of treatment with MLA and antibiotics, a reduction in bacillary burden was observed compared with mice that received only antibiotics (P ≤ 0.01, Figure 4A). Moreover, after 1 month, combined treatment with both nAChR antagonists and antibiotics produced a significant reduction in bacillary burden compared with mice that received only antibiotics (P ≤ 0.01, Figure 4A) and additionally reduced pulmonary inflammation (Figures 4B–E).



Acetylcholine Stimulates Mtb Growth, While nAChR Antagonists Possess Bactericidal Activity

Mycobacterial incubation with ACh or nAChR antagonists determined the effect of bacterial growth to cholinergic agonism and antagonism; and this was assessed through colorimetric detection and CFU count. Nanomolar and micromolar concentrations of ACh increased optical density (P ≤ 0.01 and P ≤ 0.05 respectively, Figure 5A) and bacterial CFU numbers (Figure 5B). Conversely, the addition of incremental concentrations of nAChR antagonists reduced optical density (Figure 5C) and bacterial CFUs (Figure 5D). Thus, suggesting that ACh may function as a mycobacterial growth factor.



Diverse Acetylcholine Concentrations Are Present in Mtb Supernatants and Lysates During Its Growth Curve and in Supernatants of Infected Alveolar Macrophages

To determine if Mtb is capable of ACh production, supernatants and bacterial lysates of the Mtb strain H37Rv after 2, 10, and 18 days of culture initiation that corresponded to the lag, log, and stationary growth phases, respectively underwent ACh measurement using a colorimetric assay (Figure 6A). ACh was detected in supernatants (~35 nM) only during Mtb’s lag phase and in lysates predominantly during the logarithmic phase (~10 nM). Additionally, when murine alveolar macrophages of the MH-S cell line were infected with virulent (H37Rv and 5186) or avirulent (H37Ra) strains of Mtb, the virulent, but not the avirulent or heat-inactivated Mtb strains, induced ACh secretion in culture supernatants (Figure 6B).




Discussion

The cholinergic system is present within the lungs where it aids in maintaining their proper physiological functioning. Altered lung cholinergic expression typically occurs in chronic obstructive pulmonary disease (COPD) and results in pathological processes such as mucus hypersecretion and fibrosis (32, 33). Although alteration of the lung’s cholinergic system has not previously been demonstrated in advanced pulmonary TB, pathological manifestations similar to those occurring in COPD are characteristically observed (33). Larcombe and colleagues previously demonstrated that basal cholinergic tone is completely absent in BALB/c mice (34). However, using a well-characterized BALB/c mouse TB model (20), we have shown for the first time that upregulation of the lung’s non-neuronal cholinergic system occurs during experimental pulmonary TB. Our results suggest that cholinergic upregulation is generated as a consequence of Mtb infection favoring immunopathological progression and extensive lung inflammation partly due to the suppression of protective Th1 and Th17 immune responses.

Acetylcholine has generally been regarded as a classical neurotransmitter, despite the fact that it was first identified in the spleen, an immune organ (35). Currently, the capacity to synthesize ACh has been detected in both neuronal and non-neuronal cells, which release it in a rapid or slow fashion respectively (10, 36). ACh has been termed the ‘universal cytotransmitter’ in reference to its extensive expression (35) and almost every lung and airway cell is either a source or a potential cholinergic target. In fact, a myriad actions are regulated by ACh through stimulation of muscarinic and nicotinic ACh receptors (mAChRs and nAChRs), including bronchial epithelial cell growth, goblet cell secretion and regulation of mucosal surface barrier function (4, 37).

In our experimental model, we have observed substantial concentrations of lung ACh during the complete course of infection. Increased ACh concentrations in the lungs and other organs secondary to intracellular pathogen exposure have previously been described (38, 39). For example, the parainfluenza virus potentiates lung ACh concentrations through mRNA degradation and cleavage of sialic acid residues of the inhibitory mAChR2 which regulates both neuronal (38), and non-neuronal ACh secretion (38, 40). Although we did not measure mAChR2 expression, previous reports suggest that Mtb is capable of altering G-protein-coupled receptor expression during infection (41). Alternatively, cytokines such as TNF-α and IFN-γ which are induced under LPS challenge (39), and are also highly induced in our model (20) should be able to increase ACh availability through mechanisms such as the inhibition of acetylcholinesterase, the ACh degrading enzyme (38, 39). Finally, neurohormonal changes described in our model (27, 42–44) may also be responsible for potentiating lung ACh concentrations through non-neuronal ACh release during infection. This could occur through reported mechanisms which include the inhibition of organic cation transporters by steroids and noradrenaline (2, 37) and/or the stimulation of β2-adrenergic and cholecystokinin receptors (45). Importantly, these neurochemicals and their receptors are present in mammal lungs (42, 46). Our model has restrictive parameters including mouse strain, sex, and age, which may bias cholinergic expression and thus might not be representative of the cholinergic dynamics of human disease. However, the fact that pulmonary ACh concentrations vary during disease progression suggests that the lung cholinergic system might carry out different roles during early and late TB.

Immune cells have the capacity to synthesize, release, and respond to molecules classically classified as neurotransmitters (10). Indeed, CD4+ T lymphocytes are important non-neuronal sources of ACh (1), although almost all cell types within the lungs express ACh synthesizing enzymes (2, 47). Here we have documented the upregulation of ChAT, the main ACh synthesizing enzyme in peripheral tissues and non-neuronal cells (1, 2), during in vivo TB infection. Upregulation of ChAT during early disease occurs in lung epithelial cells, which are known to be directly devoid of neuronal ACh (4). While during advanced disease, ChAT upregulation occurs to an even greater extent within immune cells, particularly lymphocytes and macrophages. Moreover, our in vivo and in vitro results suggest that Mtb infection induces ACh production. Interestingly, when comparing the levels of ACh detected during infection of macrophages of the MH-S cell line with the standard Mtb H37Rv strain (31), ACh detection was either potentiated or nullified when the infection was carried out with the hypervirulent Mtb strain 5186 (31) or the hypovirulent Mtb strain H37Ra (15) respectively. This would suggest that the degree of virulence of the strain of mycobacteria correlates with the levels of ACh production induced during infection. Furthermore, heat-inactivation of the H37Rv strain also nullified ACh detection, suggesting that ACh production requires intact bacteria. It is therefore plausible that the bacilli might have either produced the measured ACh or alternatively, induced ACh production by MH-S cells during infection. Heat-killed and avirulent Mtb may therefore lack the biochemical machinery to either produce ACh or induce production of ACh by MH-S cells. Induction of ChAT through T cell receptor (48) and toll-like receptor (12, 39) stimulation has been demonstrated in several immune cell types including T cells, macrophages and dendritic cells (1, 36, 45). Moreover, the induction of ChAT in immune cells through neurohormonal receptor stimulation has also been suggested (45) and is especially relevant, as several neurohormonal alterations have been described in our experimental mouse model (27, 42–44). Importantly, we were unable to experimentally differentiate the source of ACh production during infection and therefore cannot conclude whether the ACh was produced by the mycobacteria, by cells during their infection or by both.

Cholinergic receptors are expressed on several immune cells including macrophages, monocytes and lymphocytes (1, 10, 36). Leukocytes express all nAChR subtypes and these help trigger mechanisms of action in these cells that are different from those triggered in neurons. Instead of forming voltage-activated gates, nAChRs release intracellular calcium stores after sequestering intracellular chains from neighboring receptors which modify second messenger, transcription factors and enzyme activity (1, 36, 49–52). The α7 nAChR is perhaps the most studied nAChR in the regulation of the immune response (10, 12). However, other receptors such as the α4β2, α9 or α10 nAChRs are known regulators (50, 53). Activation of nAChR receptors can alter cytokine production in alveolar macrophages (7, 54). Moreover, nicotine affects the migratory lung response of key leukocyte subpopulations (neutrophils, macrophages and lymphocytes) which are critical in regulating infection (55). This might explain the increased susceptibility of smokers or cultured leukocytes exposed to nicotine, to a long list of infections caused by microorganisms including Streptococcus pneumoniae, Hemophilus influenza, Chlamydia pneumoniae, Legionella pneumophila, Pseudomonas aeruginosa, and Cryptococcus neoformans (5–7, 13, 55, 56).

Previously, Matsunaga et al. used non-infected MH-S alveolar macrophages, a BALB/c mouse cell-line, to demonstrate the expression of α4β2 but not α7 nAChR transcripts by RT-PCR. A limitation of our study is that we did not measure other nAChR subunits such the α4β2 nAChR. However, in concordance with Matsunaga et al’s findings, we did not observe the expression of the α7 nAChR subunit in alveolar macrophages of non-infected mice (7). Contrastingly, after Mtb infection lung macrophages showed intracellular nAChR α7 subunit expression during early TB and abundant membranal α7 nAChR expression in lymphocytes and during advanced disease in macrophages with foamy appearance present in pneumonic patches. We speculate that this effect could be caused by a product of the infecting bacilli, which could be directly inducing the observed α7 nAChR overexpression. This mechanism has been described in HIV infection, where it was mediated by gp-120 and resulted in the paradoxical potentiation of the inflammatory response (57). An alternative mechanism that could be responsible for nAChR α7 overexpression would be the interference of nAChR expression and function by host steroids (2, 37). The alteration of host steroid production and performance has previously been documented in our model (43, 44).

The previously mentioned study by Matsunaga et al. using a model of Hemophilus influenza, reported immunomodulatory effects after general nAChR treatment but not after α7 selective treatment (7). In contrast, an ex vivo study of Mtb proliferation found that the α7, β2 and β4 nAChR subunits were crucial in regulating the effectiveness of macrophage containment of bacterial proliferation. The same authors concluded that nAChRs directly modulate macrophage autophagy and indirectly modulate Treg TGF-β and IL-10 production (16). While the α7 nAChR has a low affinity for acetylcholine and is rapidly desensitized, the α4β2 nAChR possesses high affinity for acetylcholine and is desensitized slowly (58). In our model, the administration of both α4β2 and α7 nAChRs nAChR antagonists to mice infected with drug susceptible Mtb decreased lung CFU burden but not inflammation. This suggests that immunomodulation secondary to cholinergic upregulation of α4β2 and α7 nAChRs might offer protection from excessive inflammation, but at the same time, decrease the proinflammatory protective immune response contributing to disease progression.

In our experimental model, several neurochemicals, their enzymes and receptors present variability in their concentrations during the course of disease. This variability is probably induced by the host or the bacteria, partly to regulate the immune response (27, 42, 43). Here, we have documented varying kinetics of ACh, ChAT and α7 nAChR expression throughout the disease’s progression. During very early disease (days 1 and 3 after infection), we recorded the lowest lung concentrations of ACh and observed ChAT and α7 nAChR expression in bronchial epithelial cells and alveolar macrophages, respectively. This suggests that although ACh concentrations are not yet significantly measurable in a global manner within the lung, the cholinergic system begins to be expressed at a local level in the first cellular responders of the infection, where it might play an immunoregulatory role (15). However, during early disease (days 7 and 14 after infection), ACh concentrations increased significantly and the enzyme ChAT began to be expressed in macrophages and lymphocytes present in diffuse inflammatory infiltrates. Contrastingly, during this time period, the α7 nAChR appeared to be underexpressed in the lungs. We therefore believe that during this stage the transient upregulation of other cholinergic receptors, such as certain muscarinic receptor subtypes, might be taking place to promote protective innate cellular immune responses (47, 54). Further on, during advanced infection (days 21 and 28 after infection), when the Th1 and Th17 adaptive immune responses and M1 macrophages contain bacilli (20), we observed downregulation of ACh expression in the lung. A decrease in cholinergic activity at this stage might be orchestrated by the host to favor the development of a protective adaptive immune response. Contrastingly, during late disease (60 days after infection), when the Th2 and T regulatory responses facilitate bacilli replication and lung pneumonia ensues (20), there is a notable upregulation of lung ACh, ChAT, and α7 nAChR in lung immune cells. It is likely that cholinergic potentiation during advanced disease is induced by the host to downregulate the cellular immune response and avoid overt lung damage. Paradoxically, this strategy ends up favoring bacterial replication and disease progression.

Th1 cytokines, such as TNF-α and IFN-γ, have been classically regarded as correlates of protection during advanced pulmonary tuberculosis (59). In addition, the production of reactive oxygen species within the phagosome represents a crucial mechanism of Mtb eradication and is mainly regulated by the enzyme iNOS, which in turn is regulated by Th1 cytokines (60). We observed potentiated lung transcription of iNOS, TNF-α and IFNγ after the administration of the nAChR antagonist DHβE. Regulation of Th1 cytokines and reactive oxygen species by nAChR stimulation has in fact been described in several models (7, 49–51, 61). However, this is the first time that it has been reported in an in vivo model of TB. In addition, the administration of DHβE potentiated the transcription of Th17 cytokines in our model. The Th17 response has been associated as a correlate of protection in pulmonary TB and is characteristically represented by the cytokine IL-17A (62). Importantly, the regulation of the Th17 response by nAChRs has been previously described in a different disease model (52). Furthermore, in a recent report, the stimulation of nAChRs after Mtb infection of human monocyte-derived macrophages decreased the production of both Th1 and Th17 associated cytokines (IL-6, IL-8, and TNF-α) (17). While in an ex vivo TB infection model, nAChR stimulation appeared to potentiate Th2 and T regulatory cytokines, which are known to oppose protective Th1 and Th17 responses (16). In summary, the administration of an α4β2 nicotinic antagonist appears to counteract the immunomodulatory alterations caused by the bacilli, which are responsible for the disease’s progression. A limitation of our study is that we did not measure MLA’s effect on Th1 and Th17 cytokines or the effect of nAChR antagonists on Th2 and T-regulatory cytokines.

Currently, drug-sensitive TB can be cured using combination therapy. However, the therapeutic regimen requires an average intake of four antibiotics for at least 6 months resulting in significant adherence complications. Moreover, a recent meta-analysis concluded that patients that were taking first-line therapy for TB were significantly at risk for developing disease recurrence, as well as multidrug resistance (63). In the past year, approximately half a million cases and more than two hundred thousand deaths were attributed to MDR-TB (14). MDR-TB cases require treatment with second-line therapy, which is significantly more expensive, toxic, and less effective than first-line therapy (64). When given in addition to second-line antibiotic therapy, nAChR antagonists accelerated the reduction of both lung CFU burden and inflammation. Therefore, the administration of nicotinic antagonists could potentially reduce treatment duration if administered with antibiotic therapy, a goal proposed by the WHO (14).

Remarkably, the cholinergic system is phylogenetically ancient and its components have been reported in vertebrate and invertebrate organisms, including insects, plants, fungi, and even bacteria (2, 65). Pathogenic bacteria such as E. coli and S. aureus are capable of synthesizing ACh using an uncharacterized enzyme (65). Moreover, microorganisms such as T. kodakaraensis, an archaebacteria, can synthesize ACh through ChAT activity (66). Cholinergic stimulation has been implicated in bacterial functions such as motility (67), and in growth regulation in plants and mammalian cells (65, 67, 68). Here we report that the addition of ACh potentiates the growth of Mtb and we also demonstrate that Mtb is capable of producing ACh in vitro. Importantly, the highest quantities of ACh in Mtb supernatants were found during its lag phase suggesting that during its initial growth phase, Mtb might secrete ACh as an autocrine or paracrine growth factor. Contrastingly, the highest quantities of ACh in Mtb lysates were found during the subsequent exponential growth phase. This is consistent with its role as a growth factor, as this phase is associated with the highest bacterial growth and bacterial uptake or internal production of a growth factor would be anticipated to take place at this stage (69). Other secreted growth factors produced by Mtb that are active at very low concentrations and which regulate its virulence have in fact already been isolated (70, 71). Therefore, the existence of additional secreted growth factors produced by Mtb which impact its virulence remains viable.

Furthermore, previous studies confirmed increased Mtb growth when exposed to nicotine supplemented medium (72), which would insinuate that the potentiating and hindering effects of ACh and nAChR antagonists respectively on Mtb growth that we have shown might be due to their interaction with an ancestral bacterial nAChR. In fact, two ancestral nAChR members of the pentameric ligand-gated ion channel (pLGIC) family have already been described in other bacteria, the homologous protein from Gloeobacter violaceus (GLIC) and Erwinia chrysanthemi (ELIC) (73). Predictive phylogenetic analysis found bacterial pLGIC genes in many taxons and importantly they were present in several bacterial pathogens. These pentameric receptors mediate chemo-electric signal transduction and are constituted by homologous subunits and an extracellular domain with five agonist binding sites. Despite homology in sequence and structure, significant phylogenetic divergence exists between prokaryotic and eukaryotic pentameric receptors and their properties and form of functioning in bacteria remain unclear (74).

In conclusion, our findings suggest that cholinergic upregulation during pulmonary TB favors Mtb infection not only by altering the protective immune response but also by aiding bacterial proliferation. Further investigations must, therefore, explore the mechanisms that favor upregulation of the cholinergic elements discussed here as well as the role of other cholinergic factors during disease progression.
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Chronic neuropathic pain (CNP) is caused by a lesion or disease of the somatosensory nervous system. It affects ~8% of the general population and negatively impacts a person's level of functioning and quality of life. Its resistance to available pain therapies makes CNP a major unmet medical need. Immune cells have been shown to play a role for development, maintenance and recovery of CNP and therefore are attractive targets for novel pain therapies. In particular, in neuropathic mice and humans, microglia are activated in the dorsal horn and peripheral immune cells infiltrate the nervous system to promote chronic neuroinflammation and contribute to the initiation and progression of CNP. Importantly, immunity not only controls pain development and maintenance, but is also essential for pain resolution. In particular, regulatory T cells, a subpopulation of T lymphocytes with immune regulatory function, and macrophages were shown to be important contributors to pain recovery. In this review we summarize the interactions of the peripheral immune system with the nervous system and outline their contribution to the development and recovery of pain.
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INTRODUCTION

Chronic pain is defined as a more than 12 weeks lasting pain that is characterized by irregular somatosensory processing in the peripheral nervous system (PNS) or the central nervous system (CNS) (1). Chronic neuropathic pain (CNP) is a specific form of chronic pain that is caused by damage to or disease of the somatosensory nervous system (2, 3) and affects up to 8% of the general population (4). CNP can result as a consequence of a large number of medical conditions, such as injuries to the PNS or CNS, metabolic, autoimmune or neurodegenerative diseases as well as cancer and chemotherapy (4, 5). In this review, we will mainly focus on CNP due to peripheral nerve injuries and discuss results from chemotherapy-induced pain. Individuals suffering from CNP exhibit stimulus-independent pain that is often characterized by abnormal sensations or hypersensitivity in the affected area. Patients often describe the pain as a burning and/or stabbing sensation (6). Allodynia, pain elicited by a usually non-painful stimulus, and hyperalgesia, an increased pain response due to painful stimulus, are frequent symptoms described by CNP patients (7). CNP can have a dramatic impact on a person's level of functioning and quality of life and is resistant to conservative pain management (7). Therefore, effective therapies that either prevent or reverse CNP are critical for both public health and clinical practice (5).

Research from the last two decades has demonstrated that a robust neuroimmune response and bidirectional signaling between the sensory and immune system contribute to development and maintenance of CNP. Indeed, increased levels of soluble pro-inflammatory mediators and recruitment of immune cells to the site of nerve injury, the dorsal root ganglion (DRG) and the spinal cord after PNS/CNS injury are well-characterized in rodent models of CNP (8–15). In addition, immune cells also contribute to recovery of CNP (16–18), indicating that modulation of immunity has therapeutic potential to treat CNP. Therefore, a detailed understanding of the contribution of immune responses to the development, maintenance and resolution of CNP may result in novel therapeutic approaches that are superior to current pain-relieving therapies.



DEVELOPMENT AND MAINTENANCE OF CNP IS CONTROLLED BY CD4+ EFFECTOR T CELLS

T cells were identified as important contributors to CNP development and maintenance in animal models and human patients. Early on, the general importance of T cells for pain development was demonstrated by several independent studies showing that immunodeficient mice without functional lymphocytes in contrast to control mice do not develop pain hypersensitivity after nerve injury (9, 19, 20). Reconstitution of immunodeficient nude rats (9), and mice (19) with CD4+ T helper cells resulted in reestablishment of the pain phenotype, suggesting that pro-inflammatory T helper cells promote pain responses. T cells were shown to infiltrate into the lumbar spinal cord post-injury (19). Similar, the Th1 cytokine interferon-γ (IFN-γ) is upregulated in the dorsal horn after nerve injury and functional IFN-γ signaling is required for full development of neuropathic hypersensitivity (20), indicating that Th1 responses in the spinal cord contribute to pain hypersensitivity. The important role of T cell infiltration for development of pain was further confirmed by a recent study demonstrating that intrathecal injection of a T cell receptor (TCR) specific antibody that depletes functional CD4+ T cells resulted in alleviation of mechanical allodynia, indicating that CNS infiltrating T cells directly contribute to pain responses. Once treatment was terminated, mechanical allodynia returned to levels comparable to control mice, presumably due to repopulation of functional T cells in the CNS (21).

Next to IFN-γ expressing Th1 cells, IL17-expressing T helper cells were detected in peripheral nerves, indicating that Th17 cells may also contribute to pain development (22). Indeed, intrathecal and intraneural injection of recombinant IL-17A induced pain hypersensitivity (23), indicating a role of IL-17A for pain development. A recent study further confirmed that IL-17A regulates neuron-glial communications, synaptic transmission, and neuropathic pain after chemotherapy (24). Additional mechanistic data showed that DRG-infiltrating T lymphocytes release leukocyte elastase after nerve injury. Confirming that leukocyte elastase promotes T cell-dependent pain responses, adoptive transfer of leukocyte elastase deficient T cells did not restore pain development in immunodeficient Rag2−/− mice (25). This indicated that T cells may also directly contribute to nerve damage.

Interestingly, MHC class II knockout (k/o) mice that lack MHC class II-restricted T helper cells displayed an impaired chronification of mechanical allodynia after peripheral nerve injury (26), indicating the general importance of CD4+ T helper cells for pain chronification in rodents. This was confirmed by a recent study showing that MHC class II-restricted CD4+ T helper cells contribute to the transition from acute to chronic mechanical allodynia in a rat model of peripheral nerve injury (21). Clinical studies have shown that a human major histocompatibility complex (MHC) class II gene polymorphism (DQB1*03:02 HLA haplotype) is associated with an increased risk to develop CNP after inguinal hernia surgery and lumbar disc herniation (27). The importance of MHC class II genes for CNP development indicates that, similar to the animal models, CD4+ Th cells contribute to CNP development in human patients. The relevance of MHCII-restricted T helper cells as an important trigger for chronic hypersensitivity after nerve injuries has been recently discussed by Ding et al. (28), where they indicate that there is a growing body of clinical evidences showing that increased blood Th cell numbers and changes in subset patterns are correlated with neuropathic pain intensities after nerve injuries. Other clinical data indicate that an emergent T-helper 2 profile with high interleukin-6 levels correlates with the appearance of bortezomib-induced neuropathic pain (29). Interestingly, Luchting et al. (30) found a disrupted Th17/Treg balance with significantly increased anti-inflammatory Tregs and decreased pro-inflammatory Th17 cells in patients suffering from chronic unspecific low back pain compared to healthy controls, indicating an anti-inflammatory T cell shift in the patients they analyzed. Altogether, these clinical data indicate that there is a considerable impact of the T cell compartment in neuropathic pain. However, the role of pro- and anti-inflammatory T cell subsets in CNP patients seems to differ depending on the pain condition of the patients.



T CELL SUBSETS CONTRIBUTE TO PAIN RECOVERY

In 2004 Moalem et al. (9) showed that adoptive transfer of Th2 polarized T helper cells in athymic nude rats further reduced pain hypersensitivity, indicating that anti-inflammatory responses mediated by Th2 cells may counteract inflammatory processes that promote pain development and maintenance. Indeed, higher circulating levels of the anti-inflammatory interleukins IL-10 and IL-4 were detected in patients with painless neuropathy compared to patients with painful neuropathy and controls (31), indicating that anti-inflammatory responses may be necessary to control pain development. Indeed, Leger et al. (32) demonstrated that glatiramer acetate treatment, an approved MS therapy, inhibited microglia activation and increased IL-10 and IL-4 expressing T cells in the dorsal horn after peripheral nerve injury resulting in alleviation of neuropathic allodynia. This indicates that next to their pathologic role for development and maintenance of CNP, T cells may also contribute to the resolution of pain.



CD8+ T CELLS CONTRIBUTE TO PAIN RECOVERY

Whereas, CD4+ Th1 cells promote pain development and maintenance, several reports indicate that CD8+ T cells may contribute to pain resolution. Krukowski et al. (33) showed that chemotherapy-induced mechanical hypersensitivity was prolonged in T-cell-deficient Rag1−/− mice compared to wild type mice. Adoptive transfer of CD8+, but not CD4+ T cells to neuropathic Rag1−/− mice restored pain resolution. Mechanistically, this study indicated that CD8+ T Cells and endogenous IL-10 were required for resolution of CNP (33). Other studies have also reported a role of IL-10 for pain resolution and functional recovery after peripheral nerve injury (34), indicating the general importance of anti-inflammatory responses for pain resolution. Laumet et al. (35) recently confirmed that resolution of chemotherapy-induced mechanical allodynia is dependent on presence of CD8+ T cells. They showed that adoptive transfer of CD8+ T cells from naïve wildtype mice to T-cell-deficient neuropathic Rag2−/− mice failed to promote pain resolution. In contrast, adoptive transfer of cisplatin-educated CD8+ T cells prevented the development of chemotherapy-induced CNP (35). Importantly, this T cell education appeared to be independent of antigen recognition by the T cell receptor because cisplatin-educated CD8+ T cells did also promote pain resolution in a model of paclitaxel-induced CNP and reconstitution of T cell deficient mice with ovalbumin-specific CD8+ T cells also restored CNP resolution (35). This study indicates that CD8+ T cells need to be activated to acquire the capacity to promote resolution of CNP, but their therapeutic activity seems to be independent of their antigen-specific education. However, the role of CD8+ T cells for CNP seems to be complex. Using a model of paclitaxel-induced CNP, Liu et al. (36) showed that blocking of functional CD8+ T cells at the level of the spinal cord and the DRG, reversed chemotherapy induced mechanical hypersensitivity. Similar, adoptive transfer of CD8+ T cells exacerbated neuropathic pain in this model (36), suggesting that cytotoxic T cells contribute to pain progression.



TREGS CONTROL IMMUNITY TO PROMOTE PAIN RESOLUTION

Another important T cell subset that plays a role for pain recovery are regulatory T cells (Tregs), immunomodulatory T lymphocytes that control the activity of innate and adaptive immune cells (37). After peripheral nerve injury, Tregs are recruited to the site of injury, the DRG and the spinal cord (16, 17, 38). Systemic expansion of Tregs was shown to alleviate peripheral CNP following nerve injury and experimental autoimmune neuritis-associated central CNP (16). Similar, anti-CD25 antibody-dependent depletion of CD25+ cells prolonged mechanical hypersensitivity after peripheral nerve injury (16, 18), indicating a role of CD25+ Tregs for pain recovery. In another study DEREG mice, where FoxP3-expressing Tregs can be depleted by injection of diphtheria toxin, were used to specifically assess Treg contribution to pain recovery. Indeed, following toxin application DEREG mice developed increased mechanical pain hypersensitivity after peripheral nerve injury (17), confirming that Tregs are important for pain recovery. The analgesic role of Tregs was further confirmed in a model of chemotherapy-induced CNP, where adoptive transfer of a population of CD4+CD25+ T cells, which largely are composed of Tregs, alleviated CNP (36).

In a recent study it was shown that nerve-infiltrating Tregs suppress the development of neuropathic pain mainly through the inhibition of the Th1 response by CD4+ T helper cells following nerve injury (38). This resulted indirectly in reduced neuronal damage and neuroinflammation at the level of the sensory ganglia. The authors further identified IL-10 signaling as an intrinsic mechanism by which Treg cells counteract neuropathic pain development (38). Indeed, in a previous study the neuroprotective effect of IL-10 secretion by CNS infiltrating Tregs was demonstrated in an ischemia model (39). Another recent study by Duffy et al. (40) showed that adoptive transfer of activated Tregs or intrathecal delivery of the Treg cytokine IL-35 alleviated spontaneous and facial stimulus-evoked pain behaviors in mice with experimental autoimmune encephalomyelitis (EAE). The effects of intrathecal IL-35 therapy were dependent on presence of Tregs and associated with reduced monocyte infiltration in the trigeminal afferent pathway and upregulated IL-10 expression in CNS-infiltrating lymphocytes (40). Interestingly, intrathecal injection of plasmids encoding IL-10 at the onset of clinical EAE suppressed disease development and alleviated pain behaviors (41, 42), indicating that the upregulated IL-10 expression observed in the study of Duffy et al. (40) may be responsible for the observed pain alleviating effect of Tregs.

All these data point toward a critical role of IL-10 for pain resolution. Indeed, additional research showed that central activation of anti-inflammatory cytokines such as IL-10 and TGFβ suppresses allodynia after peripheral nerve injury (43) and in a model of chemotherapy-induced neuropathic pain (44). Mechanistically, in vitro studies showed that in addition to its master anti-inflammatory role, IL-10 reverses voltage-gated sodium currents to reduce neuronal excitability (45), indicating a possible immune cell independent mechanism of IL-10 mediated pain recovery. Therefore, therapies that promote Treg activity and IL-10 signaling in the CNS may prove beneficial for pain therapies.

Over the last decade, we and others showed that tumor necrosis factor receptor 2 (TNFR2) is critical for Treg function and that selective agonism of TNFR2 results in Treg expansion and is therapeutic in inflammatory conditions such as experimental arthritis (46, 47) and graft vs. host disease (48). We recently demonstrated that treatment of neuropathic mice with a TNFR2 agonist promoted long-term pain recovery after peripheral nerve injury (18) and in neuropathic EAE mice (49). Mechanistically, our study revealed that systemic TNFR2 agonist application promoted expansion of Tregs resulting in alleviation of peripheral and central inflammation. We further detected increased Treg and IL-10 levels in the spinal cord after TNFR2 agonist treatment (18), indicating that Treg-mediated IL-10 signaling in the CNS may contribute to the pain alleviating effect of TNFR2 agonists too. Interestingly, next to their anti-inflammatory functions, Tregs were shown to directly promote tissue regeneration in the CNS (50). Confirming, we observed upregulation of various proteins associated with neuroregeneration after TNFR2 agonist treatment in neuropathic mice (18), indicating that TNFR2-dependent expansion of Tregs may promote pain recovery not only by modulation of immunity, but also via enhanced tissue regeneration. Indeed, previous studies showed that TNFR2 directly contributes to neuroprotection (51–53).



MACROPHAGES CONTRIBUTE TO THE DEVELOPMENT OF CNP

Next to T lymphocytes, peripheral monocytes that differentiate into macrophages upon tissue infiltration were shown to play a role for pain development. These cells were shown to infiltrate around injured sensory neurons and in the DRG. Inhibition of monocyte infiltration into the DRG prevented the development of pain hypersensitivity in rodent models of CNP (54, 55), indicating the importance of peripheral macrophages for pain development. In a model of chemotherapy-induced CNP, nerve infiltrating monocytes were activated by the chemokine fractalkine (CX3CL1) resulting in the production of reactive oxygen species that in turn activated the receptor TRPA1 in sensory neurons and evoked the pain response (56). Additional data indicate an interaction between the fractalkine receptor CX3CR1 and the chemokine receptor CCR2 in monocytes that may constitute an underlying mechanism for persistent chemotherapy-induced pain (57).

Monocytes/macrophages were shown to act synergistically with microglia to initiate hypersensitivity and promote the transition from acute to chronic pain after peripheral nerve injury (58). A recent study demonstrated that DRG macrophages, but not macrophages that had infiltrated at the site of injury contribute to initiation and maintenance of mechanical hypersensitivity (59). Indeed, depletion of DRG macrophages, but not at the site of injury, prevented the development of pain and reversed ongoing nerve injury-induced hypersensitivity (59). Macrophages that invade the DRG, release excitatory agents that generate ectopic activity in sensory neurons thereby contributing to neuropathology responsible for pain development (60, 61).



MACROPHAGES ALLEVIATE PAIN VIA THE OPIOID SYSTEM AND ANTI-INFLAMMATORY RESPONSES

Macrophage infiltration into the nerve is an essential step to allow nerve regeneration. In particular, anti-inflammatory/reparative M2 macrophages have been indicated to play a role for repair processes after nerve injury (62). Indeed, perineural transplantation of M2 macrophages resulted in attenuated neuropathy-induced mechanical hypersensitivity (63, 64). Similar, injection of IL-4, a cytokine responsible for M2 macrophage differentiation, at the site of nerve injury promoted repolarization of macrophages into an anti-inflammatory M2 state, and ameliorated mechanic and thermal hypersensitivity (65). Recently, it was shown that local sympathectomy relieves chemotherapy-induced allodynia in mice via anti-inflammatory responses. Depletion of monocytes/macrophages and blockade of transforming growth factor-β (TGF-β) signaling reversed the relief of mechanical allodynia by sympathectomy (66). Importantly, TGF-β induces M2-like macrophage polarization (67), indicating that TGF-β-induced M2 macrophage polarization might be responsible for the therapeutic effect of local sympathectomy in the aforementioned study.

Interestingly, cultured M2 macrophages contained and released higher amounts of opioid peptides (63). Similar, a recent study demonstrated that IL-4 application at injured nerves shifted macrophage polarization from a proinflammatory M1 to an anti-inflammatory M2 phenotype. These M2 macrophages continuously synthesized opioid peptides. IL-4 administration further resulted in a long-lasting attenuation of neuropathy-induced mechanical hypersensitivity after discontinuing treatment. Confirming the importance of M2 macrophage-secreted opioids, IL-4-induced analgesia was decreased after neutralizing opioid peptides or blocking opioid receptors at the injured nerves (68). These studies indicate that M2 polarized macrophages may regulate pain perception by modulation of the opioid system. A key observation of our study showing that TNFR2 agonist treatment promotes long-lasting pain recovery was a repolarization of CNS-infiltrating macrophages into an anti-inflammatory M2-like phenotype (18). However, the contribution of M2 polarized macrophages in the spinal cord to pain alleviation and a potential role of the opioid system is not clear yet.



IMMUNE-MEDIATED SEX DIFFERENCES IMPACT CNP DEVELOPMENT

Next to social and psychological factors, functional differences in the immune system contribute to a higher female prevalence for CNP development (69, 70). Using rodent models of injury-induced CNP, it was shown that male and female mice use different immune cells to initiation and maintain CNP. In particular, microglia were shown to be the driver of male neuroinflammation and CNP, whereas T cells primarily drive neuroinflammation and CNP in females (71). These differences seem to be dependent on cell populations, differences in suppression by hormones, and disparate cellular responses in males and females (72). Interestingly, in the absence of adaptive immune cells, e.g., in Rag1−/− mice, female mice use the male, glial-dependent pathway (71). Since sex differences may impact the effectivity of analgesic therapeutics, the different impact of immune cells to pain responses needs to be considered in therapeutics development. Indeed, we observed different responsiveness of male and female mice in a preclinical trial for a novel TNF modulating compound (73). Therefore, it is important to study the therapeutic responses in males and females during preclinical evaluation, in particular if they address T cell or microglial responses. Therapies based on Treg modulation work across sexes (18) indicating that they may interfere with microglial and adaptive immune cell contribution to CNP development and maintenance.



CONCLUSION AND OUTLOOK

The contribution of immunity to development and maintenance of CNP are well-established and a complex interaction of different immune cells contributes to CNP development (Figure 1). Over the last years a growing body of literature on the protective and regenerative role of the immune system for pain has been published, including contributions of CD8+ T cells, Tregs and M2 macrophages (Figure 1). Modulation of immune responses, e.g., by targeting inflammatory or anti-inflammatory mediators of peripheral immune cells, therefore is a promising therapeutic approach to alleviate neuropathic pain (Table 1). Concluding, a detailed understanding of immune-mediated tissue regeneration in pain may promote the development of novel immunotherapies for pain alleviation and ultimately may translate into novel non-opioid therapies.


[image: Figure 1]
FIGURE 1. Contribution of different immune cells to pain development and recovery. CD4+ T helper cells were shown to infiltrate the spinal cord, DRG and injured nerve, where they contribute to pain responses through different mechanisms. Further, DRG invading macrophages were shown to be important mediators of pain. Like T effector cells, Tregs infiltrate the nerve, DRG, and spinal cord in neuropathic mice and contribute to immunomodulation and tissue regeneration through different mechanisms, including secretion of anti-inflammatory IL-10. M2 macrophages were shown to initiate analgesic responses in the nerve through upregulation of the endogenous opioid system and anti-inflammatory responses.



Table 1. Overview of peripheral immune cell contribution to pain development and recovery.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a major dose-limiting side effect that occurs in up to 63% of patients and has no known effective treatment. A majority of studies do not effectively assess sex differences in the onset and persistence of CIPN. Here we investigated the onset of CIPN, a point of therapeutic intervention where we may limit, or even prevent the development of CIPN. We hypothesized that cap-dependent translation mechanisms are important in early CIPN development and the bi-directional crosstalk between immune cells and nociceptors plays a complementary role to CIPN establishment and sex differences observed. In this study, we used wild type and eIF4E-mutant mice of both sexes to investigate the role of cap-dependent translation and the contribution of immune cells and nociceptors in the periphery and glia in the spinal cord during paclitaxel-induced peripheral neuropathy. We found that systemically administered paclitaxel induces pain-like behaviors in both sexes, increases helper T-lymphocytes, downregulates cytotoxic T-lymphocytes, and increases mitochondrial dysfunction in dorsal root ganglia neurons; all of which is eIF4E-dependent in both sexes. We identified a robust paclitaxel-induced, eIF4E-dependent increase in spinal astrocyte immunoreactivity in males, but not females. Taken together, our data reveals that cap-dependent translation may be a key pathway that presents relevant therapeutic targets during the early phase of CIPN. By targeting the eIF4E complex, we may reduce or reverse the negative effects associated with chemotherapeutic treatments.
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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most prevalent and dose-limiting complications in chemotherapy patients. It is characterized by pain and numbness or a “pins and needles” feeling in the extremities (1–4). Approximately 70% of patients report the development of peripheral neuropathy during administration of chemotherapy, which leads to early treatment cessation and substandard regimens (5, 6). Additionally, over 30% of patients experience persistent neuropathy for months or years after treatment cessation, making CIPN a long-term morbidity in patients that survive cancer and other diseases (7).

There is limited data on sex differences in neuroimmune effects during CIPN. Both clinical and preclinical investigations have reported conflicting observations ranging from marked sexual dimorphisms to no sex differences during CIPN (8–11). There are few studies that investigate sex differences and the mechanisms involved in the development of CIPN. These findings necessitate a comprehensive and fully powered assessment of sex differences in the development of CIPN. Considering the recent interest in sex differences in chronic pain development and immune cell activation, it is purported that neuroimmune mechanisms vary between sexes. A benchmark paper in the pain field suggests sexual dimorphisms in the role of T-cells in pain initiation in females (12). Moreover, recent studies have shown that cytotoxic T-cells (CD8+) contribute to the resolution of CIPN (13, 14). A more recent study showed that “primed” CD8+ T-cells, previously exposed to a chemotherapy agent, could prevent CIPN development when transferred to a new host (15). Based on these previous studies, we decided to assess the role of discrete T-cell subtypes: CD4+(Th1, Th2), T regulatory (Tregs), Effector (Teff), and activated cytotoxic T-lymphocytes (CD8+) in the draining lymph nodes of male and female mice after induction of CIPN.

Immune cells recruited to the dorsal root ganglion (DRG) in turn can influence the activity of nociceptors through the release of inflammatory mediators (16, 17). This signaling could happen in tandem, in real-time, and this bi-directional crosstalk could be directly responsible for changes in nociceptors and immune cells, leading to changes in pain behaviors. These reciprocal interactions may contribute to maladaptive nociceptor plasticity if the homeostatic functioning of the cell-mediated immune response is dysregulated and has been shown to contribute to the development of CIPN (18–21)

Eukaryotic translation initiation factor 4E (eIF4E) is a cytosolic regulator that directs ribosomes to the cap structure of a subset of mRNAs to induce translation of proteins involved in inflammation and pain (22, 23). Cellular signaling cascades responsive to external stimuli such as the mitogen-associated protein kinase (MAPK) pathway and the mammalian target of rapamycin (mTOR) pathway directly feed into central cap-dependent translation in all cell types (24, 25). Regulation of eIF4E activation affects downstream signaling for production of a subset of pro-inflammatory cytokines involved in T-cell subsets activation, cellular metabolic pathways of nociceptors, and other components that regulate pain, inflammation, and behavior (26–33). While we have begun to assess the role of eIF4E phosphorylation in sensory neuron populations (34), a complete breakdown of sex and sensory neuron metabolic phenotyping has yet to occur along with phenotyping of immune cell subtypes during the development of CIPN. It is known that sensory neuron metabolism is exceptionally responsive to nerve injury and inflammation (35–37). CIPN is accompanied with changes in mitochondrial bioenergetics and an energy deficit in DRG neurons (38, 39). These changes can also alter ion signaling and other downstream metabolic processes to contribute to long-term development of nociceptor sensitivity and pain (40). The metabolic effect(s) paclitaxel has in late CIPN, has been assessed in sensory neurons from male rats only (38).

Therefore, we sought to elucidate the role of cap-dependent protein translation in CIPN-induced alterations that may be mediated by neuroimmune communication between activated immune cells and sensory neurons. We used eIF4E mice that harbor a point mutation at the serine 209 site on the eIF4E complex that codes alanine instead, designated as eIF4ES209A (41). This point mutation prevents phosphorylation of eIF4E, thus inhibiting its activation and consequently inhibiting cap-dependent protein translation (42, 43). Paclitaxel is one of many chemotherapeutics used in rodent models to mimic clinical CIPN (44). Given that CIPN has an elusive etiology and the diverse array of cell types that could participate in CIPN development, we investigated whether there was a sex-dependent role of eIF4E phosphorylation in DRG sensory neuron metabolism, local immune cell populations, peripheral T-cell subpopulations, and spinal microglia and astrocytes. We hypothesized that eIF4E phosphorylation regulates activation of specific macrophage and T-cell subpopulations, alters nociceptor metabolism, and glial activation during the early phase of paclitaxel-induced peripheral neuropathy.



Materials and Methods


Animals

Adult mice of both sexes (9-12 weeks old, 20-25g weight) were used for all experiments. eIF4ES209A mice were generated on a C57BL/6 background in the Sonenberg laboratory at McGill University as previously described (41). These were a gift and further bred to maintain genotypes at the University of Texas at (UT) Dallas vivarium to generate our experimental cohorts. In-house animals were weaned between 21 and 28 days of age and tail-clipped to verify genotypes. Both wild-type (WT) and eIF4ES209A gift mice were bred with breeder animals purchased from Jackson laboratory (WT). We used only homozygous eIF4ES209A mutant animals and WT littermates for experiments. All animals were housed at the UT Dallas vivarium with standard temperature (20-25°C) and a 12-hour light/dark cycle (lights on from 6 AM to 6 PM). Mice were group housed in polypropylene ventilated cages with 4-5 animals per cage and provided ad libitum access to food and water. All behavioral experiments and data analysis were carried out from 9am to 12pm during the light cycle. All experiments were performed in accordance with protocols and standard operating procedures (SOPs) approved by the University of Texas at Dallas Institutional Animal Care and Use Committee (IACUC) and the Institution Biosafety and Chemical Safety Committee. The experimenters were blinded to animal genotypes and treatment groups for all assays. A timeline of experiments and dosing regimen is shown in Figure 1.




Figure 1 | Experimental timeline with dosing regimen and terminal analysis. After habituation and baseline (BL) measures for behavior, all mice were subjected to intraperitoneal injection of paclitaxel (4 mg/kg per mouse) after BL i.e. on day 0, D2, D4, and D6 to induce peripheral neuropathy. Behavioral assays (mechanical hypersensitivity, grimace, grip strength, and thermal hypersensitivity) were measured on BL, D1, D3, D5, D7, and D9. On D10, animals were terminated and spinal cord, popliteal and inguinal lymph nodes, and DRG (L3 to T13) were collected. The lumbar portion of the spinal cord was used for immunohistochemical analyses for glia reactivity. The lymph nodes and DRG were used for flow cytometry analyses of immune cell populations. DRG neurons were plated and used for Seahorse analyses of bioenergetics.




Induction of Chemotherapy-Induced Peripheral Neuropathy (CIPN) With Administration of Paclitaxel

Paclitaxel (European pharmacopoeia (EP) Reference standard purchased from Sigma, Y0000698) was dissolved in a vehicle (1:1 ratio of Kolliphor oil (Sigma, C5135) and 100% ethanol), to prepare stock paclitaxel solution (5mg/mL stored at 4°C). Working stock was freshly prepared on injection days by diluting stock solution with sterile 1× PBS. Paclitaxel injections were administered intraperitoneally every other day for four (4mg/kg/day) injections to induce peripheral neuropathy (16mg/kg total dose per animal, Figure 1) as previously described (44, 45), these studies show little to no differences of 2mg/kg versus 4mg/kg in the development of painful CIPN.




Behavioral Experiments

Baseline readings for all behavior assays were taken twice, a day apart (days -1 and -3) before administration of the 1st paclitaxel injection on day 0. Behavioral assessment for spontaneous pain using the grimace scale, mechanical hypersensitivity, grip strength, and thermal hyperalgesia were performed on days 1, 3, 5, 7, and 9, in that order. This was important to maintain non-confounding observations of evoked pain behavior using touch or heat stimuli after noting spontaneous pain. All behavior datasets are additionally represented as effect size. Effect size here is determined by calculating the cumulative difference between the value for each time point and the baseline value. All effect values were added to get effect size represented as an absolute number for each of the animal groups (46).


Assessment of Spontaneous Pain by Grimace Scale

Grimace is assessment of spontaneous pain using the observation of facial expression (47–49). Five parameters for facial grimace behavior were assessed: orbital tightening, ear position, cheek bulge, nose bulge, and whisker position. Each component was scored as follows: not present was given a score of “0”, moderately present was given a score of “1”, and obviously present was given a score of “2”. The score of the five components was averaged to give a mean grimace score (MGS).



Assessment of Mechanical Hypersensitivity by von Frey Filaments

Mechanical hypersensitivity was assessed using the previously described von Frey assay (50). Von Frey acrylic chamber (11cm long, 10 cm wide, and 4.5 cm height) with mesh floor, elevated 4.25 feet off the ground, were used for this assay. Animals were acclimated to the testing room and habituated to the von Frey apparatus and test environment for at least 1 hour prior to baseline and testing measurements. After 2 baseline recordings (one day rest in between the recordings), animals were randomly assigned to the different treatment groups. Mechanical hypersensitivity was determined by assessment of paw withdrawal threshold in response to the application of calibrated von Frey filaments (Stoelting, Illinois, USA) using the up-down method. A series of filaments with logarithmically incremental stiffness of 2.83, 3.22, 3.61, 3.84, 4.08, and 4.17 (converted to the 0.07, 0.16, 0.4, 0.6, 1, and 1.4 grams, respectively) were applied to the plantar surface of the hind paw and held for 2-3 seconds. A positive response was counted if there was a brisk withdrawal of the paw, paw shaking, and paw licking, or holding the paw in the air more than 2 seconds. The withdrawal threshold of both hind paws was measured and averaged.



Assessment of Muscle Dexterity by Grip Strength

Grip strength is a measure of functional pain in laboratory rodents and is measured with a grip strength test meter (IITC, California, USA). All animals were habituated to the apparatus for 5 minutes per animal, and were trained to grip the mesh wire surface prior to baseline or experiment. To measure, animals were gently placed on the rectangular wire meshed surface connected to the transducer in the grip strength meter and gently pulled away until they let go of the mesh. The maximal grip force was automatically measured by the transducer and recorded. Three trials were performed and averaged for both baseline measures and all experiments.



Assessment of Thermal Hyperalgesia by Hot Plate

Thermal sensitivity was assessed using the hot plate apparatus (IITC, California, USA). Animals were individually placed onto a surface maintained at 52°C, with their locomotion restricted by a Plexiglas chamber. Hind paw licking, shaking, and jumping was recorded as a positive response. Total time spent on the hot plate surface until a positive response was detected was measured and recorded as latency to response. The heating time cutoff was restricted to maximum 30 seconds to prevent tissue injury.




Immunohistochemistry

Animals were anesthetized with intraperitoneal injection of Ketamine/Xylazine (100 mg/kg) and intracardially perfused with 1x PBS solution followed by 4% paraformaldehyde (PFA). Lumbar spinal cord tissue was collected, post fixed in 4% PFA for 4 hours at 4°C and cryoprotected in 30% sucrose for 48 hours at 4°C. Tissues were embedded in optimal cutting temperature (OCT) (Fisher Scientific; 23-730-571) followed by cryo-sectioning into 20 μm sections that were mounted on positively charged glass slides (VWR, 48311-703). Mounted sections were treated with 1M HCL for 30 minutes followed by neutralization with 0.1 M sodium borate (pH 8.5) for 10 minutes. The slides were washed with 1x PBS and pre-incubated with 5% normal goat serum in 0.2% Triton X-100 in 1x PBS solution to block nonspecific binding. Subsequently, sections were incubated with the primary antibodies overnight at 4°C (see Table 1). The next day, sections were incubated in respective secondary antibodies and treated with DAPI solution (1:5000 dilution, Sigma-Aldrich D9542). Stained sections were covered with Gelvatol mounting medium and cover slips (51) and images were taken on a Zeiss Axio-observer 7 microscope (Jena, Germany) for quantitative analysis. Representative images were taken on an Olympus FV3000RS confocal laser scanning microscope (Shinjuku, Tokyo, Japan). Images acquired for quantitative analysis were taken using identical exposure times and representative images at identical laser power. Image analysis was done using FIJI (ImageJ) and Cell Sens version 3.1 (Olympus, Japan) software.


Table 1 | Antibodies used for IHC and flow cytometry.





Flow Cytometry

Flow cytometric analysis of isolated immune cells from lymph node and dissociated DRG was performed based on previous protocols with few modifications (52). In brief, lymph nodes (popliteal and inguinal) and DRG (lumbar and thoracic, T13 to L5) were collected in ice cold sterile DPBS (Hyclone, Logan, UT). Lymph nodes were passed through a 70 micron nylon mesh with flow buffer (0.5% bovine serum albumin with 0.02% glucose) while DRG were first digested with enzymes (details described in section 2.6) and then passed through 70 micron nylon mesh. Resultant cell suspensions were centrifuged at 400 × g for 6 minutes at 4 °C. Cell pellets were washed with cold 1x PBS and resuspended in pre-chilled flow buffer. Fc receptors were blocked by anti-CD16/CD32 purified antibody. Cells from lymph nodes were incubated with anti-CD3-Alexa Flour 700, anti-CD4-Fluorescein isothiocyanate, anti-CD8 Phycoerythrin, anti-CD25-eFluor 450, anti-CD44-eFluor780, and anti-CCR7-Allophycocyanin (see Table 1 for antibody details). Cells from DRG were incubated with anti-CD11b-Allophycocyanin-Cy7, anti-CD45-Brillient violet 421, anti-MHCII-Alexa Fluor 488, and anti-CD40 Phycoerythrin antibodies. Appropriate compensation controls and isotypes were used for determination and gating. Cells were washed twice in ice cold flow buffer and resuspended in ice cold flow buffer. Thelper T-cells were initially identified with gating CD3 and CD4 cell surface markers, whereas cytotoxic T-cells were identified by gating for CD3 and CD8. These populations were further gated to identify activation and polarization (Th1 vs. Th2) with CD44 and CD25. CCR7 was also used to identify T-effector cells. Tissue activated macrophages were identified from CD45 separated cells with cell surface markers CD11b, MHC-II, and CD40. Stained samples were analyzed using a Becton-Dickinson Fortessa analyzer (Red Oaks, CA) and data were analyzed using FlowJo software (De Novo Software, Los Angeles, CA). For a complete list of antibodies used, please refer Table 1.



Primary Dorsal Root Ganglia (DRG) Culture and Cellular Energetics

On day 10, animals were deeply anesthetized with isoflurane and decapitated. DRG were dissected bilaterally starting from T13 to L5 and transferred to pre-chilled 1x PBS containing 1% penicillin/streptomycin (ThermoFisher Scientific, 15070063). Samples were centrifuged at 400 x g for 4 minutes. Supernatants were removed and DRG were treated with Collagenase A (Sigma, 10103586001) and incubated in water bath at 37°C for 20 minutes, followed with treatment of Collagenase D (Sigma, 1188866001) for another 20 minutes. Cells were centrifuged at 400 x g and pellet was resuspended in Enzyme T (soybean trypsin inhibitor made up in 1 part bovine serum albumin and 1 part DMEM/F12 media) to stop the enzymatic reaction. Digested tissues were triturated approximately 30 times using a 1 ml pipette tip and passed through the 70 micron nylon mesh, with a subsequent wash with DMEM/F12 media (supplemented with 10% Fetal bovine serum and 1% penicillin/streptomycin). Resultant suspension was centrifuged at 400 x g for 5 minutes and resuspended in DMEM/F12 medium. The number of cells was counted using a hemocytometer with trypan blue dye exclusion. For bioenergetic profile, 70,000 cells were seeded directly in respective XFp Cell Culture Miniplates (Agilent, 103025-100) coated with poly-D-Lysine (Millipore Sigma, P0899). Next day, XF Assay media (Seahorse Bioscience) supplemented with 2 mM GlutaMAX, 5 mM glucose (Sigma), 1 mM sodium pyruvate (Fisher Scientific, Loughborough, United Kingdom), and pH adjusted to pH 7.4, was warmed to 37°C. Cells were incubated with this Seahorse media for 1 hour at 37°C, 0% CO2 incubator. The media was replaced with the Seahorse XF calibrant solution for another hour before running the Mito Stress according to manufacturer’s recommended protocol (53).



Statistical Analysis

Data were analyzed using GraphPad Prism software (version 8.4) and expressed as mean ± standard error of the mean (SEM). For behavior, flow cytometry, and Seahorse datasets, two-way ANOVAs were performed followed by Tukey’s post-hoc for multiple comparisons. For Seahorse divided into phases of mitochondrial respiration, one-way ANOVA was performed with Sidak’s multiple comparison test. For IHC datasets, two-way ANOVA followed by Bonferroni’s post-hoc was performed for glia reactivity and Sidak’s post-hoc was used for ATF3. A p value of ≤ 0.05 was considered significant.




Results


Paclitaxel Induces Pain Like Behavior in Male and Female Mice, Which Is Mediated via eIF4E 

Previously, it has been shown that an intraperitoneal injection regimen of paclitaxel leads to development of long-lasting mechanical hypersensitivity in WT male and female mice during later stages of CIPN (45, 54). We investigated whether cap-dependent translation was involved in earlier stages of CIPN development after intraperitoneal paclitaxel administration. We found a significant paclitaxel-dependent increase in mechanical hypersensitivity in WT mice of both sexes, compared to vehicle treatment (Figures 2A–D and Table 2). In the absence of eIF4E phosphorylation, this increase was observed only in females (Figures 2C, D and Table 2), not male mice (Figures 2A, B and Table 2). Compared to WT paclitaxel-treated mice, the eIF4ES209A paclitaxel-treated mice had significantly lower mechanical hypersensitivity (Figures 2B, D and Table 2) in both sexes. These findings indicate that eIF4E phosphorylation plays a protective role in the development of mechanical hypersensitivity after paclitaxel administration, but this protection is to a lesser extent in females. We assessed spontaneous pain by grimace and grip strength. Paclitaxel treatment induced more grimacing in male mice in an eIF4E-dependent manner (Figures 2E, F and Table 2). For females, spontaneous pain was higher with paclitaxel administration, but eIF4ES209A females had lower grimacing compared to WT (Figures 2G, H). This indicates that eIF4E affects pain perception associated with paclitaxel-induced peripheral neuropathy. There were no changes in the grip strength for either sex, genotype, or treatment (Figures 2I–L). Male WT mice showed the maximum latency of response to hot plate with paclitaxel treatment, with no difference in eIF4ES209A male mice (Figures 2M and Table 2), indicating that eIF4E is required for mediating response to thermal stimuli after paclitaxel. On the other hand, females of both genotypes did not show significant changes in latency with paclitaxel treatment compared to vehicle (Figures 2O, P and Table 2). Interestingly, eIF4ES209A females treated with paclitaxel had a significantly reduced latency of response to heat stimuli compared to their WT counterparts (Figure 2P and Table 2). Taken together, our data suggests that eIF4E is important for mechanisms involved in CIPN development early in both sexes.




Figure 2 | Paclitaxel induces pain like behavior in male and female mice, which is eIF4E dependent. (A) Mechanical hypersensitivity in male WT and eIF4ES209A mice. Blue asterisks *p 0.0475, ** p 0.0014 for eIF4E vehicle VS paclitaxel, Black asterisks ****p<0.0001 for WT vehicle VS paclitaxel, a=p<0.0001 for WT paclitaxel VS eIF4E paclitaxel. (B) Effect size here is determined by calculating the cumulative difference between the value for each time point and the baseline value. Data for male mice shown as effect size, ****p<0.0001, ***p 0.0004. (C) Mechanical hypersensitivity in female WT and eIF4ES209A mice. Red asterisks *p 0.0261 , ***p 0.003 for eIF4E vehicle VS paclitaxel, Black asterisks ****p<0.0001 for WT vehicle VS paclitaxel, a=p<0.0001, c=p 0.0029, d=p 0.0286 for WT paclitaxel VS eIF4E paclitaxel. (D) Data for female mice shown as effect size, ****p<0.0001. (E) Spontaneous pain assessment by grimace score in male mice. *p 0.0495, **p 0.008 for WT vehicle VS paclitaxel. (F) Grimace scores shown as effect size for male mice, *p 0.0302. (G) Grimace scores for female mice. *p 0.0153 for D7 WT vehicle VS paclitaxel, 0.0328 for D9 for eIF4E vehicle VS paclitaxel, ***p 0.0004 for D5 for eIF4E vehicle VS paclitaxel, 0.0009 for D9 for WT vehicle VS paclitaxel, ****p<0.0001 for WT vehicle VS paclitaxel. (H) Grimace scores shown as effect size for female mice, *p 0.0249 compared for treatment, *p 0.0293 compared for genotype, ***p 0.0005. (I) Grip strength for male mice. (J) Grip strength for males shown as effect size. (K) Grip strength for female mice. (L) Grip strength in females shown as effect size. (M) Thermal hypersensitivity in male mice. (N) Thermal hypersensitivity in males shown as effect size. **p 0.0072. (O) Thermal hypersensitivity in female mice. (P) Thermal hypersensitivity in females shown as effect size, *p 0.0453. All data are presented as mean ± standard error of the mean, males: n = 6 mice per group; females: n = 12 mice per group. Two-way ANOVA was performed with Tukey’s post-hoc for multiple comparisons. For all line graphs, asterisks indicate significant differences between vehicle VS paclitaxel-treated for each genotype at indicated time points. “a” (p < 0.0001), “b” (p < 0.001), “c” (p < 0.01), and “d” (p < 0.05) depict significant difference between paclitaxel-treated WT and eIF4ES209A mice at indicated time points.




Table 2 | Statistical values for behavior data analysis.





Paclitaxel Dysregulates CD4+ and CD8+ T-Cell Subpopulations in an eIF4E-Dependent Manner

An obvious early contribution of adaptive immune cells in the development of paclitaxel-induced peripheral neuropathy has not been shown till date. Given that the paclitaxel was administered peripherally, T-cells are activated in the lymph nodes, and neuropathy develops in the limbs, we chose to study subpopulations of T-cells from the draining (popliteal and inguinal) lymph nodes that are CD4+ (Thelper) CD8+, CD25+/- and CD44+/- (activated T-cells), CCR7+ (effector T-cells) (Figures 3A–F). We found a significant increase in CD4+ T-cells in WT female mice injected with paclitaxel, but not males (Figures 3A, B, E and Table 3). The CD4+ subset was further analyzed for CCR7, the marker for lymphocyte homing to lymph nodes as well as T-cell priming (55, 56). The CD4+CD25-CD44+ subset was significantly reduced in eIF4ES209A females treated with paclitaxel compared to WT (Figure 3G, Table 3). The CD4+CCR7+ subpopulation was significantly higher in eIF4ES209A mice of both sexes independent of paclitaxel treatment (Figures 3C, F and Table 3). This suggests that inhibiting cap-dependent translation upregulates T-cell priming and activation of T cells. We found significant downregulation of CD8+ T-cells in female eIF4ES209A mice compared to WT, irrespective of treatment (Figures 3G–L, Table 3). This population was unchanged in male mice (Figure 3H). CD8+CCR7+ T-cells, i.e. activated memory T-cells were higher in eIF4ES209A mice (Figures 3I, L and Table 3) regardless of sex or treatment. CD8+CD44+CD25- T-cells were increased in paclitaxel-treated eIF4ES209A male mice compared to WT males treated with paclitaxel (Figure 3J and Table 3). There were no differences in female mice for this subpopulation (Figure 3M and Table 3). Overall, our data shows that paclitaxel induces activation and/or expansion of T-helper, memory T, and effector T-cells, which is modulated in an eIF4E-dependent manner.




Figure 3 | Paclitaxel dysregulates CD4+ and CD8+ T-cell subpopulations in an eIF4E-dependent manner. (A) Gating strategy used for flow cytometry of lymphocytes from popliteal and inguinal lymph nodes. T-cells were separated from the whole lymphoid cells population using CD3. CD3+ cells were then gated for CD4+ T-cell and CD8+ T-cells. For each of these subsets, cells were further gated for CCR7 or CD25 and CD44. (B) Quantification of CD4+ T-cells from the CD3 population from male mice. (C) CCR7+ T-cells from isolated CD4+ population in males, **p 0.0063. (D) CD4+ cells gated for CD25 and/or CD44 in males. (E) Quantification of CD4+ T-cells from the CD3+ population from female mice, *p 0.0101. (F) CCR7+ T-cells from isolated CD4+ population in female mice, *p 0.0250. (G) CD4+ cells gated for CD25 and/or CD44 in female mice, **p 0.0011. (H) Quantification of CD8+ T-cells from the CD3+ population from male mice. (I) CCR7+ T-cells from isolated CD8+ population in males, *p 0.0433. (J) CD8+ cells gated for CD25 and/or CD44 in males, *p 0.0396. (K) Quantification of CD8+ T-cells from the CD3 population from female mice, *p 0.041. (L) CCR7+ T-cells from isolated CD8+ population in female mice, **p 0.0097. (M) CD8+ cells gated for CD25 and/or CD44 in female mice. All data are presented as mean ± standard error of the mean, n = 3 mice each for male/female WT vehicle-treated and WT paclitaxel groups, n = 4 mice each for male/female eIF4ES209A vehicle-treated and paclitaxel. Two-way ANOVA was performed with Tukey’s post-hoc for multiple comparisons.




Table 3 | Statistical values for flow cytometry data analysis.





Paclitaxel Induces Increased Infiltration of Activated Myeloid Cells in DRG in Absence of eIF4E Phosphorylation

We further investigated if peripheral neuropathy leads to the recruitment of macrophages into the DRG. No studies to date have shown the recruitment of the macrophages and the activation state of macrophages in DRG after CIPN. We looked for the infiltration and activation of macrophages using the CD11b+-CD45+ and MHCII+-CD40+ cells respectively in male and female mice. We identified macrophages within DRG by gating for CD11b+ and CD45+ cells. This population was further gated for MHCII+ and CD40+ to assess activated macrophage subsets (Figure 4A). We found that CD11b+-CD45+-CD40+-MHC-II- and CD11b+-CD45+-CD40--MHC-II+ populations were unchanged in both sexes with paclitaxel or lack of eIF4E (Figures 4B, C and Table 3), indicative of no effect on dendritic cells or tissue-resident macrophages. We found a significant increase in CD11b+-CD45+-CD40+-MHC-II+ cells in male and female eIF4ES209A mice treated with paclitaxel compared to vehicle. Additionally, in female mice, this subpopulation was significantly higher in paclitaxel-treated eIF4ES209A animals compared to paclitaxel-treated WT (Figure 4C and Table 3). This indicates that antigen-presenting cells (APCs) are upregulated with paclitaxel treatment in absence of eIF4E. Interestingly, female eIF4ES209A vehicle-treated mice had a significantly lower proportion of activated APCs compared to WT (Table 3). This shows that cap-dependent translation may be facilitating the recruitment of activated myeloid cells as a result of paclitaxel treatment, which in turn could be activating or expanding the T-cell populations.




Figure 4 | Paclitaxel induces activation of antigen-presenting myeloid cells in eIF4ES209A mice DRG. (A) Gating strategy for isolating myeloid APCs from mouse DRG. Total cells were gated for CD11b and CD45 to separate out immune cells. The CD11b+ CD45+ subset was then gated for MHC-II+ and/or CD40+ cells. (B) Quantification of CD40+ and/or MHC-II+ cells from male mice, *p 0.0275. (C) Quantification of CD40+ and/or MHC-II+ cells from female mice, *p 0.014, **p 0.0055, ****p<0.0001. All data are presented as mean ± standard error of the mean, n = 3 mice each for male/female WT vehicle-treated and WT paclitaxel groups, n = 4 mice each for male/female eIF4ES209A vehicle-treated and paclitaxel. Two-way ANOVA was performed with Tukey’s post-hoc for multiple comparisons.





Paclitaxel Alters Mitochondrial Function of DRG Neurons in an eIF4E-Dependent Manner 

We investigated mitochondrial function in DRG neurons to examine if paclitaxel changed the bioenergetic profiles (Figures 5A–Q and Table 4) in an eIF4E-dependent manner. The overall oxygen consumption rate (OCR) was lower in paclitaxel-treated eIF4ES209A males and females compared to paclitaxel-treated WT (Figures 5B, C, J, K and Table 4) whereas the overall extracellular acidification rate (ECAR) was higher with paclitaxel treatment in both sexes and lower in paclitaxel-treated eIF4ES209A males compared to paclitaxel-treated WT males (Figures 5H, I, P, Q and Table 4). This suggests that lack of eIF4E causes a shift in mitochondrial respiration with paclitaxel treatment. We divided the different phases of the OCR bioenergetic profile into basal respiration (before oligomycin treatment), ATP production (after oligomycin treatment and before FCCP – 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-propanedinitrile treatment), maximal respiration (after FCCP and before antimycin A and rotenone), and non-mitochondrial respiration or reserve capacity (Figure 5A). For males, we found a significant increase in the basal respiration and non-mitochondrial respiration after paclitaxel treatment in WT, but not eIF4ES209A mice (Figures 5D, G and Table 4), but no change in ATP turnover or maximal respiration (Figures 5E, F and Table 4). For female mice, we found that basal respiration and non-mitochondrial respiration was increased after paclitaxel treatment for both genotypes (Figures 5L, O and Table 4). ATP turnover and maximal respiration was also higher in WT females treated with paclitaxel compared to vehicle and in eIF4ES209A females compared to paclitaxel-treated WT (Figures 5M, N and Table 4). Taken together, our data shows that sensory neurons in the DRG undergo an excited mitochondrial shift with paclitaxel treatment in an eIF4E-dependent manner in both sexes. Paclitaxel increased all aspects of mitochondrial respiration in females but did not affect ATP turnover and maximal respiration in males, which indicates divergent effects of paclitaxel in eIF4E absence in both sexes.




Figure 5 | Paclitaxel alters mitochondrial function of DRG neurons in an eIF4E-dependent manner. Dissociated dorsal root ganglion (DRG) neurons from WT and eIF4ES209A male and female mice were analyzed by the Seahorse Mito Stress test. (A) Graphic showing different phases of mitochondrial respiration. Adapted from the Agilent Seahorse XFp Cell Mito Test Kit User Guide published by Agilent Technologies. (B) Oxygen consumption rate (OCR) through phases of the Mito Stress test for male mice. (C) OCR data in male mice shown as area under the curve (AUC), *p 0.0136. (D-G) OCR data for male mice broken down into phases of mitochondrial respiration. Basal respiration: *p 0.0134, **p 0.0018, ****p<0.0001. Reserve capacity: **p 0.0063 for WT vs eIF4ES209A vehicle, **p 0.001 for WT vs eIF4ES209A paclitaxel. (H) Extracellular acidification rate (ECAR) for male mice. (I) ECAR data in male mice shown as AUC, *p 0.0303 for WT vs eIF4ES209A vehicle, **p 0.0021 for WT vehicle vs WT paclitaxel groups. (J) OCR through phases of the Mito Stress test for female mice. (K) OCR data in female mice shown as AUC, *p 0.0455. (L–O) OCR data for female mice broken down into phases of mitochondrial respiration. Basal respiration: ****p<0.0001, ATP turnover: *p 0.0481, **p 0.0021, maximal respiration: *p 0.0417, **p 0.0011, reserve capacity: **p 0.0037 for WT vs eIF4ES209A vehicle, **p 0.074 for eIF4ES209A vehicle vs eIF4ES209A paclitaxel, ****p<0.0001. (P) ECAR for female mice. (Q) ECAR data in female mice shown as AUC, *p 0.0116 for both genotypes vehicle vs paclitaxel-treated groups. All data are presented as mean ± standard error of the mean, n = 3-4 mice each for male/female WT vehicle-treated and WT paclitaxel groups, n = 4-7 mice each for male/female eIF4ES209A vehicle-treated and paclitaxel. For analyzing AUC data, two-way ANOVA was performed with Tukey’s post-hoc for multiple comparisons. For analyzing each phase of mitochondrial respiration, an ordinary one-way ANOVA was used with Sidak’s post-hoc for multiple comparisons.




Table 4 | Statistical values for DRG neuron mitochondrial respiration.





Sensory Neuron Damage by Paclitaxel Is Similar for Both Sexes and Genotypes

Previous studies have shown no association between sickness behavior or change in the body weight of the animal with 16mg/Kg dose of paclitaxel. Moreover, other researchers have used even higher doses of paclitaxel to induce peripheral neuropathy (57, 58). We assessed number of DRG neurons positive for activating transcription factor 3 (ATF3). The number of ATF3+ neurons were significantly higher in the DRG of paclitaxel-treated animals indicating damage; however, there were no sex-based or genotype differences observed (Figure 6 and Table 5). The increase is similar to previously published literature, albeit at a later time point (59, 60), thus we conclude that this higher dose does not comparatively alter DRG neurons at day 10 after our regimen.




Figure 6 | ATF3+ neurons are observed in DRG of all animals subjected to Paclitaxel. (A, B) Representative composite images showing ATF3+ cells (red) and NeuN+ cells (green) for male mice and their quantitation, respectively. *p 0.0114 for males’ vehicle vs paclitaxel groups. (C, D) Representative composite images showing ATF3+ cells (red) and NeuN+ cells (green) for female mice and their quantitation, respectively. *p 0.0218 for females for vehicle vs paclitaxel groups. All sections were counterstained with DAPI (blue). Data represented as mean and SEM. Two-way ANOVA was performed with Sidak’s post-hoc for multiple comparisons; n=3 for all groups. Magnification 20X, scale bar 50µm. PTX – paclitaxel.




Table 5 | Statistical values for IHC data analysis.





Spinal Glia Reactivity Is Altered in a Sex-Dependent Manner With Paclitaxel Treatment

Previous data has shown activation of microglia and astrocytes at different phases of CIPN (61–63). Here, we investigated whether the eIF4E complex plays a role in the activation of microglia and astrocytes in the spinal cord. We found a significant increase in immunoreactivity of microglia and astrocytes in both male and female WT mice (Figure 7). Iba1 fluorescence was significantly higher in paclitaxel-treated WT mice of both sexes compared to vehicle (Figures 7A–C and Table 5), indicating that paclitaxel induced microglial activation. This increase was lacking for eIF4ES209A animals for whom the Iba1 immunoreactivity stayed at WT vehicle levels. In eIF4ES209A females, there was a decrease in Iba1 fluorescence with paclitaxel treatment compared to vehicle (Figure 7C). For astrocytes, females lacking cap-dependent translation had increased GFAP fluorescence after paclitaxel compared to vehicle (Figures 7D, F, G, and H, and Table 5), which was different from the males where the GFAP fluorescence was at the same level as seen for the WT vehicle group (Figures 7D, E). This data shows that paclitaxel may mediate activation of astrocytes via an eIF4E-independent pathway in females but modulates microglia activation via eIF4E in both sexes and astrocyte activation in males.




Figure 7 | Spinal glia reactivity is altered in a sex-dependent manner with paclitaxel treatment. (A) Immunohistochemistry for male microglia on lumbar spinal cord. Blue represents DAPI for cell nuclei, green represents Iba1 for microglia. Magnification 20X, scale bar 50µm. (B) Quantification of Iba1 fluorescence intensity from male mice, *p 0.022 for WT vehicle vs WT paclitaxel groups, *p 0.014 for WT paclitaxel vs eIF4ES209A paclitaxel groups. (C) Immunohistochemistry for female microglia on lumbar spinal cord. Blue represents DAPI for cell nuclei, green represents Iba1 for microglia. Magnification 20X, scale bar 50µm. (D) Quantification of Iba1 fluorescence intensity from female mice, *p 0.0153, **p 0.0029. (E) Immunohistochemistry for male astrocytes on lumbar spinal cord. Blue represents DAPI for cell nuclei, red represents GFAP for astrocytes. Magnification 20X, scale bar 50µm. (F) Quantification of GFAP fluorescence intensity from male mice, *p 0.0133. (G) Immunohistochemistry for female astrocytes on lumbar spinal cord. Blue represents DAPI for cell nuclei, red represents GFAP for astrocytes. Magnification 20X, scale bar 50µm. (H) Quantification of GFAP fluorescence intensity from female mice, *p 0.018 for WT vehicle vs WT paclitaxel groups, *p 0.0329 for eIF4ES209A vehicle vs eIF4ES209A paclitaxel groups. Data are presented as mean ± standard error of the mean, males: n = 3 mice per group; females n = 3 mice per group. Two-way ANOVA was performed with Bonferroni’s post-hoc for multiple comparisons. ns, not significant.






Discussion

The current study begins to uncover the importance of eIF4E phosphorylation in the development of CIPN and associated neuroimmune consequences in male and female mice. In our study, we found an eIF4E-dependent increase of mechanical and thermal hypersensitivity in both sexes, upregulated T-helper and reduced cytotoxic T-lymphocytes in draining lymph nodes in female but not male mice, whereas activated macrophages in DRG were significantly increased in eIF4E but not WT mice of both sexes. In addition to this, DRG neuronal mitochondrial function was significantly higher in WT mice but not in eIF4E mice of both sexes. Microglia were significantly activated in an eIF4E-dependent manner with paclitaxel treatment in WT mice of both sexes; however, astrocytes were activated in an eIF4E-dependent manner with paclitaxel treatment only in male mice. Female eIF4E mice showed significant astrocyte activation.

Our study was designed and powered with the intent to appropriately assess sex differences in neuroimmune interactions during CIPN development—a question left unanswered in previous literature. We found an eIF4E-dependent increase in spontaneous pain as well as mechanical and thermal hypersensitivity after paclitaxel. This suggests that the pain-like behavior changes due to paclitaxel are mediated via the central cap-dependent translation pathway that is common across diverse cell types, with more pronounced effects in female mice.

The cell bodies of primary afferent neurons reside in the dorsal root ganglia. The persistent signals from nerve terminals activate the machinery and signaling cascades in the nucleus and cytoplasm of the neuronal soma (64–66). Hyper-excited nociceptor neurons recruit immune cells by secreting chemokines, neurotransmitters, and/or other neuropeptides (16, 67). It has been shown that paclitaxel treatment recruits macrophages into the DRG (20). Our findings corroborate this finding at an earlier time point and add to this knowledge by characterizing the macrophage population as CD45+CD11b+CD40+MHC-II+ i.e. activated APCs. It has been shown that such infiltration may be beneficial to recruit Th2 anti-inflammatory cells at later time points (62, 68). We have presented evidence that paclitaxel injection leads to a significant increase in the activated APC population in eIF4E males and females, but not in WT mice. Thus, a lack of eIF4E phosphorylation or cap-dependent translation exacerbates the immune cell response and DRG infiltration during CIPN development.

A prior study performed only in male mice showed an increase in CD4+ T-cells at paclitaxel post-injection day 7 (14). We found a similar increase of CD4+ T-cells in female WT mice with paclitaxel treatment. Additionally, a novel finding was that CD8+ T-cells were decreased in female but not in male WT mice during early phase of CIPN development. This indicates sex differences in T-cell activation in the lymph nodes, which would affect the subsets of T-cells that would infiltrate other tissues such as DRG (69). A previously published study showed increased numbers of CD3+, helper T-cells, and cytotoxic T-lymphocytes after paclitaxel on day 7 in mice DRG (70). Our dataset adds niche T-cell population characterization to this previously published literature. T-cell subset activation in the lymph nodes is highly dependent upon the antigen-presenting cells naïve T-cells encounter (71). Once activated, these subsets follow their divergent fates of redistribution to tissues in need of immune response. Thus, characterizing different subsets of T-cells in the lymph nodes allows us to determine what populations we can expect in interfaces where neuroimmune communication can occur, such as the meninges or DRG. T-cells are also important in the transition from acute to chronic pain (15). By showing alterations in specialized T-cell subsets, our study raises important questions about the implications for establishment of CIPN and its resolution. Animals lacking eIF4E had higher proportion of memory T-cells in both sexes. There were no changes in the effector T-cell population for the lymph nodes. These alterations in the activation and proportion of T-cell subsets and APCs suggest that although affective pain behavior is similar in male and female mice after development of CIPN, the mechanism driving the pain phenotypes in both sexes involves varied contribution from innate and adaptive immune cells.

Basal respiration and non-mitochondrial respiration were higher in male DRG neurons treated with paclitaxel compared to vehicle, which is contrary to a previous report for rats (38). We have further shown that the lack of eIF4E does not change this trend, even though oxygen consumption is lower, suggesting that paclitaxel may induce mitochondrial function independent of cap-dependent translation regulation. In females, while the effects on basal respiration follow the same trend as the males, paclitaxel seems to mediate an increase in non-mitochondrial respiration independent of eIF4E. Female DRG neurons also had significantly higher ATP turnover and maximal respiration with paclitaxel treatment in WT. Considering that eIF4E female mice show higher mechanical hypersensitivity with paclitaxel and that their DRG neuron ATP turnover and maximal respiration is higher, this may be indicative of the severity of the pain phenotype. Whereas for males, the increased basal respiration may reflect the pain phenotype in general. To our knowledge, this is the first study to show sex differences in mitochondrial bioenergetics in the premise of cap-dependent translation for paclitaxel-induced peripheral neuropathy. These differences seen early during CIPN development, may be important for identifying strategies to prevent its establishment in both sexes. Thus, it is necessary to understand the particular mitochondrial pathways downstream of eIF4E to identify potential targets to prevent CIPN. Alternatively, therapies that address restoration of normal mitochondrial function and morphology are also promising for either sex.

Previously published data has shown that paclitaxel leads to spinal activation of astrocytes but not microglia at different phases of paclitaxel-induced peripheral neuropathy in mouse and rat models (72, 73). In contrast, we found that both microglia and astrocytes are significantly activated after paclitaxel injection in male mice, which is eIF4E dependent. However, the astrocyte reactivity increase in female mice was independent of eIF4E, suggesting that paclitaxel may have alternate mechanisms of astrocyte activation in females. Activated glia are known to secrete a number of pro-inflammatory mediators that act directly on CNS neurons, which can sensitize them if subjected to constant stimulation over extended periods (64). This has implications for the establishment of pain phenotypes post paclitaxel treatment. It has also been shown that intraperitoneal paclitaxel can activate astrocytes and mediate mechanical allodynia in the 1st hour, possibly by miniscule amounts crossing the blood-brain barrier (62). Thus, the glia activation seen 10 days post our paclitaxel regimen may be important for onset as well as establishment of CIPN through cap-dependent translation in males but via other pathways in females.

Regulation of cap-dependent translation happens via multiple different pathways. This is partly related to the expression of cell-specific surface receptors such as TrkA/B, gp130, mGLuR1/5, and insulin receptors and this influences which pathway is activated in response to which stimuli (74–76). In behavioral experiments, we assessed the role of eIf4E for regulation of brain behaviors i.e the interaction of all cells in the body after insult, but in the molecular experiments, we target specific populations of cells to understand how they individually change as a result of eIF4E manipulation and paclitaxel treatment. Our study provides novel insight into how cap-dependent translation dysregulation of immune or neuronal cells may be important for sex-divergent mechanisms of early CIPN. But comprehensive future studies would still be required to further deduce the cell-specific responses after paclitaxel treatment in the absence of cap-dependent translation.

Overall, our data suggest that although pain-like behavior during the early development of the CIPN are similar, the mechanisms and cell types involved in engendering these behaviors are different in males and females. The differences in immune cell populations and activation of glia indicate that separate upstream pathways may regulate cap-dependent translation in both sexes and thus lead to changed downstream outcomes. The central player i.e. the eIF4E complex can thus be a valuable target for preventing establishment of CIPN and limiting associated pain.
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Baroreflex and chemoreflex act through the autonomic nervous system, which is involved with the neural regulation of inflammation. The present study reports the effects of reflex physiological sympathetic activation in endotoxemic rats using bilateral carotid occlusion (BCO), a physiological approach involving the baroreflex and chemoreflex mechanisms and the influence of the baroreceptors and peripheral chemoreceptors in the cardiovascular and systemic inflammatory responses. After lipopolysaccharide (LPS) administration, the arterial pressure was recorded during 360 min in unanesthetized rats, and serial blood samples were collected to analyze the plasma cytokine levels. BCO elicited the reflex activation of the sympathetic nervous system, providing the following outcomes: (I) increased the power of the low-frequency band in the spectrum of the systolic arterial pressure during the BCO period; (II) reduced the levels of pro-inflammatory cytokines in plasma, including the tumor necrosis factor (TNF) and the interleukin (IL)-1β; (III) increased the plasma levels of anti-inflammatory cytokine IL-10, 90 min after LPS administration. Moreover, selective baroreceptor or chemoreceptor denervation deactivated mechanosensitive and chemical sensors, respectively, and decreased the release of the LPS-induced cytokine but did not alter the BCO modulatory effects. These results show, for the first time, that physiological reflex activation of the sympathetic circuit decreases the inflammatory response in endotoxemic rats and suggest a novel function for the baroreceptors as immunosensors during the systemic inflammation.
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Introduction

The interaction between the central nervous system and the immune system has been studied since the 19th century (1). Of note, this interaction plays a fundamental role in the regulation of inflammation via activation of neuroendocrine circuits including the hypothalamic–pituitary–adrenal axis (2, 3), the “cholinergic anti-inflammatory pathway” (4, 5), and the “splanchnic anti-inflammatory pathway” (6). The autonomic nervous system has been the focus of studies involving control of the immune system (6–12). These neuroimmune circuits have been described in endotoxemia, the most known model of inflammation. Lipopolysaccharide (LPS), also known as endotoxin, is a molecule present in the cell wall of Gram-negative bacteria and, when administrated, can stimulate innate immunity via activation of Toll-like receptor 4 (TLR-4) expressed on the surface of macrophages, for example, inducing the release of pro-inflammatory cytokines (13–15). Besides, in rodents, the outer membrane LPS of Gram-negative bacteria can also activate the noncanonical inflammasome pathway and stimulate the release of IL-1β via caspase-11 (16, 17). Briefly, intracellular LPS is recognized by the CARD domain of caspase-11, which cleaves the pore-forming protein gasdermin D (17–19). Through a K+ efflux-dependent process, the N-terminal domain of gasdermin D activates NLRP3 inflammasome, which triggers the release of IL-1β by active caspase-1, increasing the inflammation (18).

The body has physiological reflex mechanisms to activate or deactivate both the sympathetic and/or the parasympathetic branches. Among these mechanisms are: (I) the baroreflex, which provides the moment-to-moment control of arterial pressure mediated primarily by the arterial baroreceptors, which, when stimulated, activate the parasympathetic branch and inhibit the sympathetic branch; and (II) the chemoreflex, which maintains the cardiorespiratory homeostasis in response to changes in blood gas concentrations (such as oxygen or carbon dioxide) due to the presence of the peripheral chemoreceptors, which, when stimulated, activate both branches of the autonomic nervous system, i.e., the sympathetic and the parasympathetic. Thus, physiological methods able to activate or deactivate the autonomic nervous system reflexively could be useful to mimic the authentic role of this system during inflammation. However, to the best of our knowledge, no previous study has used a methodological approach that activates the autonomic nervous system reflexively, during a reliable physiological context, so as to investigate the importance of the nervous system during an immune challenge.

The bilateral carotid occlusion (BCO) is one of the techniques used to elicit global reflex activation of the sympathetic nervous system in both unanesthetized (20–23) and anesthetized animals (24, 25). Moreover, when the common carotids arteries are occluded temporarily, there is a significant reduction in the arterial pressure and blood flow inside the carotid sinus region, culminating with the deactivation of the carotid baroreceptors. This inactivation of the carotid baroreceptors induces an increase in sympathetic activity to the blood vessels, increasing the global peripheral resistance, combined with a concomitant reduction in cardiac parasympathetic activity, determining the increase in arterial pressure (26, 27). In addition, there is the activation of the carotid chemoreceptors, due to the hypoxia caused by the reduction of blood flow into the carotid sinus, contributing to the increase in sympathetic activity (26, 27).

Because the BCO is a methodological approach that promotes reflex sympathetic activation, it could be used to study the influence of the autonomic nervous system in the control of systemic inflammation. Furthermore, taking into account that the baroreceptors and the chemoreceptors are involved in the pressor response to BCO, it is also necessary to examine the individual participation of these receptors during an inflammatory process. Thus, the present study aimed to investigate in unanesthetized LPS-induced endotoxemic rats: (I) the effect of BCO-induced sympathetic reflex activation; (II) the importance of both the baroreflex and the chemoreflex in this procedure; and (III) the influence of the baroreceptors and the peripheral chemoreceptors, through their specific surgical denervation, in the systemic inflammatory response.



Methods


Experimental Animals and Groups

Male Wistar-Hannover rats (250–320 g) obtained from the Main Animal Facility of the University of São Paulo (Campus of Ribeirão Preto; Ribeirão Preto, SP, Brazil) were used. The animals were maintained in individual cages under controlled temperature (22°C), and a constant 12-hour light–dark cycle, with free access to water and food. All procedures were reviewed and approved by the Committee of Ethics in Animal Research of the Ribeirão Preto Medical School - University of São Paulo (Protocol # 194/2016). The rats were divided into seven experimental groups:

	Saline (n = 9): fictitious surgery and saline administration.

	LPS (n = 8): bilateral implantation of the pneumatic cuffs, without BCO, with the administration of LPS.

	BCO + LPS (n = 8): bilateral implantation of the pneumatic cuffs and, BCO during 20 s, with the administration of LPS.

	BARO-X + LPS (n = 7): selective denervation of the aortic and carotid baroreceptors, bilateral implantation of the pneumatic cuffs, without BCO, with the administration of LPS.

	BARO-X + BCO + LPS (n = 9): selective denervation of the aortic and carotid baroreceptors, bilateral implantation of the pneumatic cuffs and BCO during 20 s, with the administration of LPS.

	CHEMO-X + LPS (n = 7): selective denervation of the carotid chemoreceptors, bilateral implantation of the pneumatic cuffs, without BCO, with the administration of LPS.

	CHEMO-X + BCO + LPS (n = 9): selective denervation of the carotid chemoreceptors, bilateral implantation of the pneumatic cuffs and BCO during 20 s, with the administration of LPS.





Surgical Procedures

The animals were anesthetized with a mixture of Ketamine and Xylazine (50 mg/kg and 10 mg/kg, i.p.) and then subjected to the surgical procedure for cannulation of the left femoral artery and vein for arterial pressure recording and LPS (or saline) administration, respectively. Briefly, polyethylene tubes (PE-50 soldered to PE-10 polyethylene tube; Intramedic, Clay Adams, Parsippany, NJ, USA) were implanted into the femoral artery and vein and pulled up through a subcutaneous track to the rat’s neck and exteriorized in the nape. The catheter inserted into the femoral artery was filled with 100 IU/ml heparin in saline. In the same surgery, except for the saline group, all other animals had pneumatic cuffs implanted, bilaterally, around the common carotid arteries. For this procedure, an anterior median cervicotomy was carried out, while the sternohyoid and sternocleidomastoid muscles were identified and retracted, exposing the common carotid artery and the carotid sinus. To implant the pneumatic cuffs, the common carotid arteries were carefully isolated, and the pneumatic cuffs fixed around them with cotton threads. The catheters for filling the balloons were exteriorized and fixed onto the back of the neck, as well as the vascular catheters. In the saline group, the animals were subjected to the same surgical procedures, but the pneumatic cuffs were not implanted around the common carotid arteries. The surgical incisions were properly sutured and, immediately after the surgery, an analgesic was administered (tramadol hydrochloride, 2 mg/kg, s.c.). Pneumatic cuffs (Supplementary Figures 1A–C) were made following the technique described by Maio et al. (28).

Concerning the groups IV and V, in the same surgery for the pneumatic cuff implantation, the rats were submitted to procedures for baroreceptor denervation. This approach was undertaken to prevent the attenuation of the sympathetic activity by the baroreceptors during the elevation of the arterial pressure resulting from the BCO, and also to eliminate a possible influence of the baroreflex in the anti-inflammatory response caused by sympathetic activation. For this purpose, the denervation of the aortic and carotid baroreceptors was performed bilaterally. The carotid baroreceptor denervation was performed according to the technique described by Castania et al. (29). Briefly, the common carotid region and the carotid bifurcation were exposed. Next to the glossopharyngeal nerve, two branches were identified, usually separated by a small artery. With the aid of a magnifying glass one of these branches, which carries the afferent fibers of the carotid baroreceptors, was carefully sectioned. The aortic baroreceptor denervation, on the other hand, was carried out following the technique described by Krieger (30), in which the superior laryngeal nerve and the superior cervical ganglion were isolated and sectioned. The cervical sympathetic trunk was also sectioned caudally to the superior cervical ganglion, which was dissected and removed. The procedure was performed on both sides. On the other hand, groups VI and VII were submitted to the denervation of the carotid chemoreceptors so as to study their influences in the inflammatory response during the BCO. The technique was also performed bilaterally, following the method described by Franchini and Krieger (31). For this procedure, the common carotid artery and its bifurcation were exposed. With the aid of a magnifying glass, the carotid body was identified, and the carotid body artery was carefully isolated and sectioned distally to the ligature.



Arterial Pressure Recording

After recovering from the surgery, which took 24 h, the unanesthetized rats were connected to the arterial pressure recording system. Briefly, the arterial catheter was connected to a pressure transducer (MLT844; ADInstruments, Bella Vista, Australia), and the signal was amplified (ML224; ADInstruments, Bella Vista, Australia) and sampled at 2 kHz by an IBM/PC computer (Core 2 Duo, 2.2 GHz, 4 GB RAM) attached to an analog-to-digital interface (PowerLab, ADInstruments, Bella Vista, Australia). The experiment was conducted with the animals moving freely in their own cage, and silence was maintained to minimize environmental stress. Arterial pressure recordings were processed with computer software (LabChart 7.0, ADInstruments, Bella Vista, Australia) capable of detecting inflection points and generate mean arterial pressure, systolic arterial pressure, diastolic arterial pressure, and heart rate beat-by-beat time series. In the case of groups with BCO, the two catheters for filling the balloons were connected to a syringe with water through a personalized Y-shaped polyethylene tubing to perform the occlusion simultaneously on both sides.

Following the basal recording of pulsatile arterial pressure during 30 min, both common carotid arteries were occluded for 20 s, decreasing the blood flow above the carotid region (Supplementary Figures 1D, E). Next, the balloons were deflated to re-establish the blood flow. Immediately after the end of the occlusion, LPS [0.06 mg/kg (i.v.); Escherichia coli-0111: B4 purified by phenol extraction; Sigma-Aldrich, St. Louis, MO, USA] was administered (Supplementary Figure 1F). For the other groups not subjected to BCO, saline or LPS was administered immediately after the end of the basal recordings. Arterial pressure was recorded continuously during 360 min after the administration of LPS or saline, in all groups (Supplementary Figure 1F). During this period, serial blood samples (250 µl per sample) were taken at 90, 180, 270, and 360 min after the administration of LPS or saline, through the catheter placed into the left femoral artery (Supplementary Figure 1F). Blood samples were collected with heparin and kept on ice until centrifuged at 4°C for 15 min at 5,000 rpm. Subsequently, the plasma was collected and stored at −80°C until processing. In the groups with denervation (baroreceptor or chemoreceptor), at the end of the last blood collection, tests were performed with phenylephrine (2 µg in 0.1 ml, i.v.) and potassium cyanide (40 µg in 0.1 ml, i.v.) to confirm the correct denervation of each animal. Subjects that were not adequately denervated were not included in the study.



Cardiocirculatory Variability Analysis

Beat-by-beat time series with systolic arterial pressure and cardiac interval values were extracted from periods of approximately 10 min for each moment (basal, 90, 180, 270, and 360 min after LPS or saline) from pulsatile arterial pressure tracings. For the analysis during the BCO period, data points from the first 60 s after BCO was initiated (20 s of the BCO period plus the next 40 s after BCO ending) were used. The time series were analyzed in the frequency domain by means of spectral analysis using an open-access custom computer software (CardioSeries v2.7, www.danielpenteado.com). Briefly, the beat-by-beat time series were resampled using cubic spline interpolation (10 Hz), and the interpolated series were split into half-overlapping sequential segments of 512 data points. All segments were visually inspected by a highly experienced researcher looking for transients that could affect the calculation of the power spectral density. To ensure that visual inspection of the time series was properly performed, a Hanning window was used to diminish side effects, and the spectrum was calculated for all segments using a direct Fast Fourier Transform (FFT) algorithm for discrete-time series. Finally, all spectra were visually inspected for abnormalities and were integrated into low- (LF: 0.20–0.75 Hz) and high-frequency (HF: 0.75–3.00 Hz) bands. Results are expressed in absolute (ms2 and mmHg2) and normalized (nu) units. LF/HF ratio was also calculated. It is worth noting that cardiac interval and arterial pressure variability measured by spectral analysis are useful tools to evaluate the autonomic modulation of the cardiovascular system (32, 33) and have been used in the study of cardiovascular and inflammatory diseases, revealing a strong association between the levels of cytokines and autonomic modulation (34–36). What is more, the HF oscillations of the cardiac interval correspond to the vagal modulation of the heart (37–39) and the LF oscillations of both the cardiac interval and systolic arterial pressure reflect sympathetic modulation of the heart and vessels, respectively (32, 37, 40, 41).



Cytokine Measurements

Plasma levels of cytokines (TNF, IL-1β, IL-6, and IL-10) were measured by the immune-enzymatic ELISA method using Duo set kits from R&D Systems (Minneapolis, MN, USA) according to the manufacturer’s instructions.



Statistical Analysis

The results are presented as mean ± standard error of the mean (SEM). The hemodynamic and cardiocirculatory variability parameters were analyzed by two-way analysis of variance (ANOVA) for repeated measurements followed by the Tukey post-test when indicated and also by one-way ANOVA followed by the Tukey post-test when indicated. The data obtained from plasma were analyzed by one-way ANOVA, followed by the Student–Newman–Keuls post-test when indicated and also by the two-way ANOVA for repeated measures followed by the Student–Newman–Keuls post-test. Interrelations between systolic arterial pressure variability and IL-6 and IL-10 levels were examined by Pearson’s correlation after being classified as normally distributed by the Shapiro–Wilk normality test. Interrelations between systolic arterial pressure variability and TNF and IL-1β levels were examined by Spearman’s correlation after not being classified as normally distributed by the Shapiro-Wilk normality test. Differences were considered statistically significant if p < 0.05. Statistical analysis was performed using SigmaPlot 12.0 software (Systat Software, San Jose, CA, USA) and GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, USA).




Results


Hemodynamic and Autonomic Responses to Bilateral Carotid Occlusion

BCO promoted an increase in systolic, diastolic, and mean arterial pressure (Figures 1A–C), in intact animals and in those with selective denervation of baroreceptors (BARO-X) or chemoreceptors (CHEMO-X), indicating an increase in peripheral resistance due to the sympathetic activation. However, the hypertensive response to BCO was lower in the CHEMO-X than in the intact and BARO-X animals (mean arterial pressure: Intact, Δ 61 ± 3 mmHg; BARO-X, Δ 61 ± 3 mmHg; CHEMO-X, Δ 47 ± 3 mmHg; Intact vs. BARO-X, p = 0.998; Intact vs. CHEMO-X, p = 0.005; BARO-X vs. CHEMO-X, p = 0.005; Figure 1E), indicating the importance of the integrity of the chemoreceptors for the peak of hypertensive response during BCO as previously described (26). In addition, while BCO did not change the heart rate of intact and BARO-X animals, it did promote bradycardia in the CHEMO-X subjects (Figure 1D), indicating a reflex response involving the aortic baroreceptors activating the parasympathetic function in the heart.




Figure 1 | Hemodynamic and autonomic responses to bilateral carotid occlusion (BCO) in intact animals and with denervation of baroreceptors (BARO-X) or chemoreceptors (CHEMO-X). SAP, systolic arterial pressure (A); DAP, diastolic arterial pressure (B); MAP, mean arterial pressure (C); HR, heart rate (D); Δ MAP: the difference between basal and BCO values of MAP (E); LF-SAP: low frequency band in the spectrum of the systolic arterial pressure (F). Panels (A–D): basal period (white bars) and BCO peak response period (period of 5 s within the peak response during BCO; gray bars). Panel (F): basal (white bars) and BCO period (period of 20 s of the BCO plus the next 40 s after BCO ending; gray bars). Bars represent mean ± SEM. *p < 0.05.



It is worth mentioning that the increase in sympathetic modulation of the vessels, resulting from the BCO maneuver, was in line with the increase of the power of the LF band in the spectrum of the systolic arterial pressure during the BCO period (Figure 1F), in both intact and denervated animals (BARO-X and CHEMO-X).



Time Course of Hemodynamic and Autonomic Responses

The analysis of the hemodynamic parameters from animals with BARO-X showed higher mean arterial pressure than the intact rats under basal conditions (Figure 2A). Regarding the other periods evaluated, no difference was observed in the mean arterial pressure among groups at each time frame evaluated (Figures 2B–E). Concerning the heart rate under basal conditions, the subjects with BARO-X exhibited higher levels of heart rate than intact—an outcome already described in the literature (42, 43)—and CHEMO-X animals (Figure 2F). Ninety min after LPS, the subjects with BARO-X still showed higher heart rate levels than intact rats (Figure 2G). Over time, the rats that received LPS showed an increase in heart rate compared to the animals that received saline, starting from 180 min after LPS administration (Figure 2H). Moreover, this response was similar at 270 min after LPS injection (Figures 2I). In addition, this tachycardia was maintained until the end of the protocol (360 min) in the animals exhibiting endotoxemia (Figure 2J).




Figure 2 | Time course of hemodynamic and cardiac interval variability responses. Mean arterial pressure (MAP; panels A–E), heart rate (HR; panels F–J), low-frequency band (LF; panels K–O), and high-frequency band (HF; panels P–T) in the spectrum of the cardiac interval, and LF/HF ratio (panels U–Y) at different times: baseline, 90, 180, 270, and 360 min after LPS or saline. BARO-X, selective denervation of baroreceptors; BCO, bilateral carotid occlusion; CHEMO-X, selective denervation of chemoreceptors; LPS, lipopolysaccharide. Bars represent mean ± SEM. *p < 0.05.



The analysis of cardiac interval variability did not reveal any difference in the power of the LF band between the groups evaluated over time (Figures 2K–O). The same was observed for the LF/HF ratio (Figures 2U–Y). Regarding the power of the HF band, a reduction in this parameter was observed in the basal period in the animals with BARO-X compared to the intact control rats (Figure 2P). The group with CHEMO-X also showed lower values of the power of the HF band during the basal period (Figure 2P). However, the group with CHEMO-X associated with BCO showed an increase in the HF band compared to the BARO-X + BCO + LPS group under basal and 90 min (Figures 2P, Q). Over time, the groups that received LPS showed a reduction in the power of the HF band compared to the saline group, as displayed at 180, 270 and 360 min (Figures 2R–T).



Bilateral Carotid Occlusion Reduced Systemic Inflammation

BCO reduced the plasma levels of TNF (p < 0.001) and IL-1β (p < 0.001) in intact animals 90 min after LPS administration (Figures 3A, B, Table 1). However, in those animals with BARO-X, BCO did not change the levels of TNF (p = 0.061) or IL-1β (p = 0.946), and in CHEMO-X rats BCO increased TNF levels (p < 0.001), but not modified IL-1β (p = 0.862) 90 min after LPS administration (Table 1). For IL-1β, in intact rats, this effect was maintained until 180 min after LPS administration (Table 1). In addition, BCO increased the levels of IL-10 in the plasma of intact animals (p = 0.001) at 90 min and those with CHEMO-X up to 270 min (p < 0.001) (Figure 3D, Table 1). In other words, the anti-inflammatory cytokine levels increased in plasma when the carotid baroreceptors were deactivated since when the BCO was performed in intact and CHEMO-X rats, there was reflexive deactivation of the carotid baroreceptors due to a significant reduction in the arterial pressure and blood flow inside the carotid sinus region. However, in BARO-X animals, the BCO decreased the plasma levels of IL-10 at 90 min (p = 0.007), 270 min (p = 0.049), and 360 min (p = 0.024), but not at 180 min (p = 0.194) (Table 1). This data shows that the IL-10 levels decreased in plasma when only the carotid chemoreceptors were activated by BCO. Of note, these results from IL-10 due to BCO performed in different animals (intact, BARO-X and CHEMO-X) confirm that surgical denervation is not the same as the deactivation of a sensory receptor by a physiological mechanism. Finally, BCO was not effective in reducing the plasma IL-6 in intact animals at any of the evaluated time frames (90 min: p = 0.816; 180 min: p = 0.916; 270 min: p = 0.990; 360 min: p = 1) (Table 1). Nevertheless, BCO increased IL-6 in BARO-X (p < 0.001) and CHEMO-X (p = 0.037) rats 90 min after LPS administration (Table 1). Moreover, for BARO-X subjects this effect was also observed 180 min after LPS (p < 0.001) (Table 1).




Figure 3 | Plasma cytokine levels 90 min after saline or LPS and correlation of systolic arterial pressure variability and cytokine levels. Plasma levels of TNF (A), IL-1β (B), IL-6 (C) and IL-10 (D) 90 min after administration of LPS or saline, and Pearson’s and Spearman’s correlation between the power of the low-frequency band of the systolic arterial pressure (LF-SAP) during the BCO period and the cytokines plasma levels [TNF (E), IL-1β (F), IL-6 (G), and IL-10 (H)] at 90 min after the administration of LPS. BARO-X, selective denervation of baroreceptors; BCO, bilateral carotid occlusion; CHEMO-X, selective denervation of chemoreceptors; LPS, lipopolysaccharide; n.d., not detected. Bars represent mean ± SEM. *p < 0.05.




Table 1 | Time Course of Plasma Cytokines.





Denervation of the Baroreceptors or Chemoreceptors Modulates Systemic Inflammatory Response

Surprisingly, the surgical denervation of the aortic and carotid baroreceptors attenuated the release of TNF, IL-6, and IL-1β into the plasma 90 min after LPS administration (Figures 3A–C, Table 1). This effect remained until 180 min after triggering the immune challenge for IL-6, and until 270 min for IL-1β (Table 1). The same outcome was observed in animals that underwent CHEMO-X (Figures 3A–C, Table 1), suggesting a possible communication among both baroreceptors and chemoreceptors that modulated the inflammatory response. Considering the plasma levels of IL-10, compared to the LPS group, the BARO-X stimulated its release during the basal period (Table 1) and maintained the same response 90 min after the administration of LPS (Figure 3D, Table 1), as well as in the other periods evaluated (Table 1). On the other hand, no difference was observed in IL-10 plasma levels in any time frame periods in the CHEMO-X + LPS group compared to the LPS group (Table 1).



Correlation of Sympathetic Modulation and Cytokines Levels Release

Negative correlations between the sympathetic modulation and TNF (Figure 3E), IL-1β (Figure 3F) and IL-10 (Figure 3H) plasma levels were found. These results can be interpreted as follows: the higher the reflex sympathetic modulation, the lower the cytokine release in unanesthetized endotoxemic rats. In contrast, no correlation was found between the sympathetic modulation and IL-6 plasma level (Figure 3G).




Discussion

The present study shows for the first time that a reflex physiological activation of the sympathetic nervous system reduces the systemic LPS-induced inflammatory response. In addition, it was also demonstrated that surgical denervation of the aortic and carotid baroreceptors, as well as of the peripheral chemoreceptors, by themselves decrease the plasma cytokines levels in endotoxemic rats.

Previous studies have highlighted the role of the autonomic nervous system branches controlling the immune system (6–12). However, taking into account that the body uses fine regulatory mechanisms to preserve homeostasis, this is the first study showing that a conspicuous physiological reflex activation controls an inflammatory response. The BCO technique promotes a reduction of the perfusion pressure and the blood flowing into the carotid sinus region, culminating, therefore, in the deactivation of the carotid baroreceptors and activation of the peripheral chemoreceptors. These outcomes determine the increase in sympathetic activity, particularly upon the arterioles, increasing the global peripheral resistance, combined with a concomitant reduction in parasympathetic activity to the heart, thus increasing arterial pressure (26, 27).

The BCO promoted an increase in arterial pressure in both intact and denervated (BARO-X or CHEMO-X) groups. However, compared to the baseline values, BCO promoted a smaller rise of the mean arterial pressure in the CHEMO-X than with the intact and BARO-X animals. Overall, in intact animals, when the common carotid arteries are occluded temporarily, there is the inactivation of the carotid baroreceptors and the carotid activation chemoreceptors contribute to an increase in sympathetic activity. When the BCO is performed in the absence of peripheral chemoreceptors (CHEMO-X), there is only the effect from the inactivation of carotid baroreceptors, which can partly explain the smaller increase in mean arterial pressure in the CHEMO-X compared to other groups. Moreover, this data suggests that chemoreflex activation plays a more significant role in increasing arterial pressure during BCO than baroreflex deactivation. Regarding the heart rate, the effect promoted by BCO was different between the groups. Intact rats and those with denervated baroreceptors did not show a change in heart rate. In contrast, the animals with denervated chemoreceptors exhibited bradycardia during BCO. We have to consider that during BCO in the intact animals there is a combination of the different mechanisms at the same time (1. activation of peripheral chemoreceptors; 2. deactivation of carotid baroreceptors; and 3. activation of aortic baroreceptors). This combination of mechanisms, especially involving central interaction, can result in many responses. In this case, no change in heart rate. In the CHEMO-X group, the decrease in heart rate during BCO could be due to a reflex response involving the aortic baroreceptors induced by the increase in arterial pressure, activating the parasympathetic branch to the heart. In the BARO-X group, the chemoreflex activation during BCO may have augmented the sympathetic activation to the vessels, increasing the arterial pressure, but it may not have been enough to change the heart rate.

In the present study, the sympathetic activation elicited by BCO decreased pro-inflammatory plasma cytokines (TNF and IL-1β) and increased the anti-inflammatory cytokine (IL-10) in intact rats, contributing to the control of the systemic inflammatory response. Moreover, a negative correlation was found between the sympathetic modulation, assessed by the power of the LF band of systolic arterial pressure spectra and cytokine production, suggesting that the higher the sympathetic modulation of the resistance vessels during the BCO, the lower the pro-inflammatory cytokine release induced by LPS. Of note, an increase in the sympathetic modulation of the resistance vessels during the BCO approach was shown by the rise of the power of the LF band of the systolic arterial pressure spectra, since this parameter is related to the peripheral resistance from blood vessels (41). Thus, taking into account that BCO determines a significant sympathetic activation, and given that the spleen, an organ known as the main source of cytokines, is innervated by the sympathetic nervous system, it is suggested that BCO can stimulate the celiac ganglion, inhibiting the release of pro-inflammatory cytokines by the splenic macrophages (4, 11, 44).

The selective denervation of aortic and carotid baroreceptors reduced the plasma levels of TNF and IL-6 compared to intact animals (LPS group). Moreover, the IL-1β release induced by LPS was abolished in animals without baroreceptors. The same response was observed in animals that had only their carotid chemoreceptors denervated. These exciting data suggest that both baroreceptors and chemoreceptors have an essential role in the signaling of the inflammatory response in endotoxemic rats, favoring the release of cytokines. Regarding the role of the chemoreceptors in the inflammatory response, several studies have shown that glomus cells from the carotid body have receptors for pro-inflammatory cytokines (TNF, IL-6, and IL-1), expressing TLR-4, responsible for LPS recognition (45–51). Moreover, the administration of LPS increased the expression of TNF and TNF receptor in the carotid body, increasing the immune response (46, 47). Thus, the findings of the current study, as well as those from the literature (47) suggest an immunosensory function of the carotid body as a peripheral sensor for the presence of immunogenic agents from the blood.

Little is known about the role of the baroreceptors influencing the signaling of the inflammatory response. Since some studies have proposed that sympathetic neurons are the efferent arm of the inflammatory reflex (52) and the activation of the baroreceptors promotes inhibition of the sympathetic nervous system (53), it is plausible to propose that in the absence of the baroreceptors the sympathetic nervous system would act on the spleen, inhibiting the release of cytokines by the splenic macrophages. In addition, it is also known that both TLR-4 and cytokine receptors are expressed in neurons and the nodose ganglion (54–58), suggesting, therefore, that LPS and peripheral cytokines could inform the brain about a peripheral inflammatory response via baroreceptor nerve endings. Moreover, a recent study showed that sinoaortic denervation attenuated the release of plasma IL-6 and IL-10 in endotoxemic rats (59). However, since sinoaortic denervation includes the removal of the carotid chemoreceptors (30, 31, 60, 61), it is possible that the response observed in the aforementioned study occurred due to the absence of the chemoreceptors, but not baroreceptors. Nevertheless, it is clear that the baroreceptors play a role in modulating the immune response, and additional investigations of the mechanism involved are required.

In animals that had their baroreceptors denervated, the IL-1β release induced by LPS was abolished. In rats subjected to the carotid chemoreceptors’ denervation, there was also a substantial reduction of this cytokine in plasma compared to the LPS group (intact animals). The IL-1β release depends on the process intermediated by caspase-11 and the NLRP3 inflammasome in which the cytokine precursor pro-IL-1β is cleaved into mature IL-1β. Of note, two steps are needed for NLRP3 inflammasome activation: (1) a priming step, which is provided by an inflammatory stimulus such as TLR-4 agonists, and (2) an activation step, which is stimulated by pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (62). However, intracellular LPS can also activate the NLRP3 inflammasome by the caspase-11 route and stimulate IL-1β release (18, 19). Thus, the absence of baroreceptors or chemoreceptors may affect both the caspase-11/NLRP3 pathway, which is responsible for releasing the mature IL-1β, and the transcription of pro-IL-1β by TLR-4 stimulus, contributing together to the reduction of this cytokine in plasma. A limitation of our study has to be mentioned. Given that we did not use ultrapure LPS isolated from Escherichia coli, some contaminants could activate other receptors from TLR-4 and release the cytokines investigated.

Over time, the administration of LPS decreased the power of the HF band, but not the LF band, in the cardiac interval spectrum. Likewise, none of the techniques used in the present study (BCO, BARO-X or CHEMO-X) changed the power of the LF band in the spectrum of the cardiac interval over time. Of note, the groups with BARO-X already showed a decrease in the power of the HF band of the cardiac interval spectrum in the baseline period, confirming a reduction of vagal modulation when the aortic and carotid baroreceptors are absent. Corroborating previous studies (59, 63, 64), the data from the current study indicate that during systemic inflammation, the absence of the aortic and carotid baroreceptors, or the peripheral chemoreceptors, does not significantly affect the sympathetic modulation of the heart, but decreases its vagal modulation. It is essential to highlight that the analysis of cardiocirculatory variability is a remarkable tool for understanding the autonomic modulation of the heart and vessels in a number of situations (41, 65, 66). Moreover, the assessment of the autonomic balance is an important analytical tool that is reliably useful under different clinical conditions, including infectious and autoimmune diseases (67, 68). Furthermore, the heart rate variability parameters are used for the diagnosis and monitoring of patients with sepsis (69, 70). Furthermore, this non-invasive approach does not promote additional stress and hemodynamic alterations in patients and experimental animals.

In conclusion, these results show, for the first time in the literature, that the reflex physiological activation of the sympathetic circuit decreases the inflammatory response in endotoxemic rats. In addition, the data indicate that the baroreceptors (aortic and carotid) and the peripheral chemoreceptors contribute to the development of the systemic inflammatory response induced by LPS since their absence attenuates the release of pro-inflammatory cytokines.
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Alphaherpesviruses (α-HV) are a large family of double-stranded DNA viruses which cause many human and animal diseases. There are three human α-HVs: Herpes Simplex Viruses (HSV-1 and HSV-2) and Varicella Zoster Virus (VZV). All α-HV have evolved multiple strategies to suppress or exploit host cell innate immune signaling pathways to aid in their infections. All α-HVs initially infect epithelial cells (primary site of infection), and later spread to infect innervating sensory neurons. As with all herpesviruses, α-HVs have both a lytic (productive) and latent (dormant) stage of infection. During the lytic stage, the virus rapidly replicates in epithelial cells before it is cleared by the immune system. In contrast, latent infection in host neurons is a life-long infection. Upon infection of mucosal epithelial cells, herpesviruses immediately employ a variety of cellular mechanisms to evade host detection during active replication. Next, infectious viral progeny bud from infected cells and fuse to neuronal axonal terminals. Here, the nucleocapsid is transported via sensory neuron axons to the ganglion cell body, where latency is established until viral reactivation. This review will primarily focus on how HSV-1 induces various innate immune responses, including host cell recognition of viral constituents by pattern-recognition receptors (PRRs), induction of IFN-mediated immune responses involving toll-like receptor (TLR) signaling pathways, and cyclic GMP‐AMP synthase stimulator of interferon genes (cGAS-STING). This review focuses on these pathways along with other mechanisms including autophagy and the complement system. We will summarize and discuss recent evidence which has revealed how HSV-1 is able to manipulate and evade host antiviral innate immune responses both in neuronal (sensory neurons of the trigeminal ganglia) and non-neuronal (epithelial) cells. Understanding the innate immune response mechanisms triggered by HSV-1 infection, and the mechanisms of innate immune evasion, will impact the development of future therapeutic treatments.
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Introduction


Herpesviruses

The Herpesviridae family is a large family of viruses that infects both humans and animals. Herpesviridae is derived from the Greek “herpein” meaning “to creep” (1). Structurally, herpesviruses contain four layers. First, the herpesvirus genome consists of linear double-stranded DNA (dsDNA), ranging in size between ~120-250 kilobases (2, 3). Second, the viral DNA genome is enclosed by a protein icosahedral capsid, approximately 100 to 110 nanometers in diameter (4). Third, tegument proteins, an amorphous viral protein matrix of 30 or more proteins, surrounds the capsid and is poorly defined (5). Fourth, herpesviruses are encapsulated by a lipid envelope which contains both viral glycoproteins and some host cellular proteins (6, 7).

The Herpesviridae family consists of eight types of human herpesviruses (HHVs), belonging to three subfamilies: Alphaherpesvirinae (α–HV), Betaherpesvirinae (β–HV) and Gammaherpesvirinae (γ–HV) (8). Their characteristics are summarized in Table 1.


Table 1 | Human Herpesviruses.



Each herpesvirus is classified based on their biological characteristics and tissue tropism during primary (lytic) and latent infections (8). α–HV lytic infections have a short reproductive cycle, leading to rapid destruction of infected host cells. While α–HV’s have a broad host range, they primarily infect mucosal epithelial cells during initial infection and neuronal ganglia during latent infection (9). β–HV lytic infections have a relatively longer reproductive cycle, with a large host range and the ability to latently persist in monocytes or hematopoietic stem cells (10). γ–HVs have a variable reproductive cycle length and a narrow host range, which is restricted to the family or order to which the natural host belongs (8, 11). γ–HVs traditionally establish latent infection in lymphoid tissues and are associated with lymphoproliferative diseases (8).

Herpesviruses exhibit both lytic (productive) and latent (dormant) infection life cycles (1, 12). During primary lytic herpesvirus infection, the virus replicates and produces new viral progeny in host cells, often resulting in cellular death (Figure 1). During primary lytic infection, there is symptomatic and asymptomatic shedding of virus. Once the host immune response is elicited, HHVs characteristically establish latency and hide in secondary host cells in order to prevent detection by the immune system (13). During latency, the viral DNA can either integrate to the host genome or tether to host DNA as a circular episome, and expresses very few viral genes (14–16). The virus can persist in the latent form forever. Periodically, the virus can reactivate from latency due to various related host factors (17). During reactivation, the virus typically returns to the primary site of infection and undergoes lytic replication until the host immune response forces it back into latency (18) (Figure 2).




Figure 1 | The Lytic Human Herpesvirus Life Cycle. Step 1 (Binding): During primary lytic infection, HHVs bind extracellular host cells receptors using specific envelope viral glycoproteins. Step 2 (Entry): HHVs enters the cell via fusion through receptor mediated endocytosis (2a) or endosome formation (2b). Step 3 (Release and Nuclear Transport): After viral uncoating, both the nucleocapsid and tegument proteins are released into the cytoplasm. The nucleocapsids are transported via cytoskeletal structures or diffusion to the nucleus. Step 4 (Nuclear Entry): The viral genome plus some associated viral proteins, including some tegument proteins, enter the nucleus via nuclear pores and the viral genome circularizes. Step 5 (Gene Expression): Immediately early (IE) viral genes, early (E) viral genes and late (L) viral genes are expressed in a temporal fashion. Each set of mRNAs are transported to the cytoplasm and translated into protein before returning to the nucleus and before initiating the next set of viral genes. Step 6 (DNA Replication): Early viral gene expression initiates viral DNA replication. Step 7 (Packaging): Late viral structural proteins assemble into viral capsids and they are packaged with DNA. Step 8 (Egress): Viral progeny bud through the inner nuclear membrane and enter the intermembrane space. Virions are transported to the nuclear associated endoplasmic reticulum and are transported to the cellular plasma membrane, where they are released via cell fusion, exocytosis or cellular lysis.






Figure 2 | Acute and Latent HSV–1 Infection (1). Acute HSV–1 infection is initiated when infectious virions enter epithelial cells via viral envelope fusion with the plasma membrane. The viral nucleocapsid reaches the epithelial cells nucleus and the viral genome enters. In the nucleus, viral genome replication and viral gene expression occur to produce more infectious virions. Newly formed viral particles are released, some of which infect nearby innervating sensory neurons. (2) Via retrograde trafficking, HSV–1 capsids reach the neuronal cell body in the sensory ganglia (trigeminal ganglia). In the neuronal nucleus, the viral DNA circularizes, causing the host cell to silence viral genome transcription, except for the latency– associated transcript (LAT) gene. If viral progeny reach the central nervous system, this can lead to herpes simplex encephalitis, neuronal cell death, and has more recently been connected to long–term pathogenesis including Multiple Sclerosis and Alzheimer’s Disease. (3) Upon viral reactivation, viral nucleocapsids leave the neuronal nucleus and travel back to epithelial cells via anterograde trafficking. (4) Once virions arrive at the epithelial cells, viral replication is once again initiated, viral progeny are assembled and released, causing epithelial cell death and orofacial sores.





Human Herpesviruses: Clinical Manifestations and Epidemiology


Alphaherpesviruses

Human Herpesviruses cause a wide variety of diseases, which are most often manifested during primary lytic infection. Herpes Simplex Virus 1 (HSV–1) and Herpes Simplex Virus 2 (HSV–2) cause primary infections in epithelial cells and establish latency in neuronal ganglia (9, 12). Both HSV–1 and HSV–2 infections are widespread among humans globally and clinically manifest as skin ulcerations and flu–like discomfort in infected individuals. HSV–1 infection is primarily transmitted by oral–to–oral contact and commonly causes oral cold sores (19). HSV–1 can also be transmitted sexually via oral–to–genital contact and subsequently cause genital sores. HSV–1 is a life–long and persistent infection with ~55% of the US population infected in 2018 (20). In approximately 1 in 250,000 to 1 in 500,000 individuals per year, HSV–1 reactivates backwards towards the brain, and causes herpes simplex encephalitis, leading to inflammation, necrosis, and liquefaction of brain tissue (21). Children and adolescents account for approximately one third of all cases and result in a greater than 70% mortality rate. In 10 out of every 100,000 births globally, infants exposed to HSV–1 or HSV–2 in the genital tract during delivery develop neonatal herpes, which results in severe neurological disability or death (22). The risk of neonatal herpes transmission is highest when the mother is infected for the first time during her pregnancy (23). HSV–2 infection is almost entirely sexually transmitted and causes genital sores (24). In 2015, approximately 10–20% of people aged 18–49 in the USA were infected with HSV–2 (25). HSV–1 and HSV–2 have a greater transmission rate when there are active sores present (26). However, most infections are asymptomatic despite active shedding of viruses, leading to undetected infections and spread (26).

Varicella–Zoster Virus (VZV) causes varicella (chickenpox) during primary infection of epithelial cells and establishes latency in neuronal dorsal root ganglia. The clinical manifestations of VZV infection includes skin rash, blisters, fever, pain, sore throat, and headache (27). VZV typically infects children but can infect people at any age and is transmitted by droplets. Children infected with VZV typically have minor symptoms, while adults have more severe symptoms (28). VZV’s reactivation from latency, and subsequent transport down sensory neurons, causes herpesvirus zoster (shingles): a very painful rash (29). Risk of shingles increases as an individual gets older, with almost 1 out of 3 people in the United States developing shingles during their lifetime (30). Before the VZV vaccine was introduced in 1995, greater than 95% of individuals were naturally infected with VZV by adulthood (31). However, since vaccination, the primary VZV disease incidence has been reduced by 80–90% (32).



Betaherpesviruses

Cytomegalovirus (CMV) infection causes “mononucleosis–like syndrome” (fever, rash, sore throat, nausea, muscle aches, swollen glands, and fatigue) during primary infection (12). CMV infection is a significant cause of congenital disease. In mothers, first–time infection or latent CMV reactivation during pregnancy, particularly during their first trimester, can lead to congenital defects, mental retardation, hearing and vision loss in their infants (33). While most people are infected with CMV at some point during their lifetime, it typically results in no symptoms. Immunocompromised patients are most susceptible to CMV and often have severe and life threatening outcomes (34, 35). Estimates of seroprevalence of CMV in the US ranges from 40% to 83%, with lower socioeconomic status correlating with higher infection rates (36). CMV primarily infects epithelial cells of the respiratory tract, salivary glands, and kidneys and undergoes latency in monocytes or hematopoietic stem cells (37, 38). CMV is primarily transmitted by saliva and urine (39, 40).

HHV–6 and HHV–7 are the least characterized human herpesviruses. HHV–6 and HHV–7 typically infect children during their early years of life (12). Primary HHV–6 and HHV–7 infections are associated with roseola (exanthem subitum) and fever, with most infections being minor or asymptomatic. HHV–7 infection is less virulent than HHV–6, with HHV–7 rarely causing symptomatic disease. Both HHV–6 and HHV–7 have universal prevalence in persons 6 years old and older (41). Both HHV–6 and HHV–7 infect T–lymphocytes, with the latent infection target site and mechanism of spread still under investigation (42, 43).



Gammaherpesviruses

Epstein–Barr Virus (EBV) causes infectious mononucleosis and is associated with Burkitt’s lymphoma. Primary EBV infection can cause fever, rash, sore throat, nausea, muscle aches, pain, swollen lymph nodes, fatigue, weight loss, and vomiting (44). Over 90% of the human population is infected with EBV, resulting in 200,000 cancer cases a year (45). EBV primarily infects and replicates in epithelial cells of the oropharynx and parotid gland and establishes latency in lymphocytes (46–49).

Kaposi’s Sarcoma Herpesvirus (KSHV) causes Kaposi’s Sarcoma, an endothelial cell derived vascular tumor that is common in acquired immunodeficiency (AIDS) patients and organ transplant recipients (50). KSHV is also associated with two B cell lymphoproliferative diseases, primary effusion lymphoma (PEL) and Multicentric Castleman’s disease (MCD). KSHV infections cause Kaposi’s Sarcoma (KS) in 1 out of every 200 transplant patients in the US (51). In the US, KSHV seroprevalence is estimated to be less than 10% and incidences of KS are usually below 0.1% (41). The primary modes of KSHV transmission include saliva, seminal fluid, nasal secretions, transplant of infected organs and blood transfusions (52).




Alphaherpesvirus Infection of Neuronal and Non–Neuronal Cells

All alphaherpesviruses (α–HVs) cause primary infection in epithelial cells and establish latency in neuronal ganglia (12). Upon reactivation, HSV–1 and HSV–2 virions travel back to oral or genital epithelial cells where a new stage of productive infection initiates cutaneous and/or mucosal lesions. Both primary HSV infection, as well as reactivation events can lead to infection of the central nervous system (CNS) (53).

HSV–1 infection involves multiple cell types throughout the life–cycle of the virus. This review will primarily compare and contrast the immune response elicited by HSV–1 infected epithelial cells (non–neuronal) and sensory neurons, while also reviewing immune evasion mechanisms used by the virus at these same sites. HSV–1 infection is most often initiated via an orofacial route, entering the mucosal epithelium of the mouth, nose, or eyes (8). Upon infection, HSV–1 establishes lytic infection and undergoes multiple rounds of viral replication in epithelial cells. Infectious virions released from epithelial cells gain access to innervating sensory neurons, entering at axonal termini. HSV–1 virions traffic in a retrograde manner along neuronal axons to reach neuronal cell bodies in trigeminal ganglia (TG). While acute infection of epithelial cells will be cleared, virions that migrate to the cell bodies of sensory neurons and establish latent infections for the life of the host. Virions that reach neuronal nuclei enter the latency stage of infection, characterized by viral DNA circularization and episomal genome formation, resulting in limited expression of HSV–1 genes. Of the over 70 genes encoded by the HSV–1 genome, the non–coding latency–associated transcript (LAT) is the only viral RNA transcript highly expressed during HSV–1 latent infection in human dorsal root ganglia (54–56). HSV–1 LAT represses lytic gene expression and suppresses virus reactivation from latently infected neurons (55). LAT derived viral miRNAs have been shown to silence the expression of viral genes and prevent productive infection. Nonetheless, as with all herpesviruses, all latently infected cells hold the potential to reactivate to lytic replication and produce infectious virus (57). Upon reactivation, infectious virions are produced, which travel to axonal termini via anterograde trafficking to return to the initial site of infection. Subsequently, skin epithelial cells are infected and productive infection is established again, often resulting in epithelial cell death and the formation of recurrent blisters. Virus shedding during these reactivation events is a critical step in viral spread to new hosts.

Evidence has shown that the host immune response mounted during acute infection of epithelial cells is quite different from the immunological response at neuronal sites of infection. α–HV infections become latent in collaboration with immune suppression mechanisms. To evade host innate responses, HSV–1 has developed multiple mechanisms that attenuate host antiviral elements and facilitate its infection.



Innate Immune Response and Immune Evasion


Overview of Innate Immunity and Mechanisms Herpesviruses Evade Effectively

Herpesviruses persist in human hosts by hiding from immune responses, which involve both innate and adaptive immune mechanisms. In this review, we focus on innate antiviral responses as they determine the outcome of viral load before the adaptive immune response can be activated. In the immediate response to infection, resident macrophages which are present in tissues without infection, represent the first line of defense against invading pathogens, while during active HSV–1 replication, macrophages can continue to infiltrate the TG (58, 59). In the induced innate response to infection, neutrophils are the first white blood cells recruited to sites of inflammation or areas of viral infection. Although a recent study of herpesvirus infection that caused neuroinflammation demonstrated neutrophils were not induced (60). The phagocytic process in neutrophils and macrophages is initiated through recognition of opsonized microbes by Fc receptors or complement receptors expressed on these phagocytes. Macrophages can engulf HSV–1 infected cells, and ubiquitinate the HSV–1 capsid to degrade it in a proteasome–dependent manner to expose the viral DNA to cytosolic DNA sensors and induce innate responses such as IFNβ (61). Here, we introduce innate immune mechanisms which herpesviruses evade effectively and we describe each of these processes with detailed examples from recent literature.



Interferon Response

The innate immune response to viral infection primarily consists of the induction of type I interferons (IFN–α and IFN–β). Interferons are a subgroup of cytokines released by host cells in response to viruses (and some bacteria) to help regulate the activity of the immune system. Interferons interfere with the propagation of viruses by producing proteins from IFN stimulated genes (ISGs) that create an antiviral state in infected cells and cells nearby (62). Release of IFN–α and IFN–β can induce an antiviral response by inducing IFN–responsive genes on neighboring cells that bind to the IFNα/β receptor and activate the JAK–STAT pathway to inhibit viral replication.



Plasmacytoid Dendritic Cells and Natural Killer Cells

Plasmacytoid dendritic cells (pDCs) and Natural Killer (NK) cells contribute to the innate immune response against HSV. pDCs can detect herpesvirus DNA in endosomes via Toll–Like–Receptors 9 and secrete massive amounts of type I interferon to prevent systemic spread of infection (61, 62). Interferon binding to receptors on circulating NK cells activate the NK cells to kill virus–infected cells (63). Yet, NK cells do not only depend on IFN to mediate anti–HSV immunity, as evidenced by patients that have functional IFN production, but absence of NK cell function, that are unable to clear severe HSV infections (62).



Toll–Like–Receptors (TLRs)

Toll–Like–Receptors are pattern recognition receptors (PRRs) that do not promote phagocytosis, but rather initiate intracellular signaling cascades that activate various cellular responses. TLRs recognize PAMPs from bacteria, fungi, and viruses. TLRs are present either on the plasma membrane or on endosomal membranes (64). Two major PRR families activate innate immunity in the central nervous system (CNS): the Toll–Like–Receptors (TLRs) and the Nod–like–receptors (NLRs). Since the first discovery report of a TLR4 in 1998, 10 human TLRs have been identified. TLRs are expressed in intracellular endosomal compartments (TLR3, TLR7, TLR8 and TLR9) or as transmembrane cell–surface receptors (all other TLRs). TLR3 activation increases type I IFN from microglia and monocyte–derived macrophages. TLR7 and TLR8 activation in CNS macrophages triggers canonical TLR signaling, leading to inflammation via NFkB and inflammatory cytokine production, including pro–IL–1β, which can trigger neuron death (65).



Cyclic GMP‐AMP Synthase Stimulator of Interferon Genes (cGAS–STING)

The cyclic GMP‐AMP synthase stimulator of interferon genes (cGAS–STING) is a cytosolic DNA sensor involved in the innate response to infection. cGAS generates cyclic dinucleotides (CDNs), including cGAMP that bind STING, leading to the activation of IFN regulatory factor 3 (IRF3) and resulting in IFN–β production (66).



The Complement System

Complement was initially established as the necessary blood serum component that completed antibody–mediated cell lysis. The complement system plays an important role bridging both innate and adaptive immune response to pathogens. The complement system can recognize and destroy pathogens based on PAMPs in addition to helping antibody–mediated lysis. The complement system is made of a cascade of proteins activated via three major pathways: the classical, alternative, and mannose–binding lectin pathway. The basic function of the complement system is to clear microbes and damaged cells from an organism, which promotes phagocytosis of particulate antigens, inflammatory responses, and immune clearance (67). HSV–1 and 2 evade complement–mediated destruction by expressing glycoprotein C, which binds to the C3b complement component, inhibiting both the classical and alternative complement pathways (68).



Autophagy

Autophagy is a cell death program activated when cells suffer nutrient starvation. During autophagy activation, cells digest their own cytoplasmic components and organelles in cytoplasmic lysosomes in order to recycle and scavenge various chemical species that may prolong their survival. Host cells can clear cytosol invading pathogens (viruses, bacteria, and protozoa) via autophagic degradation (69). Autophagy is important in viral antigen processing and presentation, mediating MHC class I or II presentation during the adaptive immune response. Selective viral autophagy plays a crucial role in antiviral host defense, for example, HSV–1 neurovirulence protein ICP34.5 binds the mammalian autophagy protein Beclin 1, inhibiting Beclin–1 dependent autophagy, as an innate immunity evasion mechanism (70).



Immune Evasion Strategies

Immune evasion is essential for the acute and chronic phases of herpesviruses infection (71). Viruses can encode for cytokine receptor genes acquired by the viral genome from the host to bind cytokines with high affinity and block their inflammatory response activity (72–75). Because less is known about innate immunity than adaptive immunity, understanding how herpesviruses manipulate mechanisms of innate immunity, as we describe below, can impact the development of improved therapeutic management of viral infections in order to prevent long term disorders and pathology of the central nervous system.





IFN–Mediated Immune Response During HSV–1 Infection

The interferon response is induced during HSV–1 infection when PRRs in epithelial cells sense HSV–1 associated PAMPs (e.g., viral particles or viral replication products) (76). When IFNs are produced, they bind to their cognate receptors and activate IFN signaling cascades, resulting in the induction of IFN–stimulated genes (ISGs). ISG products create an antiviral state in the infected cells and neighboring uninfected cells to control the infection (77, 78).

Human myxovirus resistance protein B (MxB), an ISG product, is shown to restrict HSV–1 infection by inhibiting the delivery of incoming HSV–1 DNA to the nucleus, which is specified by its amino terminus and requires GTPase function (79). Human myxovirus resistance protein 1 (MxA) is an IFN–α/β induced antiviral protein that also inhibits replication of HSV–1, however the antiviral mechanism is not fully understood. A variant MxA (varMxA) isoform stimulated by HSV–1 infected cells in the absence of IFN–α induction enhanced production of infectious virus progeny in HSV‐1 infected cells (80). The VarMxA protein is expressed as a smaller 56 kDa variant and is alternatively spliced in HSV‐1‐infected cells. In contrast to IFN‐induced human MxA, which remains cytoplasmic, the varMxA protein is translocated into the nuclei of infected cells where it is associated with viral replication compartments and virions. This suggests that humans code for two MxA isoforms which is produced from alternative splicing (80, 81).

Three major classes of IFNs: IFN–1, IFN–2, and IFN–3 have been elucidated. These classes of IFNs compose the systematic response generated to combat HSV–1 infection. IFN–I limits the replication, spread, and cytopathic effect of HSV–1 (82–84). Studies show that increased viral replication, severe pathogenesis, and reduced survival rates are observed in mice lacking interferon–alpha/beta receptors (IFNAR) compared to WT controls (85, 86). IFN regulatory factor 3 (IRF3) and IFN regulatory factor 7 (IRF7), factors required for the induction of IFN–I production, are also both critical in controlling HSV–1 infection. Humans with IRF3 deficiencies are shown to be associated with Herpes simplex encephalitis (HSE) (87). An additional regulatory factor, IFN regulatory factor 1, is known to bind to the promoter of IFNβ and induce IFN–I response (88). To combat IFN–I response, microRNA–373 targets IRF1 which results in the suppression of ISG expression and promotion of HSV–1 replication. This suggests that HSV–1 can hijack the most miRNAs to promote replication by negatively regulating IFN–I production (89).

The IFN–II (i.e. IFNγ, or IFN–gamma) signaling pathway plays crucial roles in controlling and minimizing the pathogenesis of HSV–1 lytic infection (90). Mice lacking interferon–gamma receptors (IFNGR) were more susceptible to HSV–1 infection and had a higher mortality rate than WT mice (91–93). Furthermore, mice lacking both IFNGR and IFNAR had increased susceptibility to HSV–1 infection compared to mice lacking a single receptor (86). IFNγ can also directly inhibit the replication of HSV–1 through synergizing with IFNα and IFNβ (84, 94). IFNγ is also known to link the host innate and adaptive immune responses through stimulating the expression of major histocompatibility complex class I to enhance antigen presentation to CD8+ T cells. This linkage plays a key role in the maintenance of viral latency (92).

IFN–III (i.e. IFNλ, or IFN–lambda) utilizes the same signaling cascade as IFN–I. Studies have addressed the role of IFNλ during HSV–1 infection (95, 96). IFN–λ rapidly primes an IFN–I antiviral response in HSV–1–infected plasmacytoid dendritic cells (97). pDCs producing IFNλ during HSV–1 infection show a more efficient antiviral response in comparison to cells that don’t produce IFNλ (97). The underlying mechanism(s) of IFN–III during HSV–1 infection has yet to be elucidated.


IFN–Mediated Immune Response During HSV–1 Infection in Neuronal Cells

Neuronal IFN signaling and its role in controlling acute and latent HSV–1 infection has recently been investigated. Neuronal antiviral response to HSV–1 is driven by IFN–β signaling (98). Sensory neurons respond to IFN–β, which then stimulates innate immunity and inhibits viral spread (99). However, multiple IFN types are involved in stimulating innate immunity. IFN–λ inhibits HSV–1 replication and viral protein synthesis in primary human astrocytes and neurons when exogenously treated (100).

HSV–1 replication is dependent upon autophagy. Specifically, HSV–1 is known to use the host endosomal sorting complexes required for transport (ESCRT) machinery for viral production and transportation (101, 102). As a defense mechanism, IFN–β and IFN–λ interfere with neuronal autophagy by subverting vacuolar protein sorting 4 (Vps4), a key protein involved in the ESCRT pathway. This is observed in vivo and in primary neurons where HSV–1 infection causes a decrease in Vps4 RNA and protein (103). Sensory ganglia also shows an accumulation of IFN–dependent LC3–decorated autophagic structures (LCS clusters) in result to HSV–1 infection (104). LC3 clusters appear to be associated with a delay in autophagy maturation, and resemble accumulations of autophagosomes and oversized autolysosomes in vivo (105).

IFN–β treatment in primary neurons and in other cell types is sufficient to transiently decrease Vsp4 RNA and protein levels. However, combined IFN–β and IFN–λ treatment recapitulate sustained LC3 clustering observed in vivo. Neighboring HSV–1 antigen–negative neurons also have decreased Vsp4 RNA and protein expression. It is speculated these neighboring neurons may be receiving IFN paracrine signaling, resulting in Vps4 reduction (105). Although HSV–1 downregulates IFN response and establishes lifelong latent infection in sensory neurons of the host, many studies show IFN response is critical for controlling HSV–1infection in neuronal and non–neuronal cells.




Toll–Like Receptor (TLR) Signaling and HSV–1 Infection

The major TLRs activated during HSV–1 recognition that lead to the production of IFNs are summarized in Figure 3. TLRs are critical in controlling HSV–1 replication and dissemination by mediating antiviral activities during acute and latent infection. When TLRs bind to HSV–1 proteins or viral nucleic acid, they activate the innate immune response by inducing the production of chemokines and proinflammatory cytokines. This is accomplished through the signaling pathways of nuclear factor kappa–light–chain–enhancer of activated B cells (NF–κB), or p38 mitogen–activated protein kinase (MAPK) and c–Jun NH2–terminal kinase (Jnk) activation of activator protein–1 (AP–1), a transcription factor (106, 107). TLR expression varies among cell types such as macrophages and dendritic cells. TLRs are expressed differentially in the epithelial cells in HSV–targeted oral, ocular and genital mucosa (108) as well as in the central nervous system (CNS) resident cells (109, 110). Other studies show human neuronal cells express TLR family members 1–10 and IFN‐α/β during HSV–1 infection (64). The following expands on the role of important TLRs expressed during HSV–1 infection, primarily in neuronal cells. Relevant TLRs are listed and described in Table 2.




Figure 3 | Recognition of HSV–1 by PRRs (pattern recognition receptors) activates interferon (IFN) and cytokine production. PRRs include toll–like receptors TLR2, TLR9 and TLR3. (A) TLR2 recognizes HSV–1 glycoprotein B (gB), promoting NF–κB activation and the secretion of interleukin (IL)–8 through the MyD88/TRAF6–dependent signaling pathway. Subsequent degradation of I–κBα (an inhibitor of NF–κB) allows NF–κB to translocate to the nucleus. TLR2 also signals through TRIF–related adaptor molecule (TRAM) and MyD88 for IFN production. (B) TLR9 senses viral DNA, which contains unmethylated CpG motifs. TLR9 is dependent on IRAK–4 and MyD88–dependent pathways. MyD88 and TRAF6 resulting in the activation of the NF–κB pathway for downstream cytokine secretion. TLR9 activation also signals IRF7, which produces type I IFNs. (C) TLR3 recognizes dsRNA, which are produced during viral replication. TLR3 activates MyD88–independent signaling cascade through the Toll/IL1 receptor domain, containing adaptor inducing IFNβ (TRIF) and TRAF3, resulting in IRF3/7 translocating to the nucleus, for the production of type I IFNs. TLR3 also signals TRIF and TRAF6, resulting in NF–κB activation.




Table 2 | Toll–Like Receptors Activated During HSV–1 Infection.




TLR2

TLR2 is a plasma membrane receptor that recognizes HSV–1 glycoprotein B (gB), promoting NF–κB activation and the secretion of interleukin (IL)–8 through the MyD88/TRAF6–dependent signaling pathway as shown in Figure 3 (111). Induction of the degradation of I–κBα (an inhibitor of NF–κB) is followed after NF–κB activation, which allows NF–κB to translocate to the nucleus. This leads to the expression of several pro–inflammatory cytokines and chemokines in several human and mouse cell types, including epithelial, immune, and neuronal cells (78, 112–115). TLR2 also induces the IL–15 gene in response to HSV–1 infection (116). Additionally, IL–15 with IL–21 elicits proliferation of naive and memory CD8+ T Cells which contributes to controlling virus replication and spread (117). TLR2 is also found on the cell surface of microglia and astrocytes in the CNS, indicating that TLR2 plays a role in CNS autoimmunity, neurodegeneration, and tissue injury (118, 119). TLR2 mediates the inflammatory cytokine response to HSV–1 infection. Furthermore, TLR2 deficient mice have a blunted cytokine and chemokine response to HSV–1 infection (112). Furthermore, TLR2 synergizes with TLR9, which together controls viral replication and dissemination to the CNS (112, 120–122). TLR2 activation is also required to reduce the viral load in trigeminal ganglia and the brain during HSV–1 infection (122, 123). In TLR2 knockout mice, neuronal CCL2 levels were decreased, in association with reduced macrophage recruitment into the enteric nervous system after intragastric HSV–1 infection (124). TLR2’s role in the production of cytokines results in viral containment in response to HSV–1 infection.



TLR3

TLR3 is found in cell compartments of microglia, astrocytes, oligodendrocytes, and neurons (58, 125–128). During HSV–1 infection, TLR3 is important for an efficient antiviral response. TLR3 recognizes double–stranded RNA (dsRNA) and induces the expression of type 1 IFNs and inflammatory cytokines upon activation of MyD88–independent signaling cascade (97, 106, 129–131). TLR3 localizes in endosomes and is TRIF and TRAF3–dependent for downstream signaling (132) (see Figure 3). TLR3 also signals through TRIF and TRAF6 for NF–κB and IRF–3 activation (132). Multiple studies suggest that TLR3 has an important role against HSV–1 in the CNS, supporting a model that the TLR3 axis, consisting of UBC93B, TRIF, TRAF3 and TBK1, exerts protective immunity to HSV–1 in the CNS (133–136). Furthermore, patients with TLR3 deficiencies or mutations are more susceptible to developing HSE (134, 137–139). TLR3 activation in neuronal cells is associated with increased resistance to HSV–1 infection and an increase in the production of IFNs and strengthened response to IFNs (64, 128, 140, 141). These studies reinforce the central role of type I IFNs and TLR3 as necessary components to contain viruses within the CNS (141).



TLR9

TLR9 is found in endosomes/vacuolar compartments of microglia, astrocytes, dendritic cells and other antigen presenting cells. TLR9 recognizes dsDNA containing un–methylated CpG motifs (58, 125, 142, 143). During HSV–1 infection, TLR9 mediates an early and rapid production of type I IFNs and cytokine secretion through an IRAK–4 and MyD88–dependent pathway as shown in Figure 3 (144–147). Interaction between TLR9 and other TLRs seems to be essential when mounting an effective immune response to HSV–1. In mice, defense against HSV–1 appears to be concentrated primarily in the TG (148). If the immune response to HSV–1 in the TG fails, a weak immune response is then seen in the brain. In WT mice, increased expression of TLR9 and TLR2 is seen in the TG, but not in the brain. Increased TLR expression in the brain is only observed in TLR2 deficient mice. TLR9 deficient mice are unable to mount an effective immune response in either location and die, despite the expression of other TLRs in the TG and brain (148). This indicates that in mice, TLR9 is important in coordinating the innate immune response with other TLRs. Further research is necessary to determine if the same is true in humans. TLR9 is required for IFN–α production in plasmacytoid dendritic cells (149). Furthermore, HSV–1 infection in human neurons was shown to be suppressed by IFN–λ, which upregulates TLR9 expression and subsequent TLR9–mediated antiviral responses involving the transcription factor IRF7 (150). This result remains to be validated as IFN–λ has been shown to be secreted during HSV–1 infection in the vaginal mucosa, mainly by dendritic cells (151).

Interestingly, TLR9 also coordinates with DNA sensors other than TLRs. The cGAS–STING pathway is a cytosolic DNA sensor (specific details on the mechanism of cGAS–STING signaling is provided in the next section). Like TLR9, cGAS–STING is also expressed in pDCs. Signaling through both the TLR9 pathway and the cGAS–STING pathway results in the induction of IFNs. Without modulation, this overlapping activation of IFN production could potentially lead to overproduction of IFN, which can have negative consequences. Crosstalk between the cGAS–STING pathway and the TLR9 pathway has recently been elucidated. Specifically, activation of the cGAS–STING pathway results in inhibitory signals that dampen the IFN production by the TLR9 pathway (152). The modulation of the TLR9 pathway by cGAS–STING is thought to be facilitated by two signals: suppressor of cytokine signaling 1 (SOCS1) and SOCS3. However, more research is required to determine the exact identity of the signal molecule.

TLR9 is a complex DNA sensor. Although its essential role in IFN production in pDCs is well established, more research in elucidating the role that TLR9 plays in coordinating with other TLRs and DNA sensors to coordinate an effective innate immune response to HSV–1 is necessary.




cGas–Sting Pathway and HSV–1 Infection

TLRs are an important mechanism for sensing HSV–1 and other viral infections. However, TLRs are not the only PRRs that can sense viral DNA. Another important PRR is cGAS–STING, a signaling pathway that detects cytosolic DNA and triggers a myriad of downstream immune responses. cGAS–STING has been the target of intense study as it has been identified as a potential universal cytoplasmic DNA sensor (153), and cGAS has also been implicated as the target of several strategies utilized by herpesviruses to evade the immune system (154). Due to the importance of cGAS–STING in responding to HSV–1 infection, the mechanism of cGAS-STING will be described further (see Figure 4). One of the outcomes of cGAS–STING signaling is the expression of Type I IFN genes, which help trigger the innate immune response. Upon cytosolic dsDNA detection, cGAS catalyzes the production of cyclic GMP–AMP (cGAMP), which serves as a second messenger and activator of STING (155). STING binding to cGAMP triggers ubiquitination of STING by TRIM56, inducing the dimerization of STING. The dimerized STING then translocates from the endoplasmic reticulum, where it usually resides, and moves to the golgi complex. Next, STING is poly–ubiquitinated by TRIM32, and serves as an anchor for the attachment of Tank binding kinase–1 (TBK1). Upon TBK1 binding to STING, TBK1 phosphorylates serine–365 (S365) on STING, facilitating the binding of IRF3 to STING. Subsequently, STING is phosphorylated by TBK1, leading to activation of IRF3 (154), a transcription factor whose activation leads to the transcription of IFN-1 Overall, phosphorylation of STING results in the induction of IFN-1.




Figure 4 | cGAS–STING. (A) 1) cGAS binds cytosolic dsDNA and they form a dimer. The cGAS–dsDNA dimer catalyzes the production of cGAMP, a ligand and secondary messenger for STING. 2) STING binds cGAMP and is ubiquitinated by TRIM56, inducing STING dimerization and translocation from the ER to the golgi. STING is then further ubiquitinated by TRIM32, allowing TBK1 to bind the complex. 3A) STING relocation to the golgi complex can activate autophagy in a pathway that is separate from the activation of IFN–related genes. 3B) TBK1 binding to STING triggers STING phosphorylation of S365 and the binding and activation of IRF3. Subsequently, IRF3 translocates to the nucleus and activates the transcription of IFN–1 and Interferon Stimulatory Genes (ISG). (B) HSV–1 has developed several mechanisms to sabotage cGAS-STING signaling. 1) Viral proteins UL41 and VP22 interact with cGAS, preventing the synthesis of cGAMP. 2) UL46 acts on TBK1 and prevents autophagy induction.




HSV–1 Mechanisms to Evade cGAS–STING Pathway

Coevolution of HSV–1 with humans has resulted in several mechanisms to bypass the immune response, resulting in HSV–1 circumventing or suppressing the cGAS–STING signaling pathway (see Figure 4). One mechanism is the expression of HSV–1 protein UL41, which reduces the expression of cGAS by degrading cGAS mRNA, and inhibits downstream activation of the IFN response (66) (Table 3). Additionally, HSV–1 protein VP22 interacts directly with cGAS and inhibits its enzymatic activity, preventing cGAMP production and STING activation (156). However, bypassing signaling by cGAS is not the only mechanism by which this pathway can be inhibited. HSV–1 protein UL46 has been shown to interfere with dimerization of TBK1, interfering with TBK1’s ability to interact with IRF3, ultimately resulting in a diminished IFN response (157). Interestingly, in addition to suppressing aspects of cGAS–STING signaling, there is some evidence that STING is required for optimal growth of HSV–1 (158). When HeLa cells were infected with a strain of HSV–1 lacking viral proteins ICP0 or ICP4, STING degradation was observed. These results suggest ICP0 and ICP4 are involved in stabilizing STING (158). Overall, STING has been shown to be both detrimental and required for HSV–1 replication (158). More research is needed to elucidate the exact relationship between STING degradation and HSV–1 replication.


Table 3 | HSV–1 Proteins and Innate Immune Evasion.





IFN–Independent cGAS-STING Signaling

The myriad of mechanisms that HSV–1 has developed to bypass or inhibit DNA sensing via the cGAS–STING pathway indicates that this pathway is essential to coordinate an effective innate immune response. Interestingly, STING–deficient mice demonstrated an increased susceptibility to HSV–1 infection (159). Previously, it was assumed that increased susceptibility to HSV–1 infection resulting from cGAS–STING deficiency was solely the result of an impaired IFN response. However, recent work suggests that IFN production is one of multiple mechanisms triggered by cGAS–STING signaling pathway that combines to create an effective immune response (160). Mice with a serine 365–to–alanine mutation in STING, which renders STING unable to activate downstream IFN, demonstrates an increased resistance to HSV–1 infection when compared to mice with a STING–null phenotype (160). This raises the possibility that STING activation results in a series of IFN–independent signaling events that are also important in mounting an antiviral response. This activation does not involve S365, which is necessary for activating the IFN response, and instead relies on other STING domains. The evolutionary history of cGAS–STING supports this possibility. The cGAS–STING signaling pathway is demonstrably ancient, in fact, cGAS–STING homologs have been identified in the sea anemone Nematostella vectensis, which is divergent from humans by ~500 million years (161). Thus, it is possible that the role of STING in induction of IFN–based immunity is something that was taken up by the cGAS–STING pathway at a later point, as IFN–based immunity is likely a vertebrate evolutionary trait (162). More recent work indicates that the IFN–independent axis of cGAS–STING signaling contributes more to the immune response than previously thought (160). Although the exact details of this IFN–independent signaling pathway have yet to be fully elucidated, some evidence suggests that the function of the IFN–independent signaling pathway may be the induction of autophagy (163). A key event in autophagy induction is the conversion of the LC3 protein into its lipidated form, LC3–II, which takes place prior to the formation of autophagosomes (163). While LC3 lipidation can be induced by different mechanisms, cGAS production of cGAMP is sufficient to induce LC3 lipidation (163). When STING binds cGAMP, STING buds from the ER. After budding, STING interacts with protein transport protein SEC24C, allowing STING to bud into COP–II vesicles, forming the ERGIC complex (163). ERGIC acts as a locus for LC3 lipidation, leading to the formation of autophagosomes that clear cytosolic DNA or RNA (163). The involvement of STING in autophagosome formation supports the possibility that signaling through the cGAS–STING pathway also activates the autophagy response. Although this aspect of cGAS–STING signaling has only recently been elucidated in mammalian cells, autophagy induction is likely an ancient and evolutionarily conserved function of this pathway (163). The same motif for LC3 lipidation can be found in the STING homolog of N. vectensis, while the C–terminal domain which is essential for IFN signaling is absent (163). Taken together, these findings suggest that autophagy induction is indeed the ancient, evolutionarily conserved function of STING, and the induction of the IFN response was added in addition to the autophagy induction response.



cGAS–STING Signaling in Non–Neuronal Cells

cGAS–STING is a key pathway in the CNS which senses and responds to HSV–1 infection (164). However, high viral load in the CNS produces an interesting phenotype in non–neuronal cells that is mediated by cGAS–STING signaling. More specifically, mice with herpes simplex encephalitis (HSE) exhibited increased apoptosis of microglia (brain–specific immune cells) (165). The apoptotic response appears to be independent of IFN–1 signaling, as IFNAR–deficient mice demonstrate an increased susceptibility to HSV–1, while not demonstrating less apoptosis of immune cells. In addition, apoptosis appears to be specific to microglia and other immune cells, as neurons and other neuronal cell types do not demonstrate the same degree of apoptosis as immune cells (165). Although this apoptotic response was initially observed in mice, apoptosis of immune cells was also observed in human organotypic cell culture and in tissue obtained from patients who had succumbed from HSE (165). The exact mechanism responsible for activation of apoptosis through cGAS–STING signaling is yet to be elucidated. It is thought that the apoptotic response in immune cells may function as a regulator of IFN–1 expression by the cGAS–STING signaling pathway (165). When the viral load during HSV–1 infection is low, local immune cells can produce IFN–1 via DNA sensing through cGAS–STING. However, prolonged expression of IFN–1 can lead to immunopathologies, especially in the brain, where prolonged inflammation can cause irreversible damage. To protect against damage from prolonged inflammation, it appears that cGAS–STING signaling is shut off by triggering local immune cells to initiate apoptosis, decreasing IFN–1 expression, despite elevated viral load (165). This represents a potential negative regulation of cGAS–STING signaling, and appears to be unique to non–neuronal cells, however more research is necessary to determine if this is truly unique to non–neuronal cells.




Complement System and HSV–1 Infection


Complement System and HSV–1 Infection of Non–Neuronal Cells

HSV–1 has evolved multiple strategies to avoid immune evasion, many of which include inhibiting the complement system, whose proteins are found in serum and is part of the host innate immune response. The complement system is a cascade of proteins whose activation results in the formation of the membrane attack complex (MAC), a protein complex which penetrates the cell membranes of microbes by forming cytotoxic pores. In defense, HSV–1 encodes glycoprotein C (gC), a 511–amino–acid protein that plays several roles in host immune evasion (68, 166). More specifically, gC binds to the complement component C3b by interfering with the binding of C5 and properdin, thereby blocking alternative pathways that otherwise lead to the formation of a MAC on the pathogen surface, or the surface of virus–infected cells (see Figure 5) (167–169). Additionally, gC is able to accelerate the decay of the alternative pathway C3 convertase. Interestingly, HSV–1 lacking gC was more sensitive to complement–independent neutralization (170). These results suggest that HSV–1 gC is involved in immune invasion as it protects other viral envelope glycoproteins, including gB, which are essential for viral host cell entry and shielding these glycoproteins from neutralization as a potential mechanism of immune evasion (170).




Figure 5 | HSV–1 infection evades the complement system. (A) HSV–1 glycoprotein C (gC) binds complement component C3b. This inhibits the interaction of C5 and properdin with C3b, blocking activation of both the classical and alternative complement pathways. HSV–1 downregulates complement factor H (CFH), which is concurrent with elevated expression of host microRNA (miRNA) –146a.





Complement System and HSV–1 Infection in Neuronal Cells

HSV–1 infection of human brain cells induces changes in gene expression, favorable to HSV–1 propagation and detrimental to the function of the host cells. Mechanistically, HSV–1 infection downregulates complement factor H (CFH), a complement regulator essential for controlling the complement pathway in blood and on cell surfaces (171, 172). When downregulated, CFH inhibits the amplification of the alternative pathway of complement activation (173). Downregulation of CFH is synchronous with elevated expression of host microRNA (miRNA) –146a (172). Furthermore, human primary neural cells infected with HSV–1 upregulate a brain–enriched miRNA–146a. Alterations in miR–146a expression levels can lead to pathogenesis of numerous neurological diseases. Furthermore, miRNA–146a is associated with proinflammatory signaling in stressed brain cells and Alzheimer’s Disease (AD) (174). HSV–1 DNA has also been detected in brain tissue from patients with AD (175–177). Overall, HSV–1 infection has developed strategies to evade the complement system in infected cells and human primary neural cells and can induce pathogenesis of AD.




Conclusions and Future Perspectives

In this review, we summarized and discussed recent evidence of HSV–1 manipulating and evading host antiviral innate immune responses in both neuronal and non–neuronal cells. We described how HSV–1 induces IFN, TLR, and cGAS–STING mediated immune responses and overviewed mechanisms of how HSV–1 evades the innate immune response. The neuronal antiviral response to HSV–1 is driven by IFN signaling, which stimulates innate immunity and inhibits viral spread. The IFN response is critical for controlling HSV–1 infections in neuronal and non–neuronal cells as the IFN response establishes lifelong latent infection in sensory neurons of the host. Additionally, TLRs are critical in controlling HSV–1 replication and dissemination by mediating antiviral activities during acute and latent infection. TLRs bind to HSV–1 proteins or viral nucleic acid and activate the innate immune response by inducing the production of chemokines and proinflammatory cytokines. Previously, it was thought that cGAS–STING signaling only had IFN–1 expression as its most important function. However, new evidence indicates that cGAS–STING signaling also activates non–IFN related responses which are also important to mounting an effective immune response. Because cGAS–STING signaling is an important mechanism for controlling HSV–1 infection, HSV–1 has developed many ways to sabotage this pathway. Additionally, we reviewed the strategies HSV–1 utilizes to evade the complement system in infected cells and human primary neural cells, which can induce pathogenesis of Alzheimer’s Disease.

Most of the world’s population is infected by at least one α–HV, with ~90% of the world’s population infected with HSV–1 or HSV–2, or both (178). After initial α–HV infection, the host immune response plays a crucial role in clearing α–HVs from primary epithelial cells. As a result, α–HVs undergo latency in host neuronal cells in order to avoid immune system detection. Therefore it is crucial to consider that most normal immune responses likely involve latent herpesvirus infection and the virus plays important roles in patient’s responses to subsequent infections and predispositions to neurodegenerative as well as other chronic diseases (71). Thus, understanding how α–HV manipulates mechanisms of immunity can have major impacts for the development of improved therapeutic management of viral infections and improved quality of life.

Furthermore, as we continue to learn more about how HSV–1 can infiltrate the CNS, we will better understand how this life–long infection can impact neurological diseases such as Herpes Simplex Encephalitis (HSE), Multiple Sclerosis (MS) and Alzheimer’s disease (AD). While rare, HSE occurs in an estimated one in 250,000 to 500,000 HSV–1 infected individuals and can be life–threatening. Interestingly, the vast majority of adult cases of HSE are caused by HSV–1 infection (53, 179, 180). Furthermore, HSV–1 has been detected in the brains of both MS and AD patients more frequently than healthy controls (181–183). While the direct mechanisms by which HSV–1 may be contributing to the development of these diseases is controversial, several recent studies have pointed to the immune response during HSV–1 infection in the brain as a critical factor (53). These studies are extremely important, especially given the high prevalence of HSV–1 infection in humans worldwide. Overall, understanding the immune response and evasion mechanisms involved in both acute and latent HSV–1 infection may illuminate potential therapeutic targets to prevent long term neurological pathology.
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Bacterial products are able to act on nociceptive neurons during pathogenic infection. Neurogenic inflammation is an active part of pain signaling and has recently been shown to impact host-pathogen defense. Bacillus anthracis Edema Toxin (ET) produces striking edema in peripheral tissues, but the cellular mechanisms involved in tissue swelling are not completely understood. Here, we find that nociceptive neurons play a role in ET-induced edema and inflammation in mice. Subcutaneous footpad infection of B. anthracis Sterne caused ET-dependent local mechanical allodynia, paw swelling and body weight gain. Subcutaneous administration of ET induced paw swelling and vascular leakage, the early phases of which were attenuated in the absence of Trpv1+ or Nav1.8+ nociceptive neurons. Nociceptive neurons express the anthrax toxin receptor ANTXR2, but this did not mediate ET-induced edema. ET induced local cytokine expression and neutrophil recruitment, which were dependent in part on Trpv1+ nociceptive neurons. Ablation of Trpv1+ or Nav1.8+ nociceptive neurons also attenuated early increases in paw swelling and body weight gain during live B. anthracis infection. Our findings indicate that nociceptive neurons play an active role in inflammation caused by B. anthracis and Edema Toxin to potentially influence bacterial pathogenesis.




Keywords: Bacillus anthracis, edema toxin, nociceptors, neurogenic inflammation, neuron



Introduction

Nociceptive sensory neurons densely innervate barrier tissues such as the skin, lung and gut, and detect physical and chemical stimuli that are potentially damaging, which initiates pain signaling. Recent work has shown that nociceptive neurons can also detect bacterial products and respond by secreting neuropeptides and initiating pain behavior (1–3). Nociceptor activation triggers neurogenic inflammation, an axonal reflex that leads to rapid release of neural mediators from peripheral nerve terminals that in turn act on the vasculature and immune system to drive tissue inflammation (4). Major nociceptive neuron mediators include the neuropeptides calcitonin gene-related peptide (CGRP) and substance P (SP). CGRP acts on vascular smooth muscle cells to promote vasodilation and SP acts on vascular endothelial cells to increase vascular permeability, leading to edema (4). However, the role of the nervous system in mediating tissue inflammation in response to pathogen exposure is only beginning to be understood. Recent work demonstrated that during bacterial infection, neuropeptides can additionally act on innate immune or epithelial cells to influence antimicrobial immunity (3, 5, 6). These findings suggest that nociceptive neurons may play a broader role in modulating host defense against pathogenic insults.

Bacillus anthracis is a gram-positive, spore-forming bacterium which is the etiologic agent of anthrax. Infection is classified based on the entry route of spores, and can produce cutaneous, inhalational and gastrointestinal disease. Cutaneous anthrax is characterized by extensive soft tissue edema which may extend beyond the local site of infection, and the formation of a black, painless eschar (7). Fluid accumulation in the chest or abdomen are also typical of inhalational and gastrointestinal anthrax (7), making edema a key feature of B. anthracis infection. However, the cellular and molecular mechanisms leading to local and systemic edema are not well understood.

Anthrax toxins are the key virulence factors of B. anthracis, and consist of Protective antigen (PA), Edema Factor (EF) and Lethal Factor (LF). PA binds to its cognate receptors ANTXR1 and ANTXR2, with higher affinity to the latter, and oligomerizes into a pore that translocates EF and LF into the cytoplasm. EF is an adenylyl cyclase that generates cAMP and LF is a protease that cleaves MAPK kinase kinases (MAPKKs), and they collectively produce potent alterations in host intracellular signaling. We recently reported that nociceptive neurons express ANTXR2 and can be targeted by anthrax toxins to alter cAMP levels and alter pain behavior (8). This finding suggested that these neurons may potentially be involved in pathogenesis during B. anthracis infection.

Administration of Edema Toxin (ET), the combination of PA and EF, produces striking edema and vascular leakage in laboratory animals (9, 10). Previous studies have suggested direct and indirect actions of ET on the vasculature to mediate tissue swelling. EF reduces cadherin expression and weakens intercellular junctions in endothelial cell lines, potentially contributing to the vascular effusion observed in vivo (11). In addition, chemical inhibition of prostanoid, neurokinin and histamine pathways attenuated ET-induced edema in rabbits, suggesting a potential role for mast cells and sensory neurons (12). Overall, the molecular and cellular interactions induced by ET remain incompletely defined.

Here, we report that nociceptive neurons contribute to ET-induced edema and inflammation. In a subcutaneous footpad infection model of B. anthracis Sterne in mice, we found that bacterial infection produces significant swelling accompanied by mechanical allodynia, both of which are dependent on EF, the effector component of ET. Nociceptor ablation by chemical or genetic methods significantly attenuated early tissue swelling, vascular leakage, and neutrophil recruitment induced by ET. Nociceptors also contributed to the early phase of B. anthracis induced edema. Edema was independent of ANTXR2 on nociceptive neurons, suggesting that nociceptors respond indirectly to infection and modulate tissue edema. Our findings highlight a novel regulatory role for nociceptive neurons in driving edema and inflammation during B. anthracis infection.



Materials And Methods


Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Harvard Medical School. C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) and bred at Harvard Medical School. All mice were housed in individually ventilated microisolator cages within a full barrier, specific pathogen-free animal facility at Harvard Medical School. Mice were kept on a 12 hr light/dark cycle and provided ad libitum access to food and water. Nav1.8-lineage neuron-depleted mice (Nav1.8cre/+/DTA+/-) and control littermates (Nav1.8+/+/DTA+/-) were generated by breeding Nav1.8-cre knock-in mice (provided by J. Wood, University College London) with B6.Rosa26-stop(flox)-DTA mice (Jackson Laboratory) as previously described (6). Nav1.8 neuron-specific conditional ANTXR2 mice (Nav1.8cre/+/Antxr2fl/fl) were generated by breeding Nav1.8-cre knock-in mice with a conditionally targeted allele of Antxr2 in the transmembrane region (Antxr2fl/fl, Jackson Laboratory) as previously described (8). Experiments were performed with age- and sex-matched mice between 7 to 14 weeks of age unless otherwise noted.



Drug Treatment

For chemical ablation of Trpv1+ neurons with systemically administered resiniferatoxin (RTX, Sigma Aldrich), 4-week-old C57BL/6 mice were injected subcutaneously in the flank with escalating doses of RTX (30, 70, 100 µg/kg on consecutive days) or vehicle (2% DMSO/0.15% Tween-80 in PBS). For chemical ablation of Trpv1+ neurons with intrathecally administered RTX, 4-week-old C57BL/6 mice were injected intrathecally near the iliac crest with two daily doses of RTX (25 ng) or vehicle (0.25% DMSO/0.02% Tween-80 in PBS). BIBN 4096 (Tocris; 50 pmol in 10 µL) and its vehicle (0.05% DMSO in saline), Spantide I (Tocris; 5 nmol in 10 µL) and its vehicle (water) were injected subcutaneously into the ipsilateral footpad using a 100 µL Hamilton syringe and 32-gauge needle under isoflurane anesthesia. The antagonists and vehicle controls were administered 15 min prior to ET.



Recombinant Anthrax Toxins

Protective antigen (PA) was obtained through BEI Resources (#NR-140, recombinant from B. anthracis). The Edema Factor (EF) clone used in this study contains an extra alanine at the N-terminus compared to the native sequence (Supplementary Figure 5), which enhances intracellular stability and activity (13). EF was expressed in Rosetta 2 (DE3) E. coli (Novagen) using the Champion pET SUMO expression system (ThermoFisher Scientific) and purified as previously described (8). Endotoxin levels in the final product measured using the Pierce LAL Chromogenic Endotoxin Quantitation Kit (ThermoFisher Scientific) was 0.93 EU/mg.



B. anthracis Culture and Infection

The Bacillus anthracis Sterne 7702 strain (BA663, #NR-9396) and its isogenic mutant lacking EF (BA695, #NR-9398) were obtained from ATCC. Spores for both strains were prepared as previously described (14) and stored at 4°C. All procedures were approved by the Committee on Microbiological Safety (COMS) at Harvard Medical School and conducted under Biosafety Level 2 protocols and guidelines. For infection, B. anthracis spores were streaked on BHI agar plates and grown overnight at 37°C. A day prior to infection, bacterial colonies were picked and inoculated into 2x SG medium and grown overnight at 37°C, 250 rpm. The overnight culture was diluted 50-fold into fresh 2x SG medium and grown for approximately 2 hr until mid-log phase was reached, then washed twice with PBS and stored in PBS on ice until injection. Mice were anesthetized with 3% isoflurane (Patterson Veterinary) with oxygen using a precision vaporizer, after which the indicated dose of bacteria was injected subcutaneously into the left hind paw in a 20 µL volume using a 100 µL Hamilton syringe and 31-gauge needle. The inoculum was also plated on BHI agar plates and incubated overnight to confirm dosages. Survival, paw thickness and body weight were monitored daily post-infection.



Tissue Bacterial Load Measurements

Mice were infected via subcutaneous footpad injection of vegetative Bacillus anthracis Sterne 7702 at a dosage of 1 × 107 CFUs, following procedures described in B. anthracis culture and infection. At 5 or 48 hr post-infection, mice were euthanized by CO2 asphyxiation and the ipsilateral foot was harvested below the ankle. The ipsilateral popliteal lymph node, liver and spleen were also harvested. The organs were immediately transferred into pre-weighed 2 mL microcentrifuge tubes containing 1 mL of cold PBS and stored on ice. After organ weights were measured, foot samples were minced with scissors to facilitate homogenization. All samples were homogenized by bead beating at 25 Hz for 10 min using a TissueLyser (Qiagen). The tissue lysate was serially diluted in PBS and plated on BACARA agar (Biomerieux), a chromogenic media selective for the Bacillus cereus group (15). Plates were incubated overnight at 37°C and the number of resulting colonies were counted to calculate bacterial loads. Total CFU counts were normalized to organ weight.



Intraplantar Injection of Edema Toxin

2 µg of PA and 2 µg of EF were mixed with PBS to a volume of 20 µL. Injection was performed with a 100 µL Hamilton syringe and 32-gauge needle under isoflurane anesthesia.



Paw Thickness Measurements

Paw thicknesses were measured under isoflurane anesthesia using digital calipers (VWR International) and normalized to initial values measured prior to injection of bacteria or toxin.



Measurement of Mechanical Sensitivity

All behavioral tests were performed by observers blinded to the treatment groups or genotypes. Treatment groups were randomized and evenly distributed across cages and sex. Mechanical sensitivity thresholds were measured using von Frey filaments and the up/down method as previously described (8). Briefly, mice were habituated on the behavior apparatus for 2 consecutive days for 1 hr each. After habituation, baseline measurements were obtained on 3 separate days and averaged prior to infection. After infection, measurements were made at the indicated timepoints up to 48 hr post-infection.



Hot Plate Test

Mice were placed on a temperature-controlled metal plate (IITC Life Science) at 55°C, and the latency to response (jumping or hind paw licking) was recorded. A 90 s cut-off was imposed to avoid tissue injury.



Fluid Content Measurements

C57BL/6 mice were given subcutaneous footpad injection of 1×107 CFU Bacillus anthracis Sterne as described in B. anthracis culture and infection. At 48 hr post-infection, the indicated organs were harvested and weighed to measure their wet weight. Following incubation at 70°C for 40 min and 55°C for 48 hr with open lids, dry weights were recorded. Fluid weight was calculated as wet weight – dry weight, then normalized to dry weight.



Evans Blue Extravasation (Miles Assay)

Evans Blue dye (Sigma Aldrich) dissolved in 0.9% saline was administered retro-orbitally (25 mg/kg) and allowed to circulate for 30 min, after which mice were given intraplantar injection of ET. At 5 hr post-injection, animals were put under terminal anesthesia with Avertin (500 mg/kg, i.p) and perfused with 10 mL of cold PBS. The glabrous skin of the ipsilateral footpad was collected using a razor blade and minced with scissors in 500 µL of 50% TCA in 0.9% saline. The tissue was further homogenized in a TissueLyser II (Qiagen) for 10 min at 30 Hz, and centrifuged at 18,000 xg for 10 min. 100 µL of the supernatant was transferred to a 96-well plate and the absorbances at 620 nm were measured using a Synergy Mx multi-mode microplate reader (BioTek), along with a standard curve of Evans Blue prepared in 50% TCA. Values were fitted using GraphPad Prism.



Neutrophil Influx

Mice were given intraplantar injection of ET 5 hr prior to analysis. The glabrous skin of the ipsilateral footpad was collected using a razor blade and minced with scissors in 5 mL of PBS. The tissue was pelleted and resuspended in 2 mL of HEPES-buffered saline (Sigma) containing collagenase A (1 mg/kg, Roche Applied Sciences) and dispase II (2.4 U/mL, Roche Applied Sciences) for 2 hr at 37°C. After incubation, cells were dissociated using a 16-gauge needle attached to a 10 mL syringe, filtered through a 70 µm strainer, and washed with 20 mL of HBSS (Thermo Fisher Scientific) with 0.5% BSA (Sigma). Cells were resuspended in 500 µL of washing buffer and incubated on ice with mouse FcR Blocking Reagent (Miltenyi Biotec) for 10 min, then for 30 min on ice with the following antibodies: anti-CD45-APC/Cy7 (1:200, Biolegend), anti-Ly6G-A488 (1:200, Biolegend), anti-CD11b-BV605 (1:200, Biolegend), and Fixable Viability Dye eFluor-506 (1:1,200, Thermo Fisher). Cells were centrifuged for 5 min at 300 xg and resuspended in 500 µL of washing buffer with 2% PFA. Flow cytometry was performed on a LSR II flow cytometer (BD Biosciences) using BD FACSDiva software (BD Biosciences). Data was analyzed and plotted using FlowJo software (FlowJo LLC).



Cytokine Analysis

Mice were given intraplantar injection of ET 5 hr prior to analysis. The glabrous skin of the ipsilateral footpad was collected using a razor blade and minced with scissors in 500 uL of PBS. The tissue was further homogenized in a TissueLyser II (Qiagen) for 10 min at 30 Hz, and centrifuged at 18,000 xg for 10 min at 4°C. The supernatant was stored at -80°C until multiplex analysis of cytokine levels, performed by Eve Technologies.



Statistical Analysis

Statistical tests and significance levels are reported in figure legends. Data are represented as mean ± standard error (SEM). All statistical analyses were performed using GraphPad Prism 8 and 9. All t-tests were performed as two-tailed.




Results


Subcutaneous Footpad Infection of B. anthracis Sterne Produces Mortality, Edema, and Body Weight Gain

To determine whether nociceptive neurons play a role during B. anthracis infection, we utilized a subcutaneous infection model in the footpad of C57BL/6 mice. This model was previously reported to induce robust edema and host immune response at the site of infection (14). We used the attenuated Sterne strain, which lacks the virulent capsule of B. anthracis but expresses all components of anthrax toxin, and is widely used for laboratory research (16). Vegetative bacteria were used to take advantage of active toxin production.

Subcutaneous B. anthracis infection caused a severe phenotype including mortality, with higher doses of bacteria inducing greater lethality (Figure 1A). Infection was accompanied by significant local swelling in the footpad and rapid increase in body weight during the first 2 days post-infection (Figures 1B, C). Given the severe edema observed in the footpad and adjacent hind limb, we hypothesized that the body weight gain was driven by accumulation of fluid. We thus measured the dry vs. wet weight of tissues post-infection to determine fluid weights. While we did not observe significant changes in the fluid content of most internal organs following infection (Figure 1D), the ipsilateral footpad gained fluid that accounted for approximately 400 mg in weight at the day 2 time point (Figure 1E). We observed a slight decrease in fluid content in the lungs, consistent with a previous study which performed systemic injection of ET (17). These data indicated major tissue edema and fluid accumulation occurring in the site of infection in the first 48 hours.




Figure 1 | Subcutaneous footpad infection of Bacillus anthracis induces significant paw swelling and body weight gain. (A–C) C57BL/6 mice received subcutaneous footpad injection of Vehicle (PBS) (n=7) or 1×106, 1×107 or 1×108 CFUs of (B) anthracis Sterne (n=7-8). Survival, thickness of the ipsilateral paw and body weight were measured daily. (D, E) Fluid weight in internal organs, normalized to the respective dry weights (D) or in absolute values (E), following subcutaneous infection with Vehicle (PBS) (n=4) or 1×107 CFU of B. anthracis Sterne (n=4). Statistical analysis: (A, F) Log-rank (Mantel-Cox) test, ****p < 0.0001. (B, C) Two-way ANOVA with Dunnett’s post-test. Vehicle vs. 1×106 CFUs, +p < 0.05, *p < 0.05, ****p < 0.0001. Vehicle vs. 1×107 CFUs, ++++p < 0.0001. Vehicle vs. 1×108 CFUs, ####p < 0.0001. (D, E) Two-way ANOVA with Sidak’s post-test. *p < 0.05, ****p < 0.0001.





B. anthracis-Induced Mortality, Tissue Swelling and Allodynia Is Mediated by Edema Factor

Edema Toxin (ET), which consists of Protective Antigen (PA) and Edema Factor (EF), is a major virulence factor of B. anthracis and known to cause severe swelling, edema, tissue damage and death in experimental animals (9, 10). To determine whether ET is responsible for pathogenesis and localized swelling during B. anthracis infection, we performed subcutaneous infection with an isogenic mutant B. anthracis strain lacking EF (ΔEF). Deficiency in EF led to significantly increased survival following infection compared to WT B. anthracis (Figure 2A). Furthermore, ΔEF mutant bacteria caused significantly less paw swelling in the footpad and body weight accumulation in mice compared to WT bacteria (Figures 2B, C). These results show that EF is a major virulence factor that mediates mortality, edema, and weight gain during B. anthracis infection.




Figure 2 | Edema factor mediates B. anthracis-induced lethality, paw swelling and body weight gain. (A–C) C57BL/6 mice received subcutaneous footpad injection of Vehicle (PBS) (n=8), wild-type B. anthracis Sterne (1×107 CFUs; n=8), or an isogenic mutant lacking EF (ΔEF, 1×107 CFUs; n=8). Survival, thickness of the ipsilateral paw and body weight were measured daily. Statistical analysis: (A) Log-rank (Mantel-Cox) test, ****p < 0.0001. (B, C) Two-way ANOVA with Tukey’s post-test. Vehicle vs. WT, ****p < 0.0001; WT vs. ∆EF, ++++p < 0.0001; Vehicle vs. ∆EF, ####p < 0.0001.



We next measured whether infection induced changes in mechanical pain hypersensitivity and allodynia (sensitivity to normally innocuous stimuli) using von Frey filaments. Subcutaneous infection in mice induced mechanical allodynia over the first 48 hours of infection, prior to the lethal time points (Figure 3A). Mechanical allodynia was significantly reduced in ΔEF B. anthracis infected mice compared to WT bacteria-infected mice (Figure 3B), indicating that EF contributes to the pain-like behaviors during infection. The partial attenuation of pain suggested that additional factors were induced which work to sensitize nociceptive neurons, such as other damage-associated signals or inflammatory mediators.




Figure 3 | Edema Factor contributes to mechanical sensitivity induced by Bacillus anthracis infection. (A) C57BL/6 mice received subcutaneous footpad injection of Vehicle (PBS) (n=7) or 1×106, 1×107 or 1×108 CFUs of B. anthracis Sterne (n=7-8). (B) C57BL/6 mice received subcutaneous footpad injection of Vehicle (PBS) (n=8), wild-type B. anthracis Sterne (1×107 CFUs; n=8), or an isogenic mutant lacking EF (ΔEF, 1×107 CFUs; n=8). Mechanical sensitivity of the ipsilateral footpad was measured using von Frey filaments. Statistical analysis: (A) Two-way ANOVA with Dunnett’s post-test. Vehicle vs. 1×106 CFUs, **p < 0.01, ***p < 0.001. Vehicle vs. 1×107 CFUs, +++p < 0.0001, ++++p < 0.0001. Vehicle vs. 1×108 CFUs, ###p < 0.0001, ####p < 0.0001. (B) Two-way ANOVA with Tukey’s post-test. Vehicle vs. WT, *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001. WT vs. ∆EF, +p < 0.05.





Edema Toxin Is Sufficient to Induce Tissue Swelling, Vascular Leakage, Neutrophil Recruitment and Inflammatory Cytokine Production

Given the contribution of ET to tissue swelling during B. anthracis infection, we wished to interrogate its direct and independent effects on edema and localized inflammatory processes. We thus performed subcutaneous injection of ET into the footpad of mice. Subcutaneous ET produced significant swelling of the paw (Figure 4A) as previously reported (17), consistent with our observations during B. anthracis infection. We observed two distinct phases of paw swelling: an early phase lasting for several hours post-injection (hpi), where the thickness of the paw increased by 50%, followed by a late phase at 24 hpi, where a 200% increase in paw thickness was observed. In contrast to bacterial infection, we did not observe changes in body weight, suggesting that the effects of ET injection are locally confined. We also found that ET induces vascular effusion at the injection site, measured by extravasation of Evans Blue dye at 5 hpi (Figures 4B, C). This observation was consistent with previous reports (11, 12).




Figure 4 | Edema toxin drives significant edema and inflammatory cytokine production. (A) Mice received subcutaneous footpad injection of Vehicle (PBS) (n=6) or ET (2 µg PA + 2 µg EF) (n=6). Paw thicknesses were measured at the indicated time points. (B, C) Mice received retro-orbital injection of Evans Blue (25 mg/kg) 30 min prior to subcutaneous footpad injection of Vehicle (PBS) (n=4) or ET (2 µg PA + 2 µg EF) (n=4). (B) Representative images of ipsilateral footpads at 5 hpi. (C) The concentration of Evans Blue dye in clarified tissue lysate of the footpad at 5 hpi. (D) Mice received subcutaneous footpad injection of Vehicle (PBS) or ET (2 µg PA + 2 µg EF). Infiltration of CD45+Ly6G+ neutrophils in the footpad was measured at 5 or 24 hpi by flow cytometry. Data is from tissue combined from 3 different animals. (E) Mice received subcutaneous footpad injection of Vehicle (PBS) or ET (2 µg PA + 2 µg EF). Multiplex cytokine analysis was performed in clarified lysate of the footpad harvested at 5 hpi (n=5). Statistical analysis: (A) Two-way ANOVA with Sidak’s post-test. *p < 0.05, **p < 0.01, ****p < 0.0001. (C) Unpaired t-test. *p < 0.05. (E) Mann-Whitney test with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, 5% FDR. Discoveries are marked by asterisks.



We next wished to determine the cellular components of ET-induced swelling. ET is known to inhibit host innate and adaptive immune responses in concert with LT (18), and has been observed to induce neutrophil infiltration in rabbits (12). We found that subcutaneous injection of ET induces significant influx of CD45+Ly6G+ neutrophils to the footpad of mice at 5 hpi, which continued to increase by 24 hpi (Figure 4D). To determine potential molecular mediators of this effect, we screened for cytokine expression in the footpad at 5 hpi. We found that ET injection induces high levels of CXCL1 and CXCL2 (Figure 4E), consistent with influx of neutrophils. We also observed that ET induces significant levels of IL-3, IL-6, MCP-1, G-CSF, LIF and MIG compared to vehicle injection, but to smaller magnitudes. Altogether, our results indicated that ET is sufficient to elicit a potent host immune response with both vascular and cellular components.



Nociceptive Neurons Mediate Edema and Vascular Leakage Induced by Edema Toxin

We next wished to determine whether nociceptive neurons contribute to ET-induced swelling and vascular leakage in the footpad. To this end, we chemically ablated nociceptive neurons using Resiniferatoxin (RTX), a potent analog of capsaicin which induces calcium overload and death of Trpv1+ nociceptive neurons (19). Trpv1 is the major ion channel responsible for detecting heat. RTX-treated mice showed significantly attenuated responses on a hot plate test (Figure 5A), indicating ablation of Trpv1+ nociceptive neurons. RTX and vehicle-treated mice were rested for 4 weeks before injection with ET. Nociceptor ablation by RTX significantly attenuated paw swelling hours after ET injection, but not at later time points (Figure 5B). RTX treatment also significantly reduced ET-induced vascular effusion of Evans Blue dye at 5 hpi (Figures 5C, D).




Figure 5 | Nociceptive neurons mediate acute edema and vascular leakage caused by Edema toxin injection. (A) Responses to the hot plate test was measured in mice treated with RTX or Vehicle (n=10). (B) Mice treated with RTX or Vehicle received subcutaneous footpad injection of ET (2 µg PA + 2 µg EF) (n=8-9). Paw thicknesses were measured at the indicated timepoints. (C, D) RTX- or Vehicle-treated mice received retro-orbital injection of Evans Blue (25 mg/kg) 30 min prior to subcutaneous footpad injection of ET (2 µg PA + 2 µg EF) (n=4). (C) Representative images of ipsilateral footpads at 5 hpi. (D) The concentration of Evans Blue dye in clarified tissue lysate of the footpad at 5 hpi. (E) Nav1.8cre/+/DTA (Cre+) or Nav1.8+/+/DTA littermate controls (Cre-) received subcutaneous footpad injection of ET (2 µg PA + 2 µg EF) (n=3-4). Paw thicknesses were measured at the indicated timepoints. (F) Wild-type mice received intraplantar injection of Saline, BIBN 4096 (50 pmol), the vehicle for BIBN 4096 (0.05% DMSO), Spantide I (5 nmol), or the vehicle for Spantide I (water), 15 min prior to PBS or ET (2 µg PA + 2 µg EF). The Saline + PBS group is identical in the two panels. No significant differences were detected between the respective antagonist and vehicle treatment. Statistical analysis: (A, D) Unpaired t-test. *p < 0.05. (B, E) Two-way ANOVA with Sidak’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To further confirm the contribution of nociceptive neurons, we used an orthogonal, genetic method to ablate nociceptors by conditionally expressing the A chain of Diphtheria toxin (DTA) in Nav1.8+ neurons. DTA inhibits protein translation in mammalian cells through inactivation of eukaryotic elongation factor 2 (eEF-2), causing cell death. We bred Nav1.8cre/+ mice with ROSA-DTA mice containing a floxed-STOP cassette, selectively killing Nav1.8+ nociceptive neurons during development (herein referred to as Nav1.8cre/+/DTA mice). Genetic ablation of Nav1.8+ nociceptive neurons significantly attenuated ET-induced paw swelling during the early phase but not the late phase (Figure 5E), phenocopying our results with RTX-treated animals. Trpv1 and Nav1.8 mark distinct but overlapping subsets of nociceptive sensory neurons.



ET-Induced Edema Is Independent of Neuronal ANTXR2, CGRP Signaling and Substance P Signaling

Previously, we found that nociceptive sensory neurons express ANTXR2 and are susceptible to intoxication by ET (8). We thus wished to determine whether direct targeting of nociceptors by ET through ANTXR2 played a role in mediating edema and swelling. To this end, we utilized conditional ANTXR2 KO mice (Nav1.8cre/+/Antxr2fl/fl) lacking receptor function from Nav1.8+ nociceptive neurons. We did not observe a difference in ET-induced paw swelling between Nav1.8cre/+/Antxr2fl/fl mice and their control Nav1.8+/+/Antxr2fl/fl littermates at any time point (Supplementary Figure 1), suggesting that ET induces edema independent of targeting neuronal ANTXR2.

The neuropeptides Calcitonin gene-related peptide (CGRP) and Substance P (SP) are major mediators of neurogenic inflammation. To determine whether CGRP or SP are involved in ET-induced edema, we utilized BIBN 4096, a small molecule antagonist of the CGRP receptor RAMP1, and Spantide I, a peptide antagonist of the SP receptor NK1R. Intraplantar administration of BIBN 4096 or Spantide I 15 min prior to ET did not significantly affect paw swelling (Figure 5F), suggesting that alternative neural mediators are involved in regulating the edema.



Nociceptive Neurons Modulate Neutrophil Influx Induced by Subcutaneous ET Injection

To determine whether nociceptive neurons play a role in the inflammatory response induced by ET, we administered ET into the footpad of nociceptor-ablated mice. We found that RTX treatment significantly attenuated infiltration of CD45+ leukocytes and CD45+Ly6G+CD11b+ neutrophils into the footpad at 5 hpi (Figures 6A, B). Levels of CXCL1 and CXCL2 were not significantly attenuated, while trending towards a decrease (Figure 6C). Collectively, our results suggested that nociceptive neurons regulate processes downstream of cytokine expression to impact vascular permeability, edema and cellular influx in response to ET.




Figure 6 | Nociceptors contribute to Edema Toxin-induced neutrophil influx. (A, B) RTX- or Vehicle-treated mice received subcutaneous footpad injection of ET (2 µg PA + 2 µg EF). Infiltration of CD45+Ly6G+CD11b+ neutrophils in the footpad was measured at 5 hpi by flow cytometry (n=6). (A) Representative dot plots. (B) Quantification of CD45+ or CD45+Ly6G+CD11b+ cells as a fraction of live cells. (C) RTX- or Vehicle-treated mice received subcutaneous footpad injection of ET (2 µg PA + 2 µg EF). Multiplex cytokine analysis was performed in footpad lysate harvested at 5 hpi (n=5). Statistical analysis: (B) Unpaired t-test with Holm-Sidak correction. *p < 0.05. (C) Mann-Whitney test with the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli, 5% FDR. Discoveries are marked by asterisks.





Nociceptor Ablation Attenuates the Early Phase of Paw Swelling and Overall Body Weight Gain Induced by B. anthracis Infection

We wished to confirm whether nociceptive neurons modulate edema in a physiologically relevant context during B. anthracis infection. To this end, we performed subcutaneous footpad infection of B. anthracis in mice that underwent chemical ablation of nociceptors via systemic injection of RTX or genetic ablation using Nav1.8cre/+/DTA mice. Consistent with our observation with ET injection, paw swelling induced by B. anthracis was attenuated during the early hours of injection in nociceptor ablated mice (Figures 7A, C). B. anthracis-induced body weight gain was also significantly attenuated (Figures 7B, D) and notably beyond the early hours of infection. This observation suggested that nociceptive neurons may play a broader role in regulating body weight beyond regulating local edema during early timeframes. Nociceptor ablation did not significantly affect survival post infection (Supplementary Figures 2A, B). Nociceptor ablation also did not significantly affect bacterial load in the footpad or dissemination to the popliteal lymph node, liver or spleen at 5 and 48 hpi, time points at which differences in local edema in the footpad and body weight were visible, respectively (Supplementary Figures 3A, B).




Figure 7 | Nociceptor ablation attenuates Bacillus anthracis-induced body weight gain and early phase of paw swelling. (A, B) Mice treated with subcutaneously administered RTX or Vehicle received subcutaneous footpad injection of 1×107 CFUs of B. anthracis Sterne. Thickness of the ipsilateral paw and body weight were measured at the indicated time points. (C, D) Nav1.8cre/+/DTA (Cre+) or Nav1.8+/+/DTA littermate controls (Cre-) received subcutaneous footpad injection of 1×107 CFUs of B. anthracis Sterne. Thickness of the ipsilateral paw and body weight were measured at the indicated time points. (E, F) Mice treated with intrathecally administered RTX or Vehicle received subcutaneous footpad injection of 1×107 CFUs of B. anthracis Sterne. Thickness of the ipsilateral paw and body weight were measured at the indicated time points. Statistical analysis: (A–F) Two-way ANOVA with Sidak’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Next, we sought to investigate whether Trpv1+ dorsal root ganglia (DRG) neurons or vagal neurons specifically mediated the observed phenotype in regulating B. anthracis-induced edema. While DRG neurons mediate skin neurogenic inflammation, vagal ganglia neurons may also influence body fluid accumulation and sympathetic tone (20). To this end, we performed intrathecal injections of RTX to specifically ablate Trpv1+ nociceptive neurons in the DRG without affecting vagal Trpv1+ neurons (6). Treatment with intrathecal RTX significantly attenuated the footpad response to noxious heat (Supplementary Figure 4), confirming successful ablation. Paw swelling during the early hours of footpad infection with B. anthracis was significantly attenuated in mice treated with intrathecal RTX compared to vehicle (Figure 7E). We also observed attenuation of body weight gain (Figure 7F), albeit to a lesser degree compared with systemic administration of RTX. Thus, while we cannot completely rule out potential contributions from vagal sensory neurons, our results indicate that Trpv1+ DRG neurons play a significant role in regulating paw swelling and body weight during B. anthracis infection.

Altogether, our results demonstrate that nociceptor neurons modulate local tissue swelling during the early phases of B. anthracis infection, and also exert potentially longer lasting effects to modulate the infection-induced gain in body weight.




Discussion

Beyond their role in detecting danger and signaling pain, nociceptive neurons can modulate host immune responses to bacterial infection. Here, we find that nociceptor neurons contribute to driving the immediate vascular effusion and neutrophil influx induced by ET, promoting rapid and local swelling of tissue within hours. We also found that subcutaneous infection of B. anthracis in mice produces mechanical allodynia, partially mediated by ET.

B. anthracis is the causative agent of anthrax. Although anthrax primarily afflicts domestic and wild herbivores, it remains a public health concern as an endemic disease in parts of the developing world and as a potential weapon of biological warfare. However, the pathogenic mechanisms by which B. anthracis impacts host physiology and produces major phenotypes such as edema are still being elucidated. The nervous system and neurogenic inflammation have not been previously linked to anthrax pathogenesis. One interesting observation we made was that B. anthracis infection led to a rapid increase in body weight, and that this phenotype was dependent on nociceptive neurons. It is interesting to note that in many other types of bacterial infections, body weight decreases rather than increases due to sickness behaviors. While the local edema and fluid accumulation in the footpad contributed to this increase in body weight, it did not completely account for the body weight gain during infection. It is possible that nociceptive neurons innervating other organ systems could be controlling both fluid accumulation and immune cell influx in a dispersed manner.

While Edema Toxin has been long known to contribute to local tissue swelling and edema, the exact mechanisms leading to the vascular and immune changes related to this phenotype is still not completely known. We observed that ET induces significant tissue swelling, vascular leakage and cytokine production. Neurons in particular contributed to the early phase of tissue swelling and vascular leakage as well as the recruitment of neutrophils. The cellular and molecular mechanisms of how nociceptive neurons regulate ET-induced edema and immune cell influx remains to be determined. We found that blockade of CGRP signaling via RAMP1 using BIBN 4096, or blockade of SP signaling via NK1 receptors using Spantide I did not affect ET-induced swelling. However, pharmacological blockade (rather than genetic ablation) may be insufficient, or alternative receptors may be involved. Recently, SP has been found to act on MRGPRB2 in mast cells to induce neurogenic inflammation (21), and this pathway may be pursued in future studies. Vascular smooth muscle cells and vascular endothelial cells are also known targets of ET given their expression of ANTXR2 (17). Neurons may signal directly or indirectly to these cells, concurrent with ET-induced signaling, to modulate vascular inflammation. Neurons could also act on these cells to induce expression of chemokines, adhesion molecules or other factors important for recruitment of neutrophils (22).

The signals that drive nociceptive activation during B. anthracis infection remain to be determined. The modeling of subcutaneous footpad infection in mice showed that mechanical allodynia was induced, which could relate to the major tissue swelling that occurs locally due to the edema, or to other damage-associated signals released at the site of infection. This indicates potential pain hypersensitivity, which is in contrast to clinical reports that cutaneous anthrax in humans produce characteristically painless lesions (23, 24). This difference in pain phenotype may be due to disparate sites of infection, as our infection model was established using B. anthracis subcutaneous injections in mice, unlike cutaneous anthrax infections which occur through barrier-disrupted skin in humans. Different sites of infection also produce divergent pain symptoms in human, as gastrointestinal anthrax produces ulcerative lesions and abdominal pain (25). Here, we found that subcutaneous injection of ET induces expression of various cytokines including IL6, CXCL1, and CXCL2. CXCL1 in particular can directly activate DRG sensory neurons and produce hyperalgesia (26), and has been shown to contribute to the development of hyperalgesia in a model of inflammatory pain (27). ET may induce expression of these cytokines during B. anthracis infection in mice, which may contribute to the development of mechanical hypersensitivity. The mechanisms of pain and role of nociceptors during B. anthracis infection in humans remain to be further investigated.

In summary, we report a novel role for nociceptive neurons in the early phase of local edema and cellular influx induced by ET injection and B. anthracis infection. Therefore, neurogenic inflammation could play a key part of pathology and inflammation during infection. However, many open questions remain. The overall role of early and later stage edema in driving B. anthracis infection remains to be defined, despite it being a common feature of anthrax and the known importance of ET as a critical virulence factor. We did not find evidence that the edema regulated by nociceptors significantly influences bacterial dissemination or infection-induced mortality. Alternatively, B. anthracis may be taking advantage of the increase in nutrient availability that results from the increasing leakiness of the vasculature, which is partially mediated through nociceptive neurons. Altogether, our findings highlight nociceptors as a key modulator of early inflammation and edema induced by ET, and suggest a complex interplay between nociceptive neurons, immune cells and bacterial toxins in anthrax pathogenesis.
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Diabetes-related cognitive dysfunction (DRCD) is a serious complication induced by diabetes. However, there are currently no specific remedies for DRCD. Here, we show that streptozotocin-induced DRCD can be prevented without causing side effects through oral administration of lipopolysaccharide (LPS) derived from Pantoea agglomerans. Oral administration of LPS (OAL) prevented the cerebral cortex atrophy and tau phosphorylation induced by DRCD. Moreover, we observed that neuroprotective transformation of microglia (brain tissue-resident macrophages) is important for preventing DRCD through OAL. These findings are contrary to the general recognition of LPS as an inflammatory agent when injected systemically. Furthermore, our results strongly suggest that OAL promotes membrane-bound colony stimulating factor 1 (CSF1) expression on peripheral leukocytes, which activates the CSF1 receptor on microglia, leading to their transformation to the neuroprotective phenotype. Taken together, the present study indicates that controlling innate immune modulation through the simple and safe strategy of OAL can be an innovative prophylaxis for intractable neurological diseases such as DRCD. In a sense, for modern people living in an LPS-depleted environment, OAL is like a time machine that returns microglia to the good old LPS-abundant era.
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Introduction

Diabetes affects 463 million people worldwide, and one of its more serious complications is diabetes-related cognitive dysfunction (DRCD) (1). However, there is still no radical preventive or curative treatment for DRCD. Accordingly, its prevention is a crucial to sustained global health.

To address this problem, we focused on oral administration of lipopolysaccharide (LPS) derived from Pantoea agglomerans. Our previous study showed that oral administration of LPS derived from P. agglomerans (OAL) prevents high fat diet-induced cognitive dysfunction (2). In addition, P. agglomerans is reportedly used as a food preservative (3, 4), and the safety of OAL is objectively guaranteed based on Organization for Economic Co-operation and Development standards (5–7). Based on these findings, we hypothesized that OAL could prevent DRCD.

Here, we demonstrate the effect of OAL on preventing DRCD using an intracerebroventricular injection model of the diabetes inducer, streptozotocin (STZ), which has already been established as a DRCD model (8–10). Furthermore, in order to elucidate the DRCD prevention mechanism utilized by OAL, we depleted microglia, which are brain tissue macrophages, and performed genetic analysis of isolated microglia. The results revealed that transformation to neuroprotective microglia is required for DRCD prevention by OAL. Importantly, it is strongly suggested that signal activation of colony stimulating factor 1 receptor (CSF1R) by the membrane-bound form CSF1 is involved in this transformation to neuroprotective microglia.



Materials And Methods


Animals and Tissue Sample Preparation

Six-week-old male C57BL/6 mice (20–22 g) were purchased from SLC, Inc., Shizuoka, Japan, and were acclimated for 1 week. All mice (3–5 mice per cage) were maintained under specific pathogen-free conditions in a temperature- and humidity-controlled room under a 12-h light/dark cycle with unrestricted access to food and water. Mouse diet D12450B was purchased from Research Diets, Inc., New Brunswick, NJ, USA. At the end of the experiments, mice were anaesthetized under 4% isoflurane vapor using the simple inhalation anesthesia device NARCOBIT-E (Natsume Seisakusho Co., Ltd., Tokyo, Japan) and euthanized by cardiac puncture whole blood collection. The animal experiments were reviewed and approved by the Animal Care and Use Committee of the Control of Innate Immunity CIP (Approval No. 18-04, 18-12, 18-13, and 20-01).

The experiment was carried out according to the Law for the Humane Treatment and Management of Animals Standards Relating to the Care and Management of Laboratory Animals and Relief of Pain (Ministry of the Environment, Japan), the Fundamental Guidelines for Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions (Ministry of Education, Culture, Sports, Science and Technology, Japan), and the Guidelines for Proper Conduct of Animal Experiments (the Science Council of Japan). Animal health and well-being was also assessed in accordance with the guidelines described above.

At the end of the experiment, whole blood was collected by cardiac puncture under anesthesia with 4% isoflurane vapor. Plasma/serum were collected after centrifugation for 10 min at 500 ×g for cytokine analysis and limulus amebocyte lysate (LAL) assay. Peripheral white blood cells were collected for RNA analysis. Bone marrows (BMs) were collected for isolation of CD11b+ cells, RNA analysis, and primary culture. Hippocampuses were collected and frozen at -80°C for cytokine analysis. Brains were collected for histopathological analysis and isolation of microglia.



LPS Treatment

Purified LPS derived from P. agglomerans (Macrophi Inc., Kagawa, Japan) was used in this study. LPS derived from P. agglomerans was purified to over 99% according to the methods described previously (11). LPS derived from P. agglomerans has very low nucleic acid and protein contamination [protein contamination was 0.5%, nucleic acid contamination was less than 0.35% (w/w)] and activates macrophages in very small amounts (1.6 ng/ml) (11). It was confirmed that the LPS content of the D12450B diet was lower than that of the common mouse diet MF (Oriental Yeast Co., Ltd, Tokyo, Japan) or CE-2 (CLEA Japan Inc., Tokyo, Japan) (Supplementary Table 1). For oral LPS administration, LPS was dissolved in drinking water (sterile distilled water) and applied at 1 mg/kg body weight (BW)/day. The dose of LPS was determined to be the sufficient dose required to achieve preventive effects as estimated from previous studies (2, 12). The drinking water was changed weekly and the concentration of LPS was adjusted according to the average body weight and amount of water consumption. We previously confirmed that the LPS in drinking water was not significantly degraded in a week (12).

For the DRCD model, LPS was orally administrated to mice 1 week before STZ-injection until the end of the experiment (n = 17–19). For OAL without intracerebroventricular STZ injection, naïve mice were orally administered LPS (1 mg/kg/day, for 1 week) (n = 5). For intraperitoneal administration of LPS, naïve mice were intraperitoneally injected with LPS (4 mg/kg BW, single-dose) (n = 5), and samples were collected 4 h after LPS injection.



Intracerebroventricular STZ Injection

STZ was purchased from Sigma-Aldrich, St Louis, MO, USA. Under anesthesia with 4% isoflurane vapor, mice were fixed using the brain stereotaxic apparatus SR-5M-HT (Narishige, Tokyo, Japan) and administrated a single injection of STZ (6.6 mg/kg, dissolved in saline 5 µl) into the right lateral ventricle with the microinjector, IMS-20, and micromanipulator SMM-100 (Narishige). The stereotaxic coordinates were + 0.3 mm anterior, + 1.0 mm lateral (right) and + 2.5 mm ventral from bregma. After the skin suture, antibiotic ointment (20 mg/g Chloramphenicol, 5 mg/g Fradiomycin, 100,000 U/g Nystatin, Daiichi Sankyo Healthcare Co., Ltd, Tokyo, Japan) was dabbed on the wound. Control sham mice were administrated 5 µl saline into the right lateral ventricle. After the surgery, mice were monitored daily for pain/discomfort and infections in accordance with the guidelines described above. We checked for proper placement of the needle by delivering 7 μl of 5% Trypan Blue Dye (Nacalai, Kyoto, Japan) (Supplementary Figure 1).



Microglia Depletion

The CSF1R inhibitor PLX3397 (Pexidartinib) was purchased from Chemgood, Glen Allen, VA, USA. PLX3397 was formulated based on the D12450B diet (Research Diets) at a concentration of 400 mg/kg chow. The components of the PLX3397-containing diet are shown in Supplementary Table 2. Mice were orally administered PLX3397 and LPS 1 week before STZ-injection until the end of the experiment.



Morris Water Maze (MWM) Test

To assess spatial learning and memory, the MWM test was carried out 3 weeks after STZ-injection as previously described (2), with minor modifications. Briefly, the experimental apparatus consisted of a circular tank 100 cm in diameter and 40 cm in height filled with water to 30 cm, maintained at 23 ± 1°C and rendered opaque with white ink. The area of the pool was conceptually divided into four equal quadrants, and cards with different shapes (circle, square, triangle or cross) were placed on the wall of each quadrant. A removable circular platform 10 cm in diameter was submerged 1 cm below the water surface and placed approximately in the midpoint of one quadrant, defined as the target quadrant. Each mouse consecutively received a pre-training session (1 day), training session (4 days), and probe session (1 day).

One day before the first training session, each mouse received a pre-training session to make it aware of the escape platform. The mouse was put on the platform for 20 s, given a 30 s free swim, and then assisted in swimming back to the platform. The next day, the first training session was conducted to assess spatial learning ability. From the next day, training session continued for four consecutive days. One each trial, the mouse was released into the water at a randomly assigned starting position, facing the pool’s wall. The mouse was given 60 s to find the platform and was allowed to stay on it for 20 s after reaching the escape platform. The spatial learning ability of each mouse was identified as the time elapsed between releasing and locating the platform, defined as escape latency. If the mouse failed to find the platform within 60 s, it was gently guided to the platform and kept there for 20 s, and the escape latency was recorded as 60 s. Each mouse underwent four trials per day, and the average value of the escape latency was calculated. One day after the last training session, the probe test was performed to assess the spatial reference memory ability of the mice. The platform was removed from the pool, and each mouse was placed in the pool at a starting position located opposite the target quadrant and allowed to swim freely for 60 s. The time spent swimming in the target quadrant was recorded. A video camera was hung above the center of the pool to record the swimming paths of the mice. The swimming trajectory was visualized and the swimming distance/velocity was measured using AnimalTracker software (13).



Histochemical Analysis

Brains were fixed with 4% paraformaldehyde and embedded in paraffin. The cut surface was unified at the same position of the hippocampal dentate gyrus. Klüver-Barrera staining, Gallyas-Braak staining, and immunostaining of Iba1 were performed with the standard procedure. Briefly, Klüver-Barrera staining was performed as follows. The tissues were stained with 0.1% Luxol fast blue at 56°C overnight and differentiated in 0.05% lithium carbonate solution for 30 s. Then, the tissues were counterstained with 0.1% cresyl violet acetate for 10 min. For Gallyas-Braak staining, the tissues were placed in 5% periodic acid for 5 min and incubated in silver iodide solution for 1 min. After washing in 0.5% acetic acid, the tissues were placed in developer solution for 10–20 min. After washing in 0.5% acetic acid, the tissues were incubated in 0.1% gold chloride for 5 min. Then, the tissues were fixed in 1% sodium thiosulfate for 5 min and counterstained with 0.1% nuclear fast red for 2 min.

For immunostaining of Iba1, the tissues were incubated with anti-Iba1 antibody at room temperature (RT) for 15 min (Wako, Osaka, Japan) after blocking. Then, the tissues were incubated with HRP-conjugated anti-rabbit IgG antibody at 4°C for 1 h (Leica Biosystems, Buffalo Grove, IL, USA). Enzymatic color development was performed using DAB (Leica Biosystems).

To evaluate cerebral atrophy, the thickness of the cerebral cortex was measured using imaging software NIS-Element (Nikon, Tokyo, Japan) in the Klüver-Barrera stained brains. For quantitative analysis of tau inclusion, argyrophilic grains were counted in Gallyas-Braak stained brains.



Isolation of Primary Microglia From Adult Mouse

Primary microglial cells were isolated from adult mouse brain by enzymatic digestion as described previously (14), with minor modifications. Briefly, the brain was removed and kept in ice cold PBS. The brain tissue was chopped finely with a fine sharp razor. The whole brain homogenate was then incubated in DMEM containing 1.2 units/ml dispase II, 1 mg/ml papain (Sigma-Aldrich), 100 units/ml penicillin and 100 μg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), 20 units/ml RNase inhibitor (Promega, Madison, WI, USA) and 10 units/ml DNase I (Takara Bio, Shiga, Japan) for 30 min at 37°C. The digestion was terminated by the addition of PBS containing 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), and the cells were then centrifuged for 5 min at 300 ×g at RT. The pellets were resuspended in PBS containing 0.5% bovine serum albumin (BSA; Sigma-Aldrich) and 2 mM EDTA (Wako), then centrifuged for 5 min at 300 ×g at RT. The cell suspension was passed through a 70-μm cell strainer (Corning, Durham, NC, USA) and myelin was removed using the debris removal solution (Miltenyi Biotec, Bergisch Gladbach, Germany). After myelin removal, the cells were incubated with anti-CD11b antibodies conjugated to magnetic beads (20 μl/brain; Miltenyi Biotec) in PBS containing 0.5% BSA and 2 mM EDTA for 15 min at 4°C. After washing, the CD11b+ cells were separated using autoMACS® proseparator (Miltenyi Biotec) and used as microglia. As a control, CD11b+ cells were isolated from BM in a similar manner.



Flow-Cytometric Analysis of Iba1

Isolated CD11b+ cells from brain or BM were fixed and permeabilized using fixation/permeabilization solution (BD Biosciences, San Jose, CA, USA) for 20 min at 4°C. After washing, the cells were incubated with anti-Iba1 antibody (Wako) for 30 min at 4°C followed by incubation with Alexa Fluor 555-conjugated anti-rabbit IgG (Thermo Fisher Scientific) for 30 min at 4°C. The median of fluorescent intensity (MFI) was measured in total 5,000-count cells using a Beckman Coulter Gallios flow cytometer and Kaluza for Gallios software version 1.3 (Beckman Coulter, Indianapolis, IN, USA).



Determination of Aβ1-42 and Cytokines (ELISA)

The levels of Aβ1-42 in isolated microglia were determined using a commercial ELISA kit (Wako). Protein was extracted from isolated microglia in ice-cold 70% (v/v) formic acid (Wako, Tokyo, Japan) followed by centrifugation at 20,000 ×g for 1 h at 4°C. The supernatant was neutralized with a 20-fold dilution in 1M Tris buffer, and used for Aβ1-42 ELISA. The concentration of Aβ1-42 was normalized against the number of isolated microglia.

The levels of IL-6 and TNF-α in plasma were determined using a commercial ELISA kit (BioLegend, San Diego, CA, USA). The levels of CSF1 in plasma and brain were determined using a commercial ELISA kit (R&D systems, Minneapolis, MN, USA). The snap-frozen brain tissues were homogenized in ice-cold PBS containing 1% protease inhibitor cocktail (GE Healthcare UK Ltd., Buckinghamshire, UK) and 1% phosphatase inhibitor cocktail (Nacalai), followed by sonication for 5 min and centrifugation at 12,000 ×g for 10 min at 4°C. The supernatant was used for CSF1 ELISA. The total protein concentration in each sample was determined by a BCA assay kit (Thermo Fisher Scientific) and the concentration of target protein in tissues were reported as pictograms of cytokine relative to the protein content. Absorbance was measured using the iMark microplate reader (BIO RAD, Hercules, CA, USA), and data was analyzed using the Microplate Manager 6 software (BIO RAD).



Microarray Analysis

Microarray analysis was performed at the Cell Innovator, Fukuoka, Japan. Briefly, the RNA samples of microglia were quantified with Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA). Each 50 ng of total RNA was labeled using a Low-Input QuickAmp Labeling Kit (Agilent Technologies). The RNA was hybridized with SurePrint G3 Mouse GE microarray 8 × 60K v2 (Agilent Technologies) using pooled sample (n = 4), and the signals were detected using a DNA microarray scanner (Agilent Technologies). Data was quantified by Feature Extraction software (Agilent Technologies). Normalization was performed by a quantile algorithm with statistical processing software R [R Core Team (2019). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria].

The ratio (non-log-scaled fold change) and Z scores (15) were calculated from the normalized signal intensities of each probe for comparison between control and experimental samples. Then, the criteria for regulated genes were defined as follows: for upregulated genes, Z score ≧ 2.0 and ratio ≧ 1.5-fold; for downregulated genes, Z score ≦ 2.0 and ratio ≦ 0.66 (16). The heat map was created by using the distance from the median of the log2 converted signal value with MultiExperiment Viewer (MeV) (17, 18).



Quantitative RT-PCR

RNA was extracted using the RNeasy micro kit (QIAGEN, Hilden, Germany) and cDNA was synthesized using the reverse transcription using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan), according to the manufacturer’s instructions. Real-time PCR assay was carried out using 2 μl of cDNA as the template and 10 μl of Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) on the Stratagene Mx 3005P QPCR System (Agilent Technologies, Santa Clara, CA, USA).

The primers are listed in Supplementary Table 3. m-CSF1 and s-CSF1 were distinguished by specific primers (19). The data was analyzed based on 2−ΔΔCt method and normalized by GADPH expression using the MxPro software version 4.10 (Agilent Technologies). The thermal cycling conditions for the PCR were 95°C for 10 min for polymerase activation, followed by 45 cycles of 95°C for 15 s for denaturation, and 60°C for 1 min for extension.



LAL Assay

The total abundance of LPS in serum was analyzed as described previously (2) using a kinetic turbidimetric assay with the Limulus Amebocyte Lysate (LAL) assay kit and a Toxinometer ET-6000 computer operated kinetic incubating tube reader (Wako). The serum was diluted 1:10 in pyrogen-free water (Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan) and preheated to 70°C for 10 min prior to analysis. Data was analyzed using the Toximaster QC7 software.



Cell Culture

Bone marrows were collected from femurs by flushing with PBS. After RBC lysis, BMC (1 × 107 cells/ml) were seeded in 96-well tissue culture plates (n = 5) and cultured in Dulbecco’s modified Eagle’s medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Technologies, Carlsbad, CA, USA), at 37°C in 5% CO2. To evaluate CSF1 production by LPS, BMC were treated with or without LPS (1–104 pg/ml, purified LPS derived from Pantoea agglomerans, Macrophi Inc., Kagawa, Japan). RNA and culture supernatants were collected at 4 h and 24 h after the last LPS treatment, respectively.

The murine microglial cell line C8-B4 microglia, which was established from brain cerebella, was purchased from the American Type Culture Collection, Manassas, VA, USA. C8-B4 microglia (2 × 105 cells/ml) were seeded in 12-well tissue culture plates (n = 3, in triplicate) and cultured in Dulbecco’s modified Eagle’s medium (Wako) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Technologies), at 37°C in 5% CO2. C8-B4 microglia were treated with or without 80 ng/ml CSF1 (Promega). After 16 h of incubation, the culture supernatant was collected and RNA was extracted from the C8-B4 microglia.

For the phagocytosis assay, C8-B4 microglia were incubated with HiLyte Fluor 488-labeled Aβ1-42 (1 μg/ml; AnaSpec, Fremont, CA, USA) or fluorescent latex beads (Fluoresbrite YG Microspheres 2.0 μm; Polysciences, Warrington, PA, USA) at a cell/bead ratio of 1:5 for 3 h after 16 h of treatment with CSF1. After washing with PBS, C8-B4 microglia were detached by 0.25% trypsin treatment (Life Technologies), and the MFI of phagocytosed beads in the cells were measured using a Beckman Coulter Gallios flow cytometer with Kaluza software (Beckman Coulter).

To evaluate the neuroprotective effect of MCS, a murine neuroblast cell line Neuro-2a, which was established from brain neuroblastoma, was cultured with CSF1-treated MCS. Neuro-2a cells were provided from the Japanese Collection of Research Bioresources Cell Bank, Osaka, Japan. Neuro-2a cells were seeded in 24-well tissue culture plates (4 × 105 cells/ml) and pre-cultured in Eagle’s minimal essential medium with non-essential amino acids (Wako) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml streptomycin (Life Technologies), at 37°C in 5% CO2 for 24 h (n = 3). Then, the medium was replaced by CSF1-treated MCS. After culturing with CSF-1 treated MCS for 24 h, 400 µM STZ (Sigma-Aldrich) was added to the culture medium, and Neuro-2a cells were cultured for another 24 h. Finally, the cell number was counted after detachment by treatment with 0.25% trypsin for 2 min, and the survival rate was calculated by staining with Trypan Blue Dye (Nacalai).



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 6.0 software package (GraphPad Software Inc., San Diego, CA). Results were presented as the mean ± standard error of the mean (SE). The differences between the groups of mice were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test or two-way ANOVA followed by Sidak multiple comparisons test. Student’s t test was used to compare differences from two independent groups. A p-value < 0.05 was considered significantly different. Representative experiments were conducted at least twice, independently.




Results


Prevention of DRCD by OAL

To demonstrate DRCD prevention through OAL, spatial learning memory was evaluated using the Morris water maze (MWM) procedure with the STZ-induced DRCD model (Figure 1A). In training session, STZ-injected mice showed reduced learning ability as their escape latency was significantly longer than saline-injected controls and LPS-treated mice. By contrast, the loss of learning ability was prevented by OAL. The escape latency of LPS-treated mice was comparable to saline-injected controls (Figure 1B). In probe test, the time spent in the target quadrant of STZ-injected mice was significantly shorter than saline-injected controls, indicating the declined memory performance. On the contrary, LPS-treated mice did not decline memory ability as they exhibited significantly longer time spent in the target quadrant than STZ-injected mice (Figure 1C). As shown in Figure 1C, it was evident from the swimming trajectory that LPS-treated mice memorized the target location. Furthermore, the athletic ability such as velocity and total swimming distance did not significantly vary between the groups (Supplementary Figure 2). Therefore, these results indicate that OAL prevents DRCD.




Figure 1 | Microglia are indispensable for preventing diabetes-related cognitive dysfunction (DRCD) through oral administration of LPS (OAL). (A) The experimental schedule of DRCD and OAL. (B, C) Prevention of deterioration of the learning ability and memory performance induced by OAL (n = 17–19). (D, E) PLX3397 reversed the prevention of DRCD by OAL (n = 5–7). (F) Prevention of cerebral cortex atrophy by OAL (n = 5–8). Bars, 200 μm. (G) Prevention of accumulation of argyrophilic grains by OAL (n = 5–8). Bars, 10 μm. Means ± SE are presented. *,†p or a,bp < 0.05 for one-way ANOVA with Tukey’s multiple comparisons or two-way ANOVA with Sidak multiple comparisons. DW, distilled water; i.c.v., intracerebroventricular; p.o., per os.





Microglia Are Indispensable for Preventing DRCD Through OAL

To investigate whether microglia are necessary for DRCD prevention through OAL, we depleted microglia using the PLX3397 (20, 21). Microglia depletion by PLX3397 was confirmed by reduced number of cells expressing Iba1 (Supplementary Figure 3). It was demonstrated that microglia depletion reversed the preventive effect of OAL on DRCD (Figures 1D, E). Furthermore, microglial depletion did not reduce the spatial learning memory of saline-injected healthy controls

Next, to investigate the pathological mechanism of DRCD prevention through OAL, a histological analysis of the brain was performed. STZ injection induced cerebral cortex atrophy, whereas OAL prevented diabetes-induced cerebral atrophy, which was ablated by microglial depletion (Figure 1F). As shown in Figure 1G, Gallyas-Braak staining revealed diabetes-induced accumulation of argyrophilic grains, which are mainly composed of hyperphosphorylated tau protein (22). Contrarily, the argyrophilic grains were hardly observed in the brains of saline-injected controls and LPS-treated mice. The prevention of argyrophilic grain accumulation by OAL was cancelled by PLX3397 administration. These results indicate that suppression of cerebral atrophy and tau phosphorylation via microglia are the preventive mechanisms of DRCD through OAL.



OAL-Microglia Are Distinct From Inflammatory Microglia Induced by Systemic Injection of LPS

The characteristics of microglia transformed by OAL (OAL-microglia) in naïve mice were compared to that of inflammatory microglia induced by intraperitoneal injection with LPS (LPS i.p.). First, the systemic effects of LPS administration were evaluated. As shown in Figures 2A, B, OAL did not induce weight loss and systemic elevation of inflammatory cytokines, unlike LPS i.p. (4 mg/kg). In addition, LPS was not detected in the blood of mice that received OAL unlike LPS i.p. (Figure 2C).




Figure 2 | OAL-microglia are distinct from inflammatory microglia transformed by intraperitoneal injection of LPS. (A) No weight loss by OAL in naïve mice without STZ i.c.v. (n = 5). (B) No increase in serum inflammatory cytokines by OAL. (C) Undetectable serum LPS by OAL. (D) OAL-microglia showed distinct gene expression patterns from inflammatory microglia transformed by LPS i.p. Means ± SE are presented. *p < 0.05 for Student’s t test, one-way ANOVA with Tukey’s multiple comparisons, or two-way ANOVA with Sidak multiple comparisons. n.s., not significant; n.d., not detected; i.p., intraperitoneal.



Second, gene expression analysis of OAL-microglia in naïve mice showed that OAL-microglia did not promote inflammatory mediators (IL-1β, IL-6, TNF-α, and NOS2) nor suppress anti-inflammatory mediator (PPARγ), unlike microglia of mice that received LPS i.p. (Figure 2D). These results indicate that OAL-microglia are distinct from inflammatory microglia transformed by LPS i.p. These results indicate that the characteristics of OAL-microglia are fundamentally different from those of inflammatory microglia induced by systemic LPS injection.



Characterization of Neuroprotective Microglia Transformed Through OAL

We next performed further characterization of OAL-microglia in the DRCD model. First, it was confirmed that isolated microglia, not peripheral monocytes, highly express Iba1 (microglia marker), indicating that the contamination of peripheral monocytes was extremely low (Figure 3A). In addition, the number of microglia was not significantly different between STZ-injected and LPS-treated mice (Figure 3B).




Figure 3 | Neuroprotective microglia are transformed through OAL. (A) High expression of Iba1 in isolated microglia (n = 3). (B) Number of isolated microglia (n = 17–19). (C) Aβ1-42 levels in isolated microglia (n = 4–6). (D, E) Upregulation of neuroprotective genes and unchanged inflammatory genes in isolated microglia through OAL (n = 4–6). Means ± SE are presented. *p or a,bp < 0.05 for one-way ANOVA with Tukey’s multiple comparisons or two-way ANOVA with Sidak multiple comparisons. n.s., not significant. a,b,cp < 0.05 for two-way ANOVA with Sidak multiple comparisons. The different letters (the symbols of a, b, c) indicate statistically significant difference between groups in multiple comparison test.



As shown in Figure 3C, Aβ contained in isolated microglia was declined in STZ-injected mice, but was not declined in LPS-treated mice as well as in saline-injected controls. whereas the diabetes-induced suppression of Aβ phagocytosis by microglia was prevented by OAL. The result indicates that OAL promotes Aβ phagocytosis of microglia.

Second, comprehensive gene analysis by microarray was used to extract the notable differentially expressed genes from the overall tendency of gene expression. Microarray analysis using pooled sample provided 1,061 candidate genes upregulated in OAL-microglia (Supplementary Material 1 and Supplementary Figure 4A), showing that the gene expression patterns of OAL-microglia are distinct from healthy microglia and microglia in DRCD-developed mice (DRCD-associated microglia). Additionally, gene ontology term analysis revealed that pathways related to immune function, neuronal survival, and tissue repair were upregulated in OAL-microglia (Supplementary Figure 4B).

Quantitative RT-PCR was performed to distinguish representative neuroprotective genes from those fluctuating in OAL-microglia. As shown in Figure 3D, the following neuroprotective genes are significantly upregulated in OAL-microglia compared to DRCD-associated microglia: CSF1R, IL-10, IL-12B, prostaglandin-E2 EP4 receptor (encoded by Ptger4 gene), c-Jun, and heat shock protein (HSP) family (encoded by Hsp90aa1, Hspb1, Dnaja4, and Dnajb4 genes). In addition, gene expression of IL-12B, EP4 receptor, and HSPβ1 was promoted in OAL-microglia compared to microglia of healthy mice. However, OAL did not affect the gene expression of inflammatory mediators in microglia. The gene expression of inflammatory mediators, such as IL-1β, IL-6, tumor necrosis factor (TNF)-α and nitric oxide synthase (NOS) 2, was not significantly different between OAL-microglia and DRCD-associated microglia (Figure 3E). These results indicate that OAL-microglia, which are characterized by high expression of neuroprotective genes, differ in gene expression from DRCD-associated microglia and microglia of healthy mice.



CSF1R Signaling Is Involved in the Transformation to Neuroprotective Microglia Through OAL

Ligands for CSF1R include CSF1 and IL-34. CSF1 is also expressed as two isoforms, the membrane-bound form (m-CSF1) and secretory form (s-CSF1) (23). Gene expression analysis of CSF1R ligands in peripheral leukocytes revealed that only m-CSF1 expression was promoted by OAL (Figure 4A). LPS stimulation promoted m-CSF1 gene expression in primary cultured bone marrow cells (Figure 4B). However, OAL did not alter the expression of s-CSF1 and IL-34 in peripheral leukocytes (Figures 4A, C, D). These results suggested that CSF1R activation by m-CSF1 of peripheral leukocytes induces transformation to neuroprotective OAL-microglia.




Figure 4 | Promotion of m-CSF1 on peripheral blood leukocytes by OAL. (A) Upregulated m-Csf1 through OAL in peripheral blood leukocytes (n = 5). (B) Upregulated m-Csf1 by LPS in primary bone marrow cells. (C, D) No increase in s-CSF1 levels through OAL in DRCD [(C), n = 13] and naïve mice [(D), n = 5]. Means ± SE are presented. *p < 0.05 for Student’s t test or one-way ANOVA with Tukey’s multiple comparisons. n.s., not significant.



Thus, we examined whether neuroprotective transformations similar to OAL-microglia in vivo could be reproduced through CSF1R-stimulation of microglia in vitro. C8-B4 microglia, one of the most widely used in vitro assay systems, is a cell line whose homology with microglia in vivo has been sufficiently confirmed based on marker expression and immune responsiveness (Figure 5A and Supplementary Figure 5) (24–27). Therefore, the cell line was used to characterize CSF1R-stimulated microglia in vitro.




Figure 5 | Neuroprotective microglia are transformed by CSF1R signaling. (A) Dendrite protrusion of CSF1R-stimulated microglia. Bars, 50 (upper) and 10 μm (lower). (B) Promoted phagocytosis of CSF1R-stimulated microglia. (C) Upregulation of neuroprotective genes in CSF1R-stimulated microglia. (D) Prevention of diabetes-induced neuronal death by CSF1R-stimulated MCS. Bar, 50 μm. Means ± SE are presented. *p or a,bp < 0.05 for Student’s t test or two-way ANOVA with Sidak multiple comparisons. MCS, microglia culture supernatant. n.s., not significant; n.d., not detected. a,b,cp < 0.05 for two-way ANOVA with Sidak multiple comparisons. The different letters (the symbols of a, b, c) indicate statistically significant difference between groups in multiple comparison test.



Consistent with OAL-microglia in vivo, CSF1R-stimulated microglia showed promotion of phagocytosis (Figure 5B). In addition, CSF1R-stimulated microglia also promoted gene expression of IL-10 and HSP40 (encoded by Dnaja4 gene) (Figure 5C).

To investigate whether CSF1R-stimulated microglia prevent diabetes-induced neuropathy similar to OAL-microglia in vivo, STZ was applied to neurons treated with CSF1R-stimulated microglia culture supernatant (CSF1R-stimulated MCS). As shown in Figure 5D, it was demonstrated that CSF1-treated MCS suppressed STZ-induced neuronal cell death (Figure 5D). indicating the neuroprotective effect of CSF1R-stimulated microglia. These results demonstrate that neuroprotective transformations like OAL-microglia in vivo can be reproduced with CSF1R-stimulated microglia.




Discussion

Our previous studies have revealed that OAL is effective in maintaining homeostasis (2, 12). We previously showed that the immunoprotective effect of OAL increases depending on the LPS dose. Phagocytosis of peritoneal macrophages induced by OAL is enhanced with higher LPS dose (10~1000 μg/kg/day) (28). In high-fat diet-fed apoE-deficient mice, the preventive effect of OAL to suppress weight gain and increasing blood glucose level is observed at higher LPS doses (1 mg > 0.3 mg/kg/day) (12). Similarly, in senescence-accelerated prone 8 mice fed a high-fat diet, the preventing effect of OAL on cognitive dysfunction is found at higher LPS doses (1 mg > 0.3 mg/kg/day) (2). Based on the above results, the LPS dose was set to 1 mg/kg/day in this study.

Here, we demonstrate the effect of OAL on preventing DRCD as MMM test showed that OAL prevented the loss of both learning (Figure 1B) and memory ability (Figure 1C) induced by diabetes. The preventing effect of OAL on high fat diet-induced cognitive dysfunction has also been demonstrated in our previous study, in which mice were individually bred to accurately control LPS intake (2). Because the preventing effect of OAL on cognitive dysfunction in this study is consistent with the previous study, it is considered that there is almost no variation in the amount of water consumed among individuals. In addition, we previously reported that the phagocytic activity-enhancing effect of peritoneal macrophages induced by OAL was not observed in Toll-like receptor 4 (TLR4)-deficient mice (28). Therefore, the protective effects induced by OAL are considered to be TLR4 dependent. Furthermore, considering that the LPS derived from P. agglomerans used in this study has very low nucleic acid and protein contamination and activates macrophages in very small amounts (1.6 ng/ml) (11), it is reasonable to conclude that the effect obtained is due to LPS derived from P. agglomerans.

Microglia play a central role in the innate immune system and the maintenance of homeostasis in the central nervous system (CNS). Since our previous study suggested that OAL enhances phagocytosis of amyloid beta (Aβ) by microglia (2), we considered that microglia may also play an important role in the prevention of DRCD through OAL. According to our hypothesis, microglia depletion using PLX3397 revealed that microglia are necessary for DRCD prevention through OAL (Figures 1D, E).

Furthermore, microglial depletion did not reduce the spatial learning memory of saline-injected healthy controls, which was consistent with a previous study (20). Because PLX3397 does not affect the number of other CNS cell types and circulating leukocyte subsets (20, 21), these results indicate that microglia are indispensable for the prevention of DRCD through OAL, although they do not affect cognitive ability under physiological conditions.

Histological analysis showed that OAL prevented diabetes-induced cerebral atrophy and the accumulation of argyrophilic grains (Figures 1F, G), which are mainly composed of hyperphosphorylated tau protein and are frequently seen in association with neurodegeneration and cognitive decline (22). Therefore, it is indicated that suppression of cerebral atrophy and tau phosphorylation via microglia are the preventive mechanisms of DRCD through OAL.

Thus, while microglia are necessary to prevent DRCD through OAL, DRCD cannot be prevented without OAL, even in the presence of microglia. It was shown that the characteristics of OAL-microglia are distinct from those of DRCD-associated microglia. Therefore, transformation to the neuroprotective microglia induced by OAL is important for DRCD prevention.

Based on the above results, we next characterized the OAL-microglia. Generally, LPS is known to induce inflammation through transformation into inflammatory microglia when systemically injected (29, 30). Therefore, the characteristics of OAL-microglia in naïve mice were compared to that of inflammatory microglia.

As shown in Figure 2, unlike LPS i.p., OAL did not induce side effects such as weight loss and systemic inflammation (Figures 2A, B), or inflammatory microglia (Figure 2D). It has been reported that immune training (immune tolerance) with repetitive low-dose LPS i.p. transforms microglia into a neuroprotective phenotype. However, mild sickness, weight loss, and systemic inflammation are often associated with LPS i.p. (31). In contrast, our results challenge the stereotype of LPS as an inflammation inducer by showing that the characteristics of OAL-microglia are fundamentally different from those of inflammatory microglia induced by systemic LPS injection. Additionally, LPS was not detected in the blood of mice that received OAL unlike LPS i.p. (Figure 2C), indicating that orally administrated LPS does not directly impact microglia.

Furthermore, it was revealed that characteristics of OAL-microglia were distinct form DRCD-associated microglia (Figure 3). Because the number of microglia was not significantly different between STZ-injected and LPS-treated mice (Figure 3B), we concluded that OAL induces qualitative rather than quantitative transformation of microglia. Consistent with our previous studies which suggested that OAL-microglia contributed to the prevention of cognitive dysfunction by promoting the phagocytosis of Aβ (2, 28), the diabetes-induced suppression of Aβ phagocytosis by microglia was prevented by OAL (Figure 3C). This is considered a background mechanism for preventing tau phosphorylation by OAL (Figure 1G) since Aβ deposition triggers tau protein phosphorylation leading to neuropathy (32).

Gene analysis revealed that some neuroprotective genes are highly expressed in OAL-microglia compared to DRCD-associated microglia (Figure 3D). CSF1R regulates survival and proliferation of macrophages and its signal induces transformation into neuroprotective microglia (33–36). IL-10 is an anti-inflammatory cytokine and interestingly synergizes with IL-12B to regulate inflammation in tumor models (37). Activation of EP4 receptor suppresses brain inflammation (38–40), and also synergizes with CSF1 signaling (41). c-Jun forms activator protein 1 (AP-1), a transcription factor, which is activated downstream of CSF1 signal involving in transformation to anti-inflammatory macrophage (34, 42). AP-1 is also involved in the induction of IL-10, IL-12, HSP (43–46). Hsp90aa1, Hspb1, Dnaja4, and Dnajb4 genes encode HSP family, and exogenous HSP promotes Aβ phagocytosis of microglia and induces neuroprotection (47). These results indicate that OAL-microglia are neuroprotective and qualitatively different from DRCD-associated microglia.

Considering our results above, we speculated that there must be a mediator that connects OAL and the transformation to neuroprotective microglia in the DRCD model. We focused on CSF1R as a potential mediator as it was one of the highly expressed genes in OAL-microglia. It has been reported that CSF1R signaling induces transformation to neuroprotective microglia via c-Jun (33–36, 42).

Furthermore, peripheral levels of CSF1, a CSF1R ligand, correlate with CSF1R levels in the CNS (48, 49), and peripheral administration of CSF1 improves neurological disorders (50–52). Therefore, we hypothesized that OAL increases expression of the peripheral CSF1R ligand, which activates the CSF1R signal to induce the transformation to neuroprotective microglia.

It was revealed that gene expression of m-CSF1, not s-CSF1 or IL-34, was promoted by OAL in peripheral leukocytes (Figures 4A, C, D), and that LPS stimulation promoted m-CSF1 gene expression in primary cultured bone marrow cells (Figure 4B). Therefore, it is suggested that m-CSF1, whose expression is promoted on peripheral leukocytes by OAL, is a mediator that induces transformation to neuroprotective OAL-microglia via CSF1R. It is yet unsolved mechanisms by which OAL promotes only m-CSF1, not s-CSF1. Concerning the point above, since Csf1 gene is transcribed into m-CSF1 or s-CSF1 mRNA forms via alternative splicing (23), OAL is thought to influence the regulation of mRNA splicing of Csf1 gene.

Since both m-CSF1 and s-CSF1 bind to CSF1R and induce transformation to homogeneous macrophages (53), the main difference between the two is assumed to be the mechanism of transmission. In other words, s-CSF1 acts systemically in an endocrine manner, whereas m-CSF1 acts locally in a juxtacrine or paracrine manner (23). Since CSF1R is specifically expressed in microglia in the brain, it is considered that m-CSF1, whose expression is promoted on peripheral leukocytes by OAL, may activate CSF1R signaling in microglia via the “just-in-time system” method.

Schwartz et al. reported that the cerebral choroid plexus functions as a location for crosstalk between CNS cells and the peripheral immune system (54). Under physiological conditions, peripheral immune cells regularly patrol to maintain CNS homeostasis in the choroid plexus. In contrast, under pathological conditions, peripheral immune cells sense the abnormality in the choroid plexus and prevent neuropathy through crosstalk with CNS cells by secreting neuroprotective molecules. Therefore, the cerebral choroid plexus is likely to act as a communication site for restrictive signaling between m-CSF1 of peripheral leukocytes and CSF1R on microglia.

In agreement with the theory of Schwartz et al., OAL had little effect on the expression of neuroprotective genes in the microglia of naïve mice (Supplementary Figure 6). Therefore, it is considered that CSF1R on microglia is activated by m-CSF1 of peripheral leukocyte only under pathological conditions such as CNS diabetes, which induces transformation to neuroprotective microglia to prevent DRCD. Assuming such an abnormality detection system, m-CSF1 is more plausible than s-CSF1.

Finally, we investigated whether CSF1R stimulation could reproduce the characteristics of OAL-microglia (Figure 5). It was shown that CSF1R-stimulated microglia promoted phagocytosis (Figure 5B) and gene expression of IL-10 and HSP40 (encoded by Dnaja4 gene) (Figure 5C). Since the expression of the EP4 receptor and other HSPs is promoted downstream of IL-10 (55, 56), it can be said that CSF1R-stimulated microglia almost reproduces the characteristics of OAL-microglia in vivo, such as high phagocytosis and neuroprotective gene expression. Furthermore, since CSF1R-stimulated microglia prevented diabetes-induced neuronal death (Figure 5D), it is indicated that OAL-microglia in vivo can be reproduced with CSF1R-stimulated microglia. Therefore, it is strongly proposed that transformation to neuroprotective microglia via CSF1R activation is involved in the mechanism of DRCD prevention by OAL.

To prove our hypothesis that CSF1R signal mediates the transformation to neuroprotective OAL-microglia in vivo, we needed a system that functionally inhibits only the CSF1R signal without affecting the survival of microglia. However, the problem is that inhibition of CSF1R induces microglia death because the CSF1-CSF1R signal controls not only the function of microglia but also their survival and proliferation (20, 21). In fact, PLX3397 used for microglia depletion in this study is a CSF1R inhibitor. Therefore, the next task is to develop alternative approaches to test our hypothesis. Our discovery that the CSF1R activation by m-CSF1 is a key factor that mediates the transformation to neuroprotective OAL-microglia is a major step towards elucidating the DRCD prevention mechanism through OAL.

In conclusion, the present study demonstrates that OAL prevents DRCD by transforming microglia to a neuroprotective phenotype. In addition, activation of CSF1R on microglia mediated by m-CSF1 expressed on peripheral leukocytes strongly suggests that the CSFR1-mCSF1 interaction facilitates the mechanism of microglia transformation (Figure 6). Other groups also have reported that physiological mucosal exposure to LPS maintains homeostasis via tissue-resident macrophages (57, 58), which supports our findings.




Figure 6 | A model of transformation into neural microglia through OAL. OAL induces m-CSF1 expressing leukocytes, which patrol and maintain CNS homeostasis under physiological conditions. Under diabetes-induced pathological conditions, microglia transform to a neuroprotective phenotype mediated by m-CSF1 in a juxtacrine/paracrine manner, and prevent neuronal damage.



Microglia depletion has been recently proposed as a new solution to neuropathy. Indeed, microglia shift to a pro-inflammatory phenotype in some neurological diseases, and therefore microglia depletion leads to anti-inflammatory and neuroprotective effects (21, 59). However, since microglia play diverse roles in CNS homeostasis, microglia depletion is an impractical strategy leading to collapse of the brain immune system and homeostasis (60, 61). However, it is an innovative method of preventing DRCD by controlling microglial transformation in a simple and safe way through OAL.

Previous study compared the biological activity of LPS from P. agglomerans with that of LPS from Escherichia coli and that of LPS from Enterobacterium (the rice symbiotic bacterium) at the cellular level, showing that there is not much difference in the biological activity of the three (62). However, LPS derived from P. agglomerans has been proven safe in animal studies when administered orally (no-observed adverse-effect level 4500 mg/kg/day) (5–7). Also in humans, it is confirmed that 10 μg/kg/day OAL does not induce systemic inflammation by measuring biomarkers such as white blood cell count, red blood cell count, aspartate aminotransferase, alanine aminotransferase, creatinine, C-reactive protein, and immunoglobulin A in human peripheral blood samples (63). Moreover, OAL at the dose improves hyperglycemia, hyperlipidemia (64), reduced bone density (65), and blood flow (63). In addition, because LPS from P. agglomerans is abundant in the organic foods we consume on a daily basis (6, 66–68), humans have a dietary experience of LPS from P. agglomerans. Therefore, although more careful safety studies will be required in the future, LPS from P. agglomerans is thought to be the suitable LPS considering the application of OAL to human therapy.

Based on the hygiene hypothesis (69), human beings used to intake LPS naturally from the organic environment. Accordingly, microglia used to be activated physiologically (6, 66, 67). However, the present age is described as the LPS-lost era, in which human beings live in an unnaturally clean and inorganic environment. In a sense, OAL is like a time machine that returns microglia back to the good old LPS-abundant era, as if DeLorean of “Back to the Future”.
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Evidence concerning the role of alcohol-induced neuroinflammation in alcohol intake and relapse has increased in the last few years. It is also proven that mu-opioid receptors (MORs) mediate the reinforcing properties of alcohol and, interestingly, previous research suggests that neuroinflammation and MORs could be related. Our objective is to study neuroinflammatory states and microglial activation, together with adaptations on MOR expression in the mesocorticolimbic system (MCLS) during the abstinence and relapse phases. To do so, we have used a sex-dependent rat model of complete Freund’s adjuvant (CFA)-induced alcohol deprivation effect (ADE). Firstly, our results confirm that only CFA-treated female rats, the only experimental group that showed relapse-like behavior, exhibited specific alterations in the expression of phosphorylated NFκB, iNOS, and COX2 in the PFC and VTA. More interestingly, the analysis of the IBA1 expression revealed a decrease of the microglial activation in PFC during abstinence and an increase of its expression in the relapse phase, together with an augmentation of this activation in the NAc in both phases that only occur in female CFA-treated rats. Additionally, the expression of IL1β also evidenced these dynamic changes through these two phases following similar expression patterns in both areas. Furthermore, the expression of the cytokine IL10 showed a different profile than that of IL1β, indicating anti-inflammatory processes occurring only during abstinence in the PFC of CFA-female rats but neither during the reintroduction phase in PFC nor in the NAc. These data indicate a downregulation of microglial activation and pro-inflammatory processes during abstinence in the PFC, whereas an upregulation can be observed in the NAc during abstinence that is maintained during the reintroduction phase only in CFA-female rats. Secondly, our data reveal a correlation between the alterations observed in IL1β, IBA1 levels, and MOR levels in the PFC and NAc of CFA-treated female rats. Although premature, our data suggest that neuroinflammatory processes, together with neural adaptations involving MOR, might play an important role in alcohol relapse in female rats, so further investigations are warranted.
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1 Introduction

Chronic alcohol intake is the third cause of death in developed countries (1, 2), and it is related to many medical conditions, since it is one of the most harmful drugs (3). Alcohol use disorder (AUD) is a recurrent pathological condition that is characterized by repeated relapse episodes after periods of prolonged abstinence (4). Nowadays, pharmacotherapeutic strategies to prevent alcohol relapse have not always shown a great rate of success, probably because there are different aspects (i.e., stress, co-occurrence of other pathologies) that can be developed during abstinence and might impact the efficacy of the anti-relapse pharmacological treatments (5–7). This point is crucial because a better knowledge of neurochemical adaptations occurring during the abstinence and the relapse phases in the presence of different factors (i.e., gender, genetic, contextual, environmental) might help us to develop better therapeutical strategies tailored to the characteristics of the patients.

Mu-opioid receptor (MOR) antagonists (naltrexone and nalmefene) are one of the selected anti-relapse treatments. These medications help reduce the risk of relapse and promote less hazardous drinking (8). Their use is based on the involvement of these receptors in the rewarding and reinforcing properties of alcohol. MORs located in different areas of the mesocorticolimbic system (MCLS) such as the ventral tegmental area (VTA), the nucleus accumbens (NAc), and the prefrontal cortex (PFC) are activated by alcohol-induced endorphin release (9) or alcohol metabolism derivatives (10) to indirectly increase dopaminergic neurons activity and, finally, drive some of the behavioral consequences of alcohol administration. Very interestingly, a variety of literature has revealed a relationship between MOR activation and neuroinflammatory events. On the one hand, MORs on microglia seem to enhance the release of neuroinflammatory mediators, cytokines, and chemokines after their activation (11, 12). On the other hand, pro-inflammatory cytokines such as IL1β, IL6, and TNFα can regulate MOR expression on some immune cells and neurons (13–16). Although this relationship is still not fully understood, cross talk between Toll-like receptor 4 (TLR4) and MORs at the intracellular level seems to participate, as has been recently explained in a revision (17, 18).

Alcohol has also shown to trigger neuroinflammatory events through the TLR4 pathway. In fact, Guerri’s laboratory has shown in the last decade that alcohol intermittent administration induces proinflammatory cytokine release through the activation of TLR4, promoting neuronal adaptations (19–23). The reported results by this and other groups have shown that neuroinflammatory events appeared during alcohol administration and early abstinence but might also play an important role in alcohol relapse. In this sense, Ezquer and colleagues have shown very recently that the prevention of alcohol-induced oxidative stress and neuroinflammation in key brain areas of the MCLS through the intranasal administration of exosomes from human mesenquimal cells decreased alcohol intake and blunted alcohol relapse-like binge drinking in female rats bred as alcohol consumers (24).

We hypothesize that, during the abstinence and relapse phases, specific adaptations of the neuroinflammatory state and changes in MOR expression can be developed in selected brain areas of the MCLS of the rats showing relapse-like behavior. To further investigate this hypothesis, we selected a sex-dependent inflammatory pain-induced alcohol deprivation effect (ADE) rat model developed recently by our laboratory based on the complete Freund’s adjuvant (CFA) (25). In this model, inflammatory pain could act as a risk factor toward alcohol relapse only in female rats, which were the only group that manifested the ADE (25). It is interesting to note that other animal models to investigate the relapse phenomenon induce alcohol-relapse-like behavior per se (i.e., four-bottle choice ADE paradigm), making the investigation of the biochemical adaptation occurring during abstinence in relapsing and non-relapsing individuals difficult. The use of the model proposed here allows us to do this since males and control females do not develop ADE, and the only group showing a significant increase of alcohol intake is the female rats suffering from inflammatory pain. Our objective here, by using this model, is to explore neuroinflammation (measuring phosphorylated NFkB, iNOS, COX2 expression), the activation of microglia (through the expression of IBA1), and cytokine (IL1β and IL10) expression in the abstinence and the reintroduction relapse phases in males and females with or without inflammatory pain in parallel to the expression of the MORs in selected areas of the MCLS.



2 Methods


2.1 Animals

One hundred fourteen Sprague Dawley adult rats, females and males, were used (Envigo®, Barcelona, Spain). All the animals were kept in inverted light/dark (12/12 h, light on at 22:00) controlled cycles, temperature 23 ± 1°C, and 60% humidity. Each animal was individually housed in a standard plastic cage (42 × 27 × 18 cm3) with food and tap water provided ad libitum throughout the experimental period. Rats were housed in the animal facilities of the University of Valencia. Animal protocols followed in this work were approved by the Animal Care Committee of University of Valencia and were strictly adhered to in compliance with the EEC Council Directive 63/2010 and Spanish laws (RD 53/2013).



2.2 Ethanol Intermittent Access Model and Pain Induction

In this procedure, 40 males and 52 females (total n = 92 rats) followed the classical ethanol intermittent access (IA) model (26) shown in Figure 1A in combination with a CFA-based inflammatory pain model (27–29), as we have previously described (25). Rats had free access to 20% ethanol solution and water on Monday, Wednesday, and Friday during 24 h for 8 weeks. After this acquisition period, alcohol was removed for 3 weeks to force a period of abstinence. On the first day of the third week of abstinence, animals received 0.1 ml of CFA (Calbiochem), or sterile saline, in the plantar surface of the hindpaw. The intraplantar injection was made alternately in the right or left hindpaw of the animals in a counterbalance fashion. At the end of 3 weeks of forced abstinence, alcohol was reintroduced following the same IA procedure for five more sessions. Twenty-four hours after the last alcohol session, animals were sacrificed by either isoflurane when the brain was freshly removed or pentobarbital overdose when animals were perfused with paraformaldehyde. Rats belonging to the abstinence groups were sacrificed in the same way after completing 3 weeks of abstinence, on the day when alcohol was supposed to be reintroduced. It is important to notice that brain tissue obtained from all males and 31 females following this protocol were obtained from rats used in a previous study (25). This decision was taken to reduce the number of animals used in this study in compliance with the 3Rs and animal care regulations. Nonetheless, to prove the reproducibility in the animal model first described by Lorente and collaborators (25), a new batch of 21 females was run. Therefore, we only include the alcohol consumption data from these females on this paper (see Inflammatory Pain Induces Alcohol Relapse in Females and Figure 1). The alcohol consumption data from the males and from the rest of the females can be found in Lorente et al. (2021) (25).




Figure 1 | Inflammatory pain induces alcohol relapse in female rats. (A) Schematic of the alcohol and inflammatory pain experimental design. (B) Alcohol intake during the acquisition period. Data are expressed as mean ± SEM of each consumption day (n = 10–11/group) (ANOVA for repeated measures, p > 0.05). (C) Mean ± SEM (left saline-female and right CFA-female) of total alcohol intake (g/kg/day) of the 5-day pre- (basal, lighter bar) and post-abstinence (darker bars) shown in gray/black for the saline-treated group (n = 10/group) and in pink/red for the CFA-treated group (n = 11/group) (ANOVA for repeated measures followed by Bonferroni multiple comparisons, *p < 0.05). (D) Mean ± SEM of total alcohol intake (g/kg/day) of the last 5 consumption days pre-abstinence and the 5 consumption days post-abstinence (n = 10–11/group); saline-females in black and CFA-females in red (ANOVA for repeated measures, p > 0.05).



In addition to the rats that followed IA, a control group for the semiquantitative techniques (Western blot and immunofluorescence) composed of 10 females and 12 males (n = 22), only having access to water, was run at the same time. Half of the animals from this group were sacrificed by isoflurane when the brain was freshly removed whereas the other half were sacrificed by pentobarbital overdose when animals were perfused with paraformaldehyde.

Therefore, 10 experimental groups were organized by sex:

	Male (n = 52): control group (rats that had access only to water) and four groups that followed the IA protocol, SAL-A (rats without pain, sacrificed during abstinence), SAL-R (rats without pain sacrificed after reintroduction), CFA-A (rats in pain sacrificed during abstinence), and CFA-R (rats in pain sacrificed after reintroduction);

	Female (n = 62): control group and four groups that followed the IA protocol, SAL-A, SAL-R, CFA-A, and CFA-R.





2.3 Western Blot

This technique was used to measure the expression levels of phosphorylated-NFκB, iNOS, COX2, IL1β, IL10, and MOR, in different brain areas from control and IA animals sacrificed by isoflurane overdose. Freshly removed brains from 30 females (n = 6/condition) and 30 males (n = 6/condition) were immediately frozen in dry ice and stored at -80°C until the Western blot experiment was performed. Then, PFC, NAc, and VTA were dissected in both hemispheres, and the tissues were homogenized in cold lysis buffer (1% IGEPAL CA-630, 20 mM Tris–HCl pH 8, 130 mM NaCl, 10 mM NaF, and 1% protease inhibitor cocktail, Sigma, St. Louis), using 0.5 ml of lysis buffer each 250 mg of tissue. The homogenate extracts were kept in ice for 30 min. Afterward, samples were immediately centrifuged at 15,000 g for 15 min at 4°C; the supernatant was collected to determine the protein concentration by using a Bradford protein assay kit (Bio-Rad). This procedure was adapted from one previously used (30, 31).

Western blot was used to determine the expression levels of the abovementioned proteins in the homogenate extracts. To do so, we followed a previously used protocol described by Lorente and collaborators (25). The following primary antibodies were used: rabbit IgG anti-MOR (1:1000, Abcam ab134054) (32), rabbit IgG anti-phosphorylated-NFκB p65 (1:1000, Abcam ab86299) (33), rabbit IgG anti-iNOS (1:500, Abcam ab204017) (34), rabbit IgG anti-COX2 (1:1000, Abcam ab52237) (35), rabbit IgG anti-IL1β (1:2500, Invitrogen PA5-79485), and rabbit anti-IL10 (1:2500, Abcam ab9969) (36). Goat IgG anti-rabbit (1:1000, Bio-Rad 1706515) was used as a secondary antibody. Mouse IgG anti-GAPDH conjugated with HRP (1:1000, Invitrogen MA5-15738-HRP) (37) was used to detect GAPDH as a protein loading control. When the membranes were incubated with more than one primary antibody, before probing with the second or third antibody, they were treated with Restore™ Western Blot Stripping Buffer (Thermo Fisher) for 15 min. Finally, the intensity of the bands was expressed as arbitrary units and normalized to GAPDH band intensity. Relative protein levels to control were determined by setting the control group to 100% and calculating the respective percentages for each band. All samples (20 µg) were run in duplicate, obtaining an average of the % from control for each sample. A representative image obtained from each group included in the Western blot analysis is shown on Supplementary Figure 1.



2.4 Immunofluorescence

Microglial activation was assessed by measuring ionized calcium-binding adapter molecule 1 (IBA1) expression with an immunofluorescence assay (38). To do so, control and IA animals were used. Thirty-two females (control: n = 4; SAL-A, SAL-R, CFA-A, CFA_R: n = 7/condition) and 22 males (control: n = 6; SAL-A, SAL-R, CFA-A, CFA-R: n = 4/condition) were anesthetized by injecting pentobarbital and followed a procedure of cardiac perfusion with 200 ml paraformaldehyde 0.4% in phosphate buffer (PB) 0.1 M. Brains were extracted and kept in the same perfusion solution for 20 h at 4™C. After that, they were transferred to sucrose 30% in PB 0.1 M for 3 days. Following this, 40-µm brain slices were obtained in four series on a freezing microtome and were stored at -80°C in sucrose 30% in PB 0.1 M until their use. Immunofluorescence was performed as previously described (25). The rabbit IgG anti-IBA1 (1:2000, Wako 019-19741) primary antibody (39) and the donkey IgG anti-rabbit Alexa Fluor® 488 (1:1000, Invitrogen A32790) secondary antibody were used.

Images from PFC, NAc, and VTA were obtained with a ×20 objective (Leica Biosystems, Germany; images size 441 × 330 µm). We obtained six to eight images (from both hemispheres) per area, and mean gray intensity (MGI) was analyzed by means of FIJI software. Results were expressed in percentage of the control group. A representative microphotography of the DAPI and IBA1 staining is shown in Supplementary Figures 1 and 2.



2.5 Statistical Analysis

Results are shown as mean ± standard error of the mean (SEM). To perform the statistical analysis, the 26.0 version of the SPSS program was used. The Kolmogorov–Smirnov test and Levene’s test were performed to assess the normality and the homogeneity of the variance of the data. When an experimental variable (i.e., alcohol consumption) was continuously measured (i.e., along the experimental procedure), an ANOVA for repeated measures was applied followed by Bonferroni multiple comparisons when appropriate. For Western blot and immunofluorescence, the control group (non-treated rats not exposed to alcohol) was used to allow us to compare the rest of the groups by normalizing them to control in a percentage. For these experiments, the two-way ANOVA test was performed followed by Bonferroni multiple comparisons when significant differences in the main effects (pain; abstinence) or in the interaction were detected. In all the statistical tests, a 95% confidence level was set.




3 Results


3.1 Inflammatory Pain Induces Alcohol Relapse in Female Rats

Figure 1B shows the total alcohol intake rate (g/kg/session) of the new batch of 21 females run in this study along the days of the acquisition period. Very importantly, no significant differences were found in alcohol consumption before the forced abstinence period between females that were afterward injected with CFA and the ones injected with saline (Figure 1B; ANOVA repeated measures, F(1,19) = 1.048 p = 0.319). Figure 1C shows the averages of the alcohol intake levels during the last 5 days of acquisition and the 5 days of reintroduction. Interestingly, the repeated-measure ANOVA showed significant differences (F(1,19) = 4.615 p = 0.045). In fact, the post-hoc test revealed that CFA-female rats significantly increased their consumption levels regarding the basal levels whereas animals injected with saline did not change their consumption levels (Figure 1D shows single-day data from the last 5 days of acquisition and the 5 days of reintroduction. Repeated-measure ANOVA showed that there are no differences in the ethanol intake between saline and CFA female rats through time (F(1,19) = 0.858 p = 0.366) but, as can be observed in the figure, CFA female rats presented higher levels of ethanol consumption than saline ones after reintroduction every testing day.



3.2 Biochemical Analysis of Neuroinflammatory Mediators, IBA-1, IL1β, IL10, and MOR Expression in PFC, NAc, and VTA of Saline and CFA-Treated Male and Female Rats in Abstinence and Reintroduction Phases

Statistical analysis and values of the F and p for the main effects pain and abstinence/re-introduction and the interaction are summarized in the table of the Supplementary Material.


3.2.1 Alcohol-Induced Neuroinflammation in PFC, NAc, and VTA of CFA-Treated Females Present Specific Alterations During Abstinence and Reintroduction Phases

As has previously been shown in the literature, during chronic alcohol administration and early abstinence (24 h), neuroinflammatory pathway is activated. Thereby, the levels of transcriptional factors (as pNFκB) and neuroinflammatory mediators (such as iNOS and COX2) are increased (20, 40). To investigate the neuroinflammatory pathway activation in NAc, PFC, and VTA of saline and CFA rats during abstinence and relapse, we measured by Western blot the levels of phosphorylated NFκB, iNOS, and COX2.

The two-way ANOVA performed found statistically significant differences in main variables and/or its interaction in PFC from saline- and CFA-treated females and males. On the one hand, regarding female rats, pNFκB levels were significantly increased after alcohol reintroduction regardless of the presence of inflammatory pain (Figure 2A: SAL_A vs. SAL_R, p= 0.03; CFA_A vs. CFA_R, p = 0.0001). When analyzing iNOS, we observe the opposite phenomenon since its levels were significantly decreased after alcohol reintroduction, regardless of the presence of inflammatory pain (Figure 2D: SAL_A vs. SAL_R, p = 0.014; CFA_A vs. CFA_R, p = 0.036). Very interestingly, COX2 was the only neuroinflammatory mediator that significantly increased after reintroduction only in CFA-females, indicating a specific change derived from the development of pain during abstinence (Figure 2G, CFA_A vs. CFA_R, p = 0.0001). On the other hand, regarding male rats, no significant differences were observed when analyzing the levels of pNFκB (Figure 2J). However, iNOS and COX2 show statistically significant alterations between groups. Interestingly, both proteins are altered only in CFA-males during abstinence since they have significantly higher levels of those proteins during abstinence than after reintroduction, which could be a direct consequence of the presence of inflammatory pain (Figures 2M, P).




Figure 2 | Alterations of inflammatory mediators during the abstinence and the alcohol reintroduction periods in the presence or absence of inflammatory pain in female and male rats. Data are expressed as mean ± SEM of protein levels in % relative to control (n = 4–6/group). Black and red bars represent saline and CFA-females, respectively, during abstinence (empty bars) and after abstinence (filled bars) periods. Points represent the individual data from each animal from the group. On top, schematic representations of the punched brain areas harvested to perform the Western blots. Graphs (A–I) gather the protein analysis of female rats and graphs (J–R) those from male rats; PFC, NAc, and VTA protein analyses are represented in the following order, PFC: (A, D, G, J, M, P); NAc: (B, E, H, K, N, Q); VTA: (C, F, I, L, O, R). The proteins analyzed are pNFκB (A–C, J–L), iNOS (D–F, M–O), and COX2 (G–I, P–R). Asterisks mark statistically significant differences in the Bonferroni multiple-comparison test applied when the two-way ANOVA detected significant differences in the main effects or in the interaction (*p < 0.05, **p < 0.01, ***p < 0.005). CFA, complete Freund adjuvant; SAL, saline; A, abstinence period; R, reintroduction period; PRC, prefrontal cortex; NAc, nucleus accumbens; VTA, ventral tegmental area; pNFκB, phosphorylated nuclear factor κB; iNOS, inducible nitric oxide synthase and COX2, cyclooxygenase 2.



We also observed significant alterations in VTA from females in our animal model when analyzing pNFκB and iNOS, but we did not observe any significant changes for COX2 (Figure 2I). Interestingly, inflammatory pain alters pNFκB levels in a different pattern during abstinence and after alcohol reintroduction in comparison with saline-females. Indeed, CFA-females have higher pNFκB levels than SAL-females during abstinence (p = 0.0001). Nonetheless, SAL-females increase their pNFκB levels after alcohol reintroduction (p = 0.0001), whereas CFA-females decrease them (p = 0.007) (Figure 2C). The two-way ANOVA also found differences for the main effect pain when analyzing iNOS expression in the VTA of female rats (Figure 2F). In this case, iNOS expression increased only in CFA-females after alcohol reintroduction which was only significant when compared with SAL-females (p = 0.016).

Finally, the two-way ANOVA tests performed failed to find any significant differences between groups in NAc for both females and males when analyzing pNFκB, iNOS, and COX2 (Figure 2B: pNFκB; Figures 2E, N: iNOS, Figures 2H, Q: COX2). Additionally, we found no significant differences when comparing groups in VTA from males (Figures 2L, O, R).



3.2.2 IBA1 Expression Is Decreased During Abstinence and Increased After Reintroduction of the Alcohol Beverages in the PFC Whereas Opposed Alterations Are Observed in the NAc of Only CFA-Treated Female Rats

Neuroinflammatory processes within the brain are partially regulated by glial cells. Microglia are the immune cells per excellence in the brain. Therefore, we assessed microglial activation with IBA1 immunofluorescence in brain areas of the mesocorticolimbic system, as shown in Figure 3.




Figure 3 | Alterations of microglial activation measured as IBA1 staining during the abstinence and the alcohol reintroduction periods in the presence or absence of inflammatory pain in female and male rats. Data are expressed as mean ± SEM of IBA1 levels in % relative to control (n = 4–7/group). Black and red bars represent saline and CFA-females, respectively, during the abstinence (empty bars) and after abstinence (filled bars) periods. Points represent the individual data from each animal from the group. On the bottom, brain schematics representing the areas where the pictures were taken (Paxinos and Watson 2006). Graphs (A, C, E) gather the protein analysis of female rats, and graphs (B, D, F) those from male rats; PFC, NAc, and VTA protein analyses are represented in the following order, PFC: (A, B); NAc: (C, D); VTA: (E, F) Asterisks mark statistically significant differences in the Bonferroni multiple-comparison test applied when the two-way ANOVA detected significant differences in the main effects or in the interaction (*p < 0.05, **p < 0.01, ***p < 0.005). CFA, complete Freund adjuvant; SAL, saline; A, abstinence period; R, reintroduction period; PFC, prefrontal cortex; NAc, nucleus accumbens; VTA, ventral tegmental area; IBA1, ionized calcium-binding adapter molecule 1.



The two-way ANOVA tests performed showed significant differences when comparing groups in female rats for PFC and NAc, but not for VTA IBA1 staining (Figure 3E). Regarding PFC, CFA-females show significantly lower levels during abstinence than after reintroduction (p = 0.004) and when compared to SAL-females (p = 0.009) during the same period (Figure 3A). Interestingly, alterations produced by pain in the NAc were not dependent on the abstinence or relapse-like phase, indicating a specific change for CFA-treated female rats (Figure 3B). In fact, inflammatory pain induces microglial activation in both periods since its expression is significantly higher, about 20% higher, for CFA-females than for SAL-females in both abstinence (p = 0.001 and reintroduction (p = 0. 007).

Very interestingly, no significant changes were observed when comparing groups in male rats for neither PFC (Figure 3B), NAc (Figure 3D), nor VTA (Figure 3F).



3.2.3 Downregulation and Upregulation of IL1β and IL10 in the NAc but Not in the PFC of CFA-Treated Female Rats Follow a Different Pattern Than That Observed in Saline-Treated Female Rats

Pro-inflammatory and anti-inflammatory cytokines mainly regulate the activity of several cells, above all immune cells, promoting cell communication. Since we observed alterations in microglial activation in PFC and NAc from female rats, we analyzed the levels of the pro-inflammatory cytokine IL1β and the anti-inflammatory one IL10 in those areas from females.

On the one hand, regarding PFC, the levels of IL1β were significantly lower during abstinence than after reintroduction regardless of the presence of inflammatory pain (Figure 4A. Bonferroni multiple comparison: SAL_A vs. SAL_R, p = 0.001; CFA_A vs. CFA_R, p = 0.0001). Interestingly, we observed the opposite changes in IL10, indicating a different regulation of pro- and anti-inflammatory events. The levels of IL10 suffered a decrease after reintroduction of the alcohol beverages regardless of the presence of inflammatory pain (Figure 4B. Bonferroni multiple comparisons: SAL_A vs. SAL_R, p = 0.037; CFA_A vs. CFA_R, p = 0.025). On the other hand, in NAc of CFA-treated female rats, the levels of IL1β significantly increased after reintroduction (p = 0.006) and also when compared to SAL-animals (p = 0.045). Furthermore, when analyzing the levels of the anti-inflammatory cytokine IL10, the development of inflammatory pain significantly decreased the levels of IL10 during abstinence (0.011) and after reintroduction (p = 0.002) when compared to SAL-females (Figure 4D).




Figure 4 | Alterations of inflammatory mediators during the abstinence and the alcohol reintroduction periods in the presence or absence of inflammatory pain in female and male rats. Data are expressed as mean ± SEM of protein levels in % relative to control (n = 4–6/group). Black and red bars represent saline and CFA-females, respectively, during abstinence (empty bars) and after abstinence (filled bars) periods. Points represent the individual data from each animal from the group. On top, schematic representations of the punched brain areas harvested to perform the western blots. Graphs (A–G) gather the protein analysis of female rats and graphs (H–J) those from male rats; PFC, NAc, and VTA protein analyses are represented in the following order, PFC: (A, B, E, H); NAc: (C, D, F, I); VTA: (G, J). The proteins analyzed are IL1β (A, C), IL10 (B, D), and MOR (E–J). Asterisks mark statistically significant differences in the Bonferroni multiple-comparison test applied when the two-way ANOVA detected significant differences in the main effects or in the interaction (*p < 0.05, **p < 0.01, ***p < 0.005). CFA, complete Freund adjuvant; SAL, saline; A, abstinence period; R, reintroduction period; PFC, prefrontal cortex; NAc, nucleus accumbens; VTA, ventral tegmental area; IL1b, interleukin 1b; IL10, interleukin 10; MOR, mu-opioid receptor.





3.2.4 Alcohol and Inflammatory Pain Impacts MOR Expression Patterns in PFC and NAc During Abstinence and Reintroduction Phases in Female Rats: Specific Effect of the Presence of Pain in the NAc

MOR activation during reintroduction phases in areas of the MSCL has shown to play a crucial role in alcohol-relapse-like behavior (41). To investigate dynamic changes of MOR expression in the MSCL areas of interest in the abstinence and reintroduction phases of male and female rats in our model, we measured its relative expression levels by Western blot. Figure 4 shows MOR expression in saline and CFA-treated female rats during abstinence and after alcohol reintroduction, and in control females in the same conditions. The two-way ANOVA tests performed confirmed that MOR levels were altered depending on the alcohol drinking period, the brain area studied, and the sex.

No changes were observed in the MOR expression of male rats in PFC (Figure 4H), NAc (Figure 4I), and VTA (Figure 4J). Moreover, the expression of MOR in VTA from female rats did not show any significant alterations between groups (Figure 4G).

Interestingly, MOR levels were significantly lower during abstinence than after reintroduction regardless of the presence of inflammatory pain in PFC from female rats (Figure 4E, Bonferroni multiple comparisons: SAL_A vs. SAL_R, p = 0.0001; CFA_A vs. CFA_R, p = 0.001). Finally, very interesting data show alterations in the pattern of MOR expression depending on the presence of pain in the NAc (Figure 4F). In the case of saline-treated female rats, MOR expression was reduced after the reintroduction of the alcohol beverages when compared to the abstinence period (p = 0.018). In addition, inflammatory pain significantly increases the levels of MORs by 50% in female rats after reintroduction when compared to saline-treated female rats (p = 0.006).





4 Discussion

Our present results show dynamic alterations of microglial activation and neuroinflammatory mediator, cytokine, and MOR expression through the abstinence and reintroduction phases of a sex-dependent inflammatory pain-induced alcohol relapse rat model. Some of these alterations demonstrate to be dependent on the sex, abstinence, or reintroduction to alcohol drinking, the MCLS areas studied or their interaction providing new insights into neuroinflammatory properties of alcohol and its interaction with pain-induced alterations in these areas. Firstly, our drinking behavior results in female rats confirm that CFA-treated female rats show ADE, but the saline-treated ones do not as we have previously described in (25). Moreover, this group exhibited alterations in pNFκB and COX2, microglial activation (measured as IBA1 expression), and expression of IL1β and IL10 together with MOR in the PFC, NAc, and/or VTA, with those unique changes in NAc being of a special relevance. Indeed, these results showed a decrease of microglial activation in the PFC only during abstinence, and an augmentation of the microglial activation in the NAc of CFA-female rats in both abstinence and reintroduction phases. Additionally, the expression of pNFκB and IL1β also evidenced these dynamic changes through these two phases following similar expression patterns in both areas. As mentioned, these changes in NAc were observed in the presence of inflammatory pain only in female rats, which was the condition that triggered alcohol-relapse-like behavior in our animal model. Additionally, the expression of cytokine IL10 showed a different profile than the IL1β one, indicating anti-inflammatory processes occurring only during abstinence in the PFC of CFA-female rats, but not during the reintroduction phase in PFC or in the NAc. All in all, these data might indicate a downregulation of microglial activation and pro-inflammatory processes during abstinence in the PFC regardless of the presence of pain, whereas an upregulation can be observed in the NAc during abstinence that is maintained during the reintroduction phase only in CFA-treated females. Furthermore, we also investigated the expression of MORs in the same areas of the MCLS in the abstinence and reintroduction phases of our animal model. Notably, the same dynamics were also observed in the case of the MOR expression, suggesting that the already described interaction between MORs and neuroinflammation might also be underlying the adaptations developed during the abstinence and reintroduction phases.

To our knowledge, this is the first study analyzing neuroinflammatory mediators, microglial activation, and cytokines in the abstinence and alcohol relapse phases of a model that allows to compare sex-dependent behavior. Several reports have shown that chronic alcohol induces neuroinflammation, probably through TLR4, to produce release of diverse pro-inflammatory cytokines (21) and cause neural damage (22). These effects of alcohol exposure seem to be more intense in females than in males (42, 43), and, as shown in Figure 2, although the development of pain itself during abstinence altered some of these neuroinflammatory mediators in both male and female rats, our data failed to show increases in neuroinflammatory mediators in male rats. One plausible explanation might be related with the experimental protocol which allows free drinking, instead of forced alcohol intake shown in other studies (20, 44, 45), or the fact that sacrifices were carried out 24 h after the last alcohol consumption, allowing increased neuroinflammatory markers to return to normal levels. Very interestingly, the effect of inflammatory pain in neuroinflammation and microglial activation (see Figures 2C, M, P, 3C) has recently captured the attention of researchers. Recent publications have shown that systemic inflammation leads also to the elevated presence of inflammatory mediators in the brain, which correlates with depressive-like behaviors in patients but also with negative affective state and alterations in neuronal excitability of neurons of NAc in mice (46–48). In line with these data, adaptations derived from the presence of pain might also account for the neuroinflammatory effects produced by alcohol, as is shown in our case for some studied proteins in CFA-treated female rats during abstinence and/or reintroduction phases.

Increasing evidence involves the innate immune system in alcohol drinking (49) and alcohol relapse behavior in female rats. Thus, in a very interesting set of studies, Ezquer and colleagues showed that administration of the secretome or exosomes from human mesenchymal cells prevented the increase in alcohol drinking after a period of abstinence in their female rat model (24, 50). In accordance with these results, our present data showed an increase of IBA1 staining in NAc of CFA-treated female rats during abstinence. Interestingly, in this same experimental group, IL10 expression in the NAc was downregulated, suggesting a pro-inflammatory state that might play a role in promoting ADE since we did not observe these changes in any of the non-relapsing groups. In addition to that, when alcohol was reintroduced, and presumably due to the presence of alcohol, the proinflammatory state was maintained as data of IBA1, pNFκB, and IL1β expression evidenced. Contrary to that, in PFC, CFA-treated female rats showed an anti-inflammatory state during abstinence that was reverted to pro-inflammatory state after alcohol reintroduction most likely as a consequence of alcohol intake and regardless of the presence of pain. In this case, IBA1 staining and the expression of pNFκB and IL1β were significantly lower, together with significantly higher levels of IL10 during abstinence. In line with these results, it has recently been shown that chronic intermittent access to ethanol and lipopolysaccharide exposure differentially alters PFC and NAc microglia soma volume 10 h after the end of the alcohol IA protocol, with microglia from PFC being more affected than that from NAc (51). These brain-region-dependent alterations might be a consequence of the presence of different subtypes of microglia populating in each area (52). It is also very interesting to observe that these alterations in the expression of IBA1 and IL1β in NAc of saline-treated females are different from those observed in CFA-treated females. Altogether, these significantly different alterations for CFA-treated female rats might be taken into consideration since they could potentially explain the inflammatory pain-induced alcohol relapse phenomenon that we observe in our model with only female rats.

Finally, abstinence and alcohol reintroduction did not increase microglial activation in VTA which is in accordance with previous results showing no effect of alcohol on microglial activation in VTA from postmortem human brains (53). From all the proteins studied, only pNFκB and iNOS after reintroduction of alcohol showed significant alterations in the VTA, but because of the involvement of this transcription factor in different physiological events, it is difficult to interpret its significance in the observed behavior. Moreover, we have not measured the levels of the non-phosphorylated form of NFκB, which is also a limitation of the study that makes even more difficult to interpret these results. Further studies should address the consequences of this increase in the pNFκB observed after alcohol reintroduction and its differences in saline versus CFA-treated females.

Interestingly, our results connect microglial activation and the expression of IL1β with MOR levels in relevant brain areas of MCLS. This correlation has already been described in a neonatal alcohol intake model in rats (12). In this report, the authors suggested that microglial MOR activation enhances the neuroinflammatory response, as other papers have also previously reported (11, 12, 54). In addition, the presence of neuroinflammation, and, more specifically, the increase of IL-1β, might influence MOR expression (13–16). In general, our results support these previous reports showing a bidirectional relationship between MORs and IL-1β. Nonetheless, it is interesting to mention that in the NAc, MOR expression remain unaltered during abstinence and after reintroduction to alcohol in CFA-female rats, whereas IL1β significantly increases only after the reintroduction of alcohol. Anyway, IL1β and MOR expressions are both significantly increased in CFA-treated females in the reintroduction phase (Figures 4C, F). This lack of correlation with IL1β in the abstinence period might be a consequence of different timelines in the expression patterns. In addition to this, MOR activation can also reduce the levels of anti-inflammatory cytokines such as IL10 (55, 56), and, as our results evidence, in NAc and PFC of females, MORs and IL10 expression levels are opposed along the different phases. The presence of neuroinflammation, and alterations of MCLS MOR expression, are suggested to underlie alcohol neurobiological effects and relapse-like behavior (23, 24, 57–60). All in all, these results point to neuroinflammation-MOR cross talk as a relevant piece in the abstinence and relapse neurobiological substrate puzzle.

Collectively, our results suggest that microglial activation and the resulting neuroinflammation, together with MOR level alterations in PFC and NAc, are likely to participate in an inflammatory pain-induced relapse-like behavior in female rats. Nonetheless, further research to clarify the role of the glial-neuron cross talk in alcohol relapse is warranted.
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Supplementary Table 1 | Statistical analysis for Figures 2–4 (Two-Way ANOVA, SPSS 26) Partial Eta2: proportion of explained variance, prefrontal cortex (PFC), nucleus accumbens (NAc), ventral tegmental area (VTA), phosphorylated Nuclear Factor κB (pNF-κB), inducible Nitric Oxide Synthase (iNOS), Cyclooxygenase 2 (COX2), Interleukin 1β (IL1β), Interleukin 10 (IL10), Mu Opioid Receptor (MOR) and ionized calcium-binding adapter molecule 1 (IBA1).
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The complex interactions established between the nervous and immune systems have been investigated for a long time. With the advent of small and portable devices to record and stimulate nerve activity, researchers from many fields began to be interested in how nervous activity can elicit immune responses and whether this activity can be manipulated to trigger specific immune responses. Pioneering works demonstrated the existence of a cholinergic inflammatory reflex, capable of controlling the systemic inflammatory response through a vagus nerve-mediated modulation of the spleen. This work inspired many different areas of technological and conceptual advancement, which are here reviewed to provide a concise reference for the main works expanding the knowledge on vagus nerve immune-modulatory capabilities. In these works the enabling technologies of peripheral nervous activity recordings were implemented and embody the current efforts aimed at controlling neural activity with modulating functions in immune response, both in experimental and clinical contexts.
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Introduction

How the central nervous system is able to communicate with all the other organs and systems across the living body has always represented an intriguing issue. On the technical side, the challenge has been similar, considering the complexity of the brain to body interactions under examination. While it was quite easy to measure the global neural activity in terms of brain cortical activity through electroencephalogram, or nervous activity directed to the skeletal muscle to control movement, measuring the nerve activity controlling visceral organs through autonomic nervous system (ANS) innervation was challenging. Hence, researchers often exploited the analysis of surrogate markers of nervous system activity, such as neurotransmitter spillover and tissue concentration, or the modulation of vital parameters which were tightly related to the ANS balance (heart rate, respiration rate, and intestinal motility). On this note, although the complexity and invasiveness of surgical approaches necessary to expose the multitude of peripheral nerves of interest make this approach possible in animal models, the translation to humans remains a challenging issue. The great technological improvements in material science and manufacturing, coupled with miniaturization of electronic circuits and devices, gave researchers new tools to characterize, in a direct way, the activity of the nervous system in modulating the connections with peripheral tissues and organs (1, 2).

The investigation of ANS regulation of several physiological systems, such as the cardiovascular and renal districts, prompted the improvement of procedures and equipment necessary to perform microneurography. In this context, the straightforward accession to nerves projected to the organs of interest, like the renal nerve or the carotid baroceptors and the cervical trunk of the vagus nerve, allowed early breakthroughs, which shed light on the mechanisms underlying the interplay between blood pressure regulation, baroreflexes, and nerve activity (3, 4).

The immune system is one of the main regulators of body homeostasis. The first hints suggesting that the immune system is also tightly regulated by the nervous system go back to the beginning of the past century. The various mechanisms by which the neuro-immune interfaces are established in different physiological and diseases contexts are thoroughly described elsewhere (5–7). Connections and crosstalk between nervous and immune systems are established at every endpoint of the peripheral nervous system (PNS), with both somatosensory and ANS’ afferent and efferent arms. For example, the somatosensory system allows receiving stimuli from the immunoinflammatory milieu and communicate them to the CNS through the nociceptors residing in the dorsal root or trigeminal ganglia. On the other hand, the ANS establishes routes of bidirectional communication between the CNS and peripheral organs mainly through noradrenergic and cholinergic nerves. Also, specific immune cells are able to respond to neurotransmitters and, at the same time, secrete them, acting as neural relays (8).

At the beginning of this century a solid body of works pivoting around the connections established between the nervous and immune systems demonstrated the existence of a direct neural control of immunity and inflammation (9, 10). These breakthrough findings paved the way for a new field of research centered on the existence of the neural control of immunity, which led researchers to investigate the existence of direct and/or indirect circuits elicited by the nervous system and capable of driving specific immune responses with a therapeutical and translational outlook. The scope of this review is to provide a concise overview of works focusing on neuro-immune modulation, by which it is possible to analyze and stimulate neural activity to obtain different effects on immune cells activation and possibly modulate inflammatory responses.

Investigating the role of the innervation reaching the immune system, which comprises primary, secondary, and tertiary lymphoid organs, involved in different stages of immune cells maturation and immune responses, is a complex challenge requiring the refinement of electronics, materials, and genetic tools to directly measure nerve activity during homeostasis and diseases. How these challenges were addressed to unravel the neuroimmune mechanisms underlying physiology and pathophysiology will be discussed in section 2 of the current review.

On the other hand, the demonstration of the existence of neuro-immune circuits opened the possibility to identify new therapeutic targets achievable by modulating these circuits with genetic or electronic tools, to control the immune response in a specific way, without the use of pharmacological system-wide modulators, often carrying several undesired and off-target effects. The branch of research aimed at translating these findings to human pathologies, called bioelectronic medicine, has been only recently implemented at the pre-clinical and clinical levels. As this field is only at the beginning of discovering its therapeutic application potential, several potentially interesting unexplored paths and contexts are emerging. The current technologies and results achieved with bioelectronic medicine and mechanistic findings obtained by stimulating nerves in a tightly controlled manner are presented in section 3 of the current review.



Analyzing Nervous System Activity to Understand Its Modulatory Action on the Immune System

The first efforts focused toward the direct measurement of the interplay established between neural activity and the immune system can be found in the first years of the nineties, when Nijima et al. demonstrated by direct renal, splenic, and adrenal nerve recording that the intravenous injection of IL-1β upregulated splenic nerve activity and suppressed renal nerve activity, while observing a fall in arterial pressure not affected by baroceptor denervation (11). These findings suggested that IL-1β induced a modulation of the splenic nerve activity, directly mediated by the brain, thus allowing them to propose a role of the central drive in eliciting peripheral immune responses. Subsequent works from the same group demonstrated that if IL-1β was injected into the portal vein, it increased the activity of the afferent branch of the hepatic vagus nerve. Also, an increase of splenic nerve activity mediated by a central reflex was observed and interestingly it was hampered by a resection of the hepatic branch of the vagus nerve (12, 13). These studies were hints to the breakthrough discoveries at the dawn of the new century, when Tracey and coworkers demonstrated the existence of the inflammatory reflex, whereby the nervous system was proved capable of regulating peripheral inflammatory responses through the efferent vagus nerve, in a similar way to the control exerted by the ANS on heart rate, respiration, and other vital functions (10). Their work paved the way for a completely new field of research, which shed light on the mechanisms by which the inflammatory reflex exerts its action, and proposed new concepts underlying the interplay between the two systems, demonstrating the existence of immune cells capable of synthetizing neurotransmitters, after being primed by neural signals (8, 14).

In subsequent years, the field of bioelectronic medicine exhibited a sharp increase in terms of applications and technological improvements. Even after acknowledging the initial challenges posed by the necessity of analyzing signals coming from peripheral nerves with high accuracy and fidelity (15), several solutions have been proposed to optimize surgical procedures and set up, paving the way to the possibility of recording neural activity in a uniform manner (16–19).

This wave of technological evolution let researchers use reliable data to decode the neural circuits involved in immunomodulatory processes. Most of the attention has been focused on analyzing one of the main brain connections established with the rest of the body, the vagus nerve, achieving the goal of identifying a characteristic pattern of firing to discriminate whether the mouse under examination was exposed to IL-1β, TNF-α, or no cytokine (20). The vagus has also been investigated as a vector of neural signaling directed toward the gut, which has been shown as one of the fundamental regulators of systemic inflammatory and immune processes (21, 22).

Shifting the attention to other peripheral nerves, the main focus of investigation in the neuro-immune context has been the splenic nerve, identified as one of the modulators of the systemic inflammatory milieu (23). It has been demonstrated that hyperthermia upregulates inflammatory genes expression, and that this effect is mediated by splenic nerve activity (24). In the last ten years, our group demonstrated the fundamental role that the splenic nerve has in priming the immune response to angiotensin II, a hormone peptide which is capable of elevating blood pressure in experimental animals, priming T cells in the spleen and stimulating their egression toward target organs typically characterizing hypertensive damage, like in the vasculature and kidneys (25). An analogous circuit was identified in response to a different hypertensive stimulus, deoxycorticosterone-acetate salt that typically reproduces salt-sensitive hypertension (26). This response was primed by an elevated neural activity which recruited the splenic noradrenergic pathway (27) and was dependent on a direct interface between the celiac branch of the vagus nerve and the splenic nerve. Further investigation of this neural circuit showed that the splenic nerve activity increase was directly induced by an upregulation of the efferent branch of the celiac vagus nerve (28).

Since peripheral nerves are heterogeneous in terms of size, surgical approaches, and the types of activity which could be recorded, literature focused on a variety of approaches (Figure 1). To provide the reader with an example of the multitude of signals that are transmitted, in Figure 2A we show two different nerves and physiological variables recordings: boxed in blue there is an example of a two min recording of the celiac vagus nerve (raw signal in black, integrated signal in blue), characterized by rhythmic neural discharge well coupled with the blood pressure signal (green track). Boxed in green there is an example of a two min splenic nerve recording, characterized by isolated spikes non-synchronous with the blood pressure recordings.




Figure 1 | Schematic representation reporting the main nerve recording (A) and stimulation (B) sites studied in literature, and the associated paper reporting findings on those nerve districts. Created with Biorender.com.






Figure 2 | Schematic representation of a neural signal recording (A) of both parasympathetic (blue box) and sympathetic nerve activity (green box). The raw neural traces are shown in black, the integrated signals in blue, and the blood pressure recordings in green. Schematic representation of a VNS stimulation (B), the raw neural traces are shown in black, the integrated signals in blue, and the blood pressure recordings in green, with progressive detail on the electrical stimulus train and the single stimulus waveform. Created with Biorender.com.





Eliciting Nervous Activity Through Nerve Stimulation to Alter the Inflammation and Immune Response

In clinical practice, vagus nerve stimulation (VNS) has been proven as an invaluable tool to treat neurological conditions such as epilepsy or psychiatric disorders such as depression (29), whereas peripheral nerve stimulation has been used to directly evoke a muscle contraction in the rehabilitation context (30). These applications have the characteristic of leveraging a closed-loop design, providing immediate stimulation based on a physical readout suggesting the necessity of an action (i.e., a seizure onset in epilepsy or trajectory planning in rehabilitation) (2, 31), Moreover, the recent update in term of stimulatory devices gave clinicians the opportunity to test VNS strategies leveraging cutaneous auricular innervation, through the transcutaneous auricular VNS (tVNS), greatly reducing invasiveness and a series of drawback related to the invasive carotid VNS (32).

The exceptional efforts directed toward vagus nerve recording and signal decoding in animal models has the ultimate aim of delivering a translational approach to the neural control of immunity by means of VNS. In the preclinical research, the technical challenges raised by nerve recording procedures similarly apply to the electrodes designed to stimulate a specific peripheral neural district. A powerful addition to the availability of mouse models is the combination of optogenetic approaches and cre-loxP genetic engineering. In this way it is possible to generate mice in which the optogenetic stimulation selectively recruits specific nerve fibers of choice, making it possible to precisely identify the brain regions from which the neural circuits originated (33).

In animals, the bioelectronic VNS proved effective in downregulating the TNF-α increase observed in response to lipopolysaccharides (LPS) injection (9), providing the first proof of concept of a potential therapeutic strategy for inflammatory systemic diseases. A series of experiments, based on this model, thoroughly explained an immunomodulating mechanism in which LPS stimulated vagus nerve afferent activity, signaling danger to the brain. In the brain, specific areas are activated and recruit downstream nerve activity through the efferent arm of the vagus nerve and transduce this signal to the splenic nerve (33). Here the splenic nerve endings are capable of modulating and regulating lymphocyte functions: in this case they activate a specific T-cell niche which expresses choline acetyltransferase (ChAT). These cells are activated by bioelectronic stimulation of the vagus nerve by noradrenergic signaling and function as a neural relay, starting the biosynthesis of acetylcholine which in turn activates a population of anti-inflammatory macrophages (8).

Leveraging these anti-inflammatory properties, VNS has been tested as a treatment for food allergy (34) and intestinal inflammation (35). However, growing evidence suggests that the vagus nerve may not only be recruited in the context of an anti-inflammatory reflex, but also may be modulated as an inflammatory reflex. In fact, recent works showed that stimulating the celiac branch of the vagus nerve primes a splenic immune response, conveyed by the noradrenergic signaling in the spleen. This signaling recruits an α-adrenergic pathway, which upregulates Placental Growth Factor (PlGF), a key molecular player of the neuro-immune signal transduction (25), previously reported as capable of activating a specific subset of T cells, namely CD8 effector T cells, to promote their egression from the spleen (28). Overall, these data suggest that specific combinations of stimulation current and frequency can alter the cytokine landscape toward pro- or anti-inflammatory responses (36).

The current translation of immune modulation achieved by electronic medicine mainly focused on pathologies in which the recruited effect is anti-inflammatory, like Crohn’s disease, Rheumatoid arthritis, and metabolic syndrome. In these contexts, VNS has been mainly tested in patients refractory to pharmacological therapies, showing promising results with the majority of patients reporting beneficial effects and reduced disease severity (37–39). Most of the clinical studies relying on VNS however face the major limitation of this technique: with the current technology they are not capable of selectively modulating one aspect of immunity and relying on the cervical VNS property of lowering circulating inflammatory cytokines like TNF-α, IL-6, and IL-17 (38), with the main clinical endpoint to lower pathology severity. For a comprehensive review of human studies involving nervous stimulation see (39).

The current body of literature and data available always focuses on the stimulation of the cervical vagus nerve (Figure 1B), since it is the easiest to be surgically accessed and is directed to most of the internal organs. As such, the cervical vagus nerve has been identified as an optimal target for bioelectronic stimulation. As an example of this procedure, Figure 2B shows, in the red box, a track recording of a stimulation procedure carried out on the celiac branch of the vagus nerve. The signal elicited on the splenic nerve (raw signal in black, integrated signal in blue, blood pressure in green) was concomitantly recorded, highlighting the impulse train and the single impulse provided to the nerve.



Discussion

The current landscape of the research efforts directed toward the recording and interpretation of neural signals in the context of immune modulation is flourishing with net context and pathologies under scrutiny. Abundant and reliable evidence of the reflex-like regulation of inflammation has subverted the classical duality between sympathetic and parasympathetic autonomic regulation, pushing researchers to investigate the specific regulatory neural circuits driving the immunity in specific contexts. The heterogeneous cultural background of different specialties approaching nerve recording and signal interpretation results in a heterogeneity of procedures and lack of a standard approach. To hamper this problem, research groups, which discovered the inflammatory reflex, proposed methodology and procedures that could help in standardizing the recordings and analysis of the vagus nerve (40).

While preclinical bioelectronic medicine is in optimal shape and a fast-growing field, the translation of the findings to the clinical setting is slow. In fact, if VNS has been shown to be effective for autoimmune diseases such as rheumatoid arthritis and inflammatory diseases like Crohn’s disease, it is not yet under consideration for pathologies where a fine modulation of immune responses could be necessary.

The current technologies let us record nervous activity on several nervous districts, such as the vagus or splenic nerve (Figure 2A), and also procedures stimulating the vagus nerve are consolidated. On the other hand, no stimulation has been tested on peripheral sympathetic nerves, except for the musculoskeletal nerves exploited to trigger muscle contraction and thus movement. In principle, it could be feasible to apply a similar concept to peripheral sympathetic nerves to obtain a targeted stimulation to internal organs without soliciting off-target effects due to a nonspecific nerve stimulation (like the one obtained on the cervical vagus nerve) (Figure 2B).

In the foreseeable future, the enabling technologies of nerve recording and stimulation, miniaturization of devices, and improved analytical capabilities, such as artificial intelligence, will allow researchers to overcome current limitations in this field and recommend it as a reliable and pervasive alternative to pharmacological treatments. On the clinical side, the main issue is the lack of fast and precise readouts for the design of closed-loop immune-inflammatory control systems. If researchers will be able to provide such readouts, like seizure-onset in the context of epilepsy, it will be possible to fine tune the stimulation pattern and elicit the desired immuno-modulation (36), and a fundamental issue to be resolved in order to precisely target immune mechanisms in human pathologies. In addition, further studies will be needed to identify similar possibilities of modulation for the activation of specific immune cell subsets. In the experimental setting, nerve decoding and stimulation will become more and more prevalent not only as a valid therapeutic proof of concept, but also as an enabling technology to model specific patterns of immune cell activation (28) or inflammatory modulation (36).

Overall, bioelectronic medicine approaches have shown the potential to deeply impact the immune system and modulate it, while a growing number of researchers, both in the field of technology and life sciences, are contributing to expand the possibilities of investigation and combine knowledge in terms of how the nervous system can influence and modulate the immune system. If the different operators involved in this branch of research will be able to cooperate and collaborate to synthesize their findings, their final aim and product will be an atlas of the different nervous activation patterns corresponding to the desired immune system modulation and a series of stimulating devices and tools to directly evoke and elicit them.
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Microglia activation and proliferation are hallmarks of many neurodegenerative disorders and may contribute to disease pathogenesis. Neurons actively regulate microglia survival and function, in part by secreting the microglia mitogen interleukin (IL)-34. Both IL-34 and colony stimulating factor (CSF)-1 bind colony stimulating factor receptor (CSFR)1 expressed on microglia. Systemic treatment with central nervous system (CNS) penetrant, CSFR1 antagonists, results in microglia death in a dose dependent matter, while others, such as GW2580, suppress activation during disease states without altering viability. However, it is not known how treatment with non-penetrant CSF1R antagonists, such as GW2580, affect the normal physiology of microglia. To determine how GW2580 affects microglia function, C57BL/6J mice were orally gavaged with vehicle or GW2580 (80mg/kg/d) for 8 days. Body weights and burrowing behavior were measured throughout the experiment. The effects of GW2580 on circulating leukocyte populations, brain microglia morphology, and the transcriptome of magnetically isolated adult brain microglia were determined. Body weights, burrowing behavior, and circulating leukocytes were not affected by treatment. Analysis of Iba-1 stained brain microglia indicated that GW2580 treatment altered morphology, but not cell number. Analysis of RNA-sequencing data indicated that genes related to reactive oxygen species (ROS) regulation and survival were suppressed by treatment. Treatment of primary microglia cultures with GW2580 resulted in a dose-dependent reduction in viability only when the cells were concurrently treated with LPS, an inducer of ROS. Pre-treatment with the ROS inhibitor, YCG063, blocked treatment induced reductions in viability. Finally, GW2580 sensitized microglia to hydrogen peroxide induced cell death. Together, these data suggest that partial CSF1R antagonism may render microglia more susceptible to reactive oxygen and nitrogen species.
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Introduction

Microglia comprise 10-15% of total cells in the central nervous system (CNS) and are the recognized resident macrophages of this tissue. As such, microglia function to maintain homeostasis within the healthy brain and act as facilitators of immune responses within the CNS in response to damage or pathogenic challenge. For instance, microglia can clear cellular debris, non-functioning neuronal synapses (1) and dead neurons from the CNS through the process of phagocytosis (2). Upon activation by pathogen associated molecular patterns or by damage associated molecular patterns, microglia release cytokines, chemokines (3, 4) as well as cytotoxic substances including reactive oxygen species (ROS), and nitric oxide (NO) (4–6). While the production of inflammatory mediators by microglia may aid in the clearance of pathogens and/or facilitate repair, aberrant microglia activation is suspected to contribute to a plethora of neurological diseases and disorders including multiple sclerosis (7, 8), Alzheimer’s disease (9), stroke (10), Parkinson’s disease (11), amyotrophic lateral sclerosis (12) and autism spectrum disorder (13, 14). Moreover, pro-inflammatory cytokine production within the CNS is thought to contribute to sickness behavior (15, 16) and impaired cognitive function (15, 17–19).

Intriguingly, microglia viability within the adult brain has recently been shown to be dependent on constitutive colony-stimulating factor 1 receptor (CSF1R) signaling (20) which is needed for their survival, differentiation, proliferation and function (21). CSF1R binds to two ligands: CSF1 and interleukin-34 (IL-34) (22). While CSF1 is detectable in circulation, IL-34 is not circulated in blood (23). In the brain, CSF1 is expressed by astrocytes, oligodendrocytes and microglia, while IL-34 is primarily produced by neurons (24, 25). Ligand binding to CSF1R on microglia leads to tyrosine receptor kinase dimerization and autophosphorylation (26) and triggers activation of ERK and AKT pathways that regulate survival (27). Systemic administration of brain penetrant pharmacological inhibitors of CSF1R can suppress microglia reactivity and/or dramatically reduce viability by more than 90% (28). The use of these small molecules may prove to be clinically efficacious in curtailing the progression of neuroinflammatory and neurodegenerative disease states. Inhibitors of CSF1R include Pexidartinib/PLX-3397, BLZ945, and PLX5622 which eliminate microglia due to their strong affinity with the receptor and their ability to cross the blood brain barrier (28–34). Conversely, the inhibitors ARRY-382, Edicotinib, JTE-952 and GW2580 prevent cell proliferation without killing microglia (35–40). Notably, the consequence of systemic CSF1R antagonism on normal microglia physiology has not yet been fully elucidated. Some of these molecules such GW2580 are intriguing because they are brain penetrant, but do not appear to affect microglial cell survival.

The small molecule GW2580 is an orally available selective inhibitor of the tyrosine kinase activity of CSF1R (39, 40). This molecule has been shown to affect both microglia and monocyte proliferation (40, 41). While GW2580 does not readily affect microglia viability, oral gavage has been used to successfully treat animal models of multiple sclerosis (42, 43), Alzheimer’s disease (44), amyotrophic lateral sclerosis (45) and prion disease (46). Results from these studies suggest that treatment can decrease cell infiltration to the CNS (39, 41) and TNF production (40), however how this drug affects microglia physiology remains unknown.

Herein, we sought to determine the effect of GW2580 on microglia function in healthy mice. We found that treatment did not affect the percentage of circulating immune cell populations. However, our results revealed changes to microglia morphology as well as transcriptomic differences attributable to treatment, such as downregulation of genes related to reactive oxygen species regulation and survival. In vitro treatment of primary microglia cultures with GW2580 showed a dose-dependent reduction in viability only when concurrently treated with lipopolysaccharide (LPS). Notably, primary microglial cell cultures treated with either YCG0630, an inhibitor of ROS, or Nec-1, an inhibitor of necroptosis, abrogated the effects of GW2580 and LPS treatment on cell viability. Collectively, our data define the transcriptomic effects of systemic GW2580 treatment on normal microglia. Furthermore, our data suggest that CSF1R antagonism by GW2580 may render microglia more susceptible to reactive oxygen and nitrogen species.



Materials and Methods


Animals

All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Illinois Urbana–Champaign, under protocol #19068 and were performed in accordance with guidelines of the National Institute of Health. Male and female C57BL/6J (Jackson Laboratories No. 000664) mice aged 8-12 weeks old were used for all experiments. Breeders were group-housed in solid-bottom caging with standard bedding (Teklad 1/8&quot; corncob) under temperature-controlled conditions (23 ± 1°C) with a 12-hour reversed light/dark cycles (10am-10pm). Rodent diet (Teklad No. 8640) and water were available ad libitum.



GW2580 Treatment by Oral Gavage

Oral treatment of rodents with GW2580 has been well characterized (40). Specifically, in vitro treatment with GW2580 at 5µM inhibited CSF1 mediated cell proliferation by nearly 100%, and an oral dose of 80mg/kg increased circulating plasma GW2580 concentrations to 5.6µM. Oral treatment was subsequently shown to inhibit disease progression in rodent models of multiple sclerosis [40mg/kg/d (42)], amyotrophic lateral sclerosis [75mg/kg/d; (45)] Alzheimer’s disease [75mg/kg/d; (44)] and to attenuate depression-like behavior in MRL/lpr mice [100mg/kg/d; Chalmers et al. (47)]. As such, in the current study, mice were orally gavaged with either 80 mg/kg of GW2580 (LC Labs, Cat No. G-5903) diluted in 200µl of 0.1% Tween 80, 0.5% hydroxymethyl propyl-cellulose or vehicle alone (44) using 18G needles (Instech, Cat No. FTP-18-30-50) for a total of eight days (40). Animal weight and food disappearance were record daily. Burrowing activity, an indicator of sickness behavior, was measured every 48h (48). On day 8 post treatment, mice were euthanized by CO2 asphyxiation, blood was collected via cardiac puncture and the mice were perfused with 20-30 mL of sterile phosphate buffered saline (PBS; pH=7.4).



Flow Cytometry

Following euthanasia blood samples were collected by cardiac puncture with EDTA-coated syringes. Whole blood (100µl) was added to ammonium chloride potassium (500µl) solution for 10 min. at room temperature in order to lyse the red blood cells. The cells were subsequently washed then suspended in ice-cold flow cytometry staining buffer (sterile PBS containing 2% FBS) and counted using an automated cell counter (Nexcelom Bioscience). Next, 1x106 cells were labeled on ice with fluorophore conjugated antibodies to CD4 (Pacific Blue; clone RM4-5; BioLegend, Cat. No. 116008), CD8a (APC-Cy7; Clone 53-6.7; BioLegend, Cat. No. 100714), CD11b (APC; Clone M1/70; BioLegend, Cat. No. 101212), B220 (PE-Cy7; Clone RA3-682; BioLegend, Cat. No. 103224), Ly6G (FITC; Clone 1A8; BioLegend, Cat. No. 127608), Ly6C (PE; Clone HK1.4; BioLegend Cat. No. 128044), and FCblock (CD16/32) for 20 min. Cell were washed, suspended in flow buffer and data were acquired on a LSRII Flow cytometer (BD). Gates were determined using unstained and single-stained samples obtained from the same tissue of origin. Results were analyzed using FlowJo version 10.6.2 flow cytometry software (BD).

Adult brains were collected from mice, minced with a sterile razor blade and an enzymatic digestion for 45 min. in 5ml of StemPro Accutase (Gibco, Cat No. A1110501) at 37°C. Then the brain homogenate was filtered through a 70µm filter using a 3ml syringe plunger, then pelleted by centrifuging at 400xg for 5 min. Red cells were removed with a red blood cell lysis buffer (Biolegend, Cat No. 420302) followed by another centrifugation at 400xg for 5 min. Next, cells were suspended in 5ml of PBS solution containing 35% Percoll (VWR, Cat. No. 899428-524), underlay with 3ml of PBS containing 70% Percoll, then centrifuged for 20 min. at 2000xg with no brake. The cells at the 35/70% Percoll interface were collected and in some cases these cells were washed with magnetic activated cell sorting (MACS) buffer (PBS with 3% FBS and 10mM EDTA) to enrich for CD11b positive cells following the manufacturer’s instructions (ThermoFisher Scientific, Cat No. 8802-6860-74). Flow cytometry was also used to confirm the purity of microglia subjected to MACS cell enrichment. Here, microglia from non-enriched and enriched populations were stained with antibodies for CD45 (APC; clone 30-F11) (eBioscience, Cat No. 17-0451-82), CD11b (FITC; clone M1/70) (eBioscience, Cat No. 11-0112-82) and viability dye (eFlour 780) (eBioscience, Cat No. 65-0865-14) as markers.



Immunohistochemistry

Brains were collected and placed in fixation buffer (PBS containing 4% paraformaldehyde, pH 7.4) at 4°C for 24h. The tissue was then cryoprotected by replacing the fixation buffer with PBS containing 30% sucrose (w/v) until the tissue sank. The brain tissue was frozen in optimal cutting temperature compound (O.C.T.) with dry ice, then stored at -80°C. Next, 15µm coronal sections were collected using a cryostat (Leica CM3050 S). Tissue sections were then blocked and permeabilized with PBS containing 5% goat serum and 0.3% Triton X-100, then incubated with an anti-Iba-1 specific antibody derived from rabbit (diluted 1/200; Rabbit; Wako Inc. Richmont, VA, Cat No. 019-19741). After washing with PBS three times for 5 min. the tissues were incubated with an Alexa Fluor 488 conjugated goat anti-rabbit antibody (Invitrogen, Cat No. A11034) diluted in 1/1000 in blocking buffer for 1h at room temperature. After washing, the tissue was coverslipped. Sections were imaged and morphological changes were determined by Imaris surface analysis. Specifically, for the Imaris three-dimensional (3D) modeling and analysis sets of 50 serial images for Iba-1+ cells in the cortex at 500 nm steps in the Z direction, 1 µm per pixel in the X, Y-plane, and 4.92 µsec pixel dwell time were acquired with the Zeiss LSM 710 Confocal Microscope and 10x objective with 2.0 zoom, resulting in whole datasets of 425 µm x 425 µm in the X, Y-plane and 25 µm in the Z direction. The images were rendered into 3D with Imaris software (version 9.3.1; Bitplane, Oxford Instruments) and analyzed with the software’s automated Filament Tracer module. Seed point and starting point thresholds were manually adjusted to fit each data set and local contrast threshold was set to three for all data sets. The number of Iba-1+ cells from the medial prefrontal cortex, cortex and hippocampus were counted using ImageJ (NIH).



Isolation of Adult Microglia and RNA Sequencing

Brains were immediately extracted following perfusion with cold PBS and kept on ice in Hanks Balanced Salt Solution (HBSS) buffer (Fisher, Cat No. SH3058801) until further processing. They were minced using as sterile razor blade and enzymatically dissociated for 45 min. in 5ml of StemPro Accutase (Gibco, Cat No. A1110501) at 37°C. The brain homogenate was filtered through a 70µm filter using a 3ml syringe plunger, then pelleted by centrifuging at 400xg for 5 min. Red cells were lysed by osmotic shock (red blood cell lysis buffer; Biolegend, Cat No. 420302) then the cells were washed in sterile PBS by centrifugation at 400xg for 5 min. Cells were suspended in 5ml of PBS solution containing 35% Percoll (VWR, Cat. No. 899428-524), underlaid with 3ml of PBS containing 70% Percoll, then centrifuged for 20 min. at 2000xg with no brake. The cells at the 35/70% Percoll interface were collected and washed with magnetic activated cell sorting (MACS) buffer (PBS with 3% FBS and 10mM EDTA). Microglia were enriched by positive selection using antibodies directed towards CD11b, as previously described. RNA was isolated using the GeneJET™ RNA Purification kit (ThermoFisher Scientific, Cat No. 0732) by following the manufacturer’s instructions. SMART-Seq v4 PLUS Kit (Takara, Cat No. 634888) was used to generate high-quality cDNA libraries from ultra-low amounts of total RNA (10pg–10 ng). Subsequently high-quality Illumina sequencing-ready libraries were prepared and sequencing was performed using with Illumina Hi-seqlane. The fastq read files were generated and demultiplexed with the bcl2fastq v2.20 Conversion Software (Illumina, San Diego, CA, USA). The quality of the resulting fastq files was evaluated with the FastQC software, which generates reports with the quality scores, base composition, k-mer, GC and N contents, sequence duplication levels and overrepresented sequences. On average 47.9 million 150nt paired-end reads per sample were obtained, with a minimum FastQC score of 34. Alignments and counts were performed on the Carl R. Woese Institute for Genomic Biology Biocluster of the University of Illinois High-Performance Biological Computing. Pair-end reads were first filtered using Trimmomatic 0.33 (49) with a minimum quality score of 28 (i.e., base call accuracy of 99.84%) leading and trailing with a minimum length of 30 bp long and subsequently checked using FastQC 0.11.6 (Babraham Institute, Cambridge, UK). No reads were filtered as all had scores greater than 28. Reads were then mapped to the Mus musculus reference genome (GRCm38 e!Ensembl, downloaded in September 2019) using default settings of STAR 2.6.0 (50). Uniquely aligned reads were quantified using feature Counts (51) in the Subread package (v1.5.2) based on the Refseq gene annotation.

Further data analysis was conducted using R. 3.5.1 (R Core Team, 2018). Reads uniquely assigned to a gene were used for subsequent analysis. Genes were filtered if 3 samples did not have > 1 count per million mapped reads. A TMM (trimmed mean of M-values) normalization was applied to all samples using edgeR (52). After data were log2-transformed, edgeR was used to conduct differential expression analyses. The applied statistical model included treatment (GW2580 vs Control) as fixed effect.

The genome index was prepared using STAR and the Mus musculus DNA FASTA file from e!Ensembl. The reads were aligned to the reference genome to both reads. Reads were counted using a FeatureCount in STAR. Statistical analysis of differentially expressed genes (DEG) was performed using R studio. Gene ontology was determined by DAVID Functional AnnotationBioinformatics Microarray Analysis (v6.8). Data is publically available through Gene Expression Omnibus (GEO) from NCBI at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185564) and can be accessed using the accession no. GSE185564



Primary Microglia Cultures

Glial cultures were prepared from the brains of 4-10 C57BL/6 neonatal mice per experiment using the differential attachment method as described previously (3, 53). In brief, P1–2 mouse pups were decapitated with scissors, brains dissected and meninges removed under a dissection microscope (Leica). Brain tissue was disassociated in Accutase at 37°C for 45 min., passed through a 70μm filter, washed with Dulbecco’s Modified Eagle Medium (DMEM), seeded onto poly-d-lysine-coated T75-flasks, and grown to confluence (7–10 days) in a humidified incubator at 37°C and 5% CO2. Microglia were isolated by shaking the T-flasks at 37°C for 1h at 177rpm in an orbital shaker (ThermoScientific Max Q 4000).



Effect of GW2580 Treatment on Microglia Proliferation

Primary microglia were seeded at a density of 1x105 cells per well in a 96-well plate in DMEM supplemented with 10% FBS, 100U pen/strep and glutamax. To determine the effect of CSF1 and GW2580 on cell proliferation, microglia were treated with recombinant mouse CSF1 (0-30ng/ml; R&D Systems; Cat No. 416-ML-10) for 48h with increasing concentrations of GW2580 (0-5μM). After treatment, cells were fixed with 4% paraformaldehyde for 20 min. at room temperature, washed with PBS then blocked and permeabilized in PBS containing 0.3% Triton-X 100 (PBST) and 5% goat serum for 1h at room temperature. Next, the cells were incubated with a rabbit anti-Ki-67 antibody (Dilution 1:200; Cell Signaling; Cat No. 9129S) overnight at 4°C. After washing with PBS, cells were incubated with Alexa Fluor 488 conjugated goat anti-rabbit IgG diluted 1/1000 in PBST for 1h. (ThermoScientific). After washing with PBS, proliferation was determined by counting the number of microglia per well, as well as the number of Ki-67+ cells per well using ImageJ (NIH).



Gene Expression Analysis by qRT-PCR

To validate the effect of GW2580 on the expression of select genes involved in the regulation of ROS, qRT-PCR was used. Here, primary microglia were stimulated with 5µM of GW2580 or media alone for 72h in a humidified incubator at 37°C and 5% CO2. RNA was isolated using TRIzol protocol (Ambion by Life Technologies, Cat No., 15596018) and further purified using the GeneJET RNA Purification Kit (Thermo Scientific, Cat No., K0731). cDNA was created using the reverse transcription system (Promega Corporation, Cat No., A3500), and amplified using Sybr Green qPCR master mix (Applied Biosystems, Cat No., A25742), and primers specific for Ndufs8 (Fwd-CGCAGCACTTCAAGATGTATCG; Rev-TCTTGGCTCAGCCTCAATGG), Prdx2 (Fwd-CAACCACCGCCAGAATTGC; Rev-AACATTGTGGATGGCTTGGC), Prdx5 (Fwd-AGGGTACCCAACCCTGTTCT; Rev-GCACAGTAGTACACAGCCGA), Gpx4 (Fwd-CGCCAAAGTCCTAGGAAACG; Rev-TATCGGGCATGCAGATCGAC), and Actb (Fwd-GATTACTGCTCTGGCTCCTAG; Rev-GACTCATCGTACTCCTGCTTG) in a 7300 Real-Time PCR System (Applied Biosystems, ABI) at 95°C for 10min, followed by 40 cycles of 95°C for 15secs and 60°C for 1min. Expression was normalized to Actb expression and control samples. Fold change was calculated using the formula 2-ΔΔCt.



Detection of Reactive Oxygen Species (ROS) in Cultured Microglia

Primary microglia (1x106 per condition) were stimulated with 100ng/ml of LPS for 0, 6 or 24h in a 1.5ml tube in complete RPMI media at 37°C and 5% CO2. Cells stimulated with media containing 75µM hydrogen peroxide were used as a positive control. After the stimulation, light-protected cells were stained with 5µM of CellROX Green Reagent (ThermoFisher Scientific, Cat No. C10444) for 30 min. at 37°C and 5% CO2. The cells were washed twice with 1ml of cold flow buffer (PBS, 2% FBS) then suspended in 100µl of flow buffer. The cells were stained with viability dye (APC Alexa Flour 780, Invitrogen, Cat No. 50-112-9035) for 20 min on ice, washed, then suspended in 500µl of flow buffer and analyzed using flow cytometer. Gates were determined using a complete unstained sample.



Microglia Susceptibility to ROS

To assess the effect of GW2580 on cell viability, microglia were incubated with or without GW2580 at a concentration of 5µM for 45 min. prior to stimulation with vehicle (medium) or lipopolysaccharide from Escherichia coli O111:B4 (100ng/ml) for 48h. TNF production was measured by ELISA (ThermoFisher Scientific, Cat No. 88-7324-88) following the manufacturer’s instructions. For some experiments, microglia were pre-treated with the ROS inhibitor YCG063 (10µM, Sigma Aldrich, Cat No. 557354). Specifically, cells were pre-treated with either YCG063 or YCG063 plus GW2580 for 45 min. prior to LPS stimulation for 48h. To determine if GW2580 treatment of microglia increased sensitivity to ROS, cells were pretreated with GW2580 (5μM) for 48h then challenged with 0-100µM of hydrogen peroxide (H2O2; Fisher Scientific, Cat No. H325-100) for 4h. Cell death was assessed by measuring supernatant lactate dehydrogenase (LDH) levels as indicated by manufactures instructions (Sigma Aldrich, Cat No. 4744926001) as well as by counting the number of cells per field.



Treatment of Primary Microglia With Nec-1

Primary microglia (1x105 per condition) were pre-treated with either Nec-1 (30nM) or Nec-1 plus GW2580 for 45 min. prior to LPS (100ng/ml) stimulation for 48h in a 96 well plate. After treatment, cells were fixed with 4% paraformaldehyde for 20 min. at room temperature, washed with PBS then blocked and permeabilized with PBS containing 0.3% Triton-X 100 (PBST) and 5% goat serum for 1h at room temperature. Next, the cells were incubated with a rabbit anti-Iba-1 antibody (diluted 1/200; Rabbit; Wako Inc. Richmond, VA, Cat No. 019-19741) overnight at 4°C. After washing with PBS, cells were incubated with Alexa Fluor 488 conjugated goat anti-rabbit IgG diluted 1/1000 in PBST for 1h. (ThermoScientific). Cell death was assessed by measuring supernatant lactate dehydrogenase (LDH) levels as indicated by manufacturer’s instructions (Sigma Aldrich, Cat No. 4744926001).



Statistics

Data are expressed as means ± standard error (S.E.). For the RNA-seq experiment differentially expressed genes (DEG) across time points were determined with a combination of fold-change (> 2.0 or < -2.0) and P-value (< 0.05) thresholds to balance for reproducibility, sensitivity, and specificity or results (54, 55). Statistical analysis of all other data was performed using GraphPad Prism (version 8.0 or higher) software. Student’s t‐tests were used to compare differences between two groups. Analysis of variance (ANOVA) followed by Bonferroni’s post hoc test was used to compare differences between more than two groups. Statistical significance was determined by p-value <0.05. Data are expressed as means ± standard error (S.E.).




Results


Effect of GW2580 Treatment on Indices of Sickness and Circulating Immune Cell Populations

Treatment with GW2580 neither reduced body weight nor the degree of food disappearance (Figures 1A, B). Furthermore, GW2580 did not alter burrowing behavior (Figure 1C). No effect of gender was found for weight, food intake or burrowing behavior (Supplemental Figure 1). Because macrophages and monocytes also express Csf1r (56), we questioned whether treatment affected the percentages of circulating immune cells. Flow cytometry analysis performed on blood samples indicated that treatment did not alter percentages of circulating B cells, T cells, monocytes or granulocytes (Figure 2). Together, these data indicate that treatment with GW2580 does not overtly affect behavior or hematopoiesis, nor does it decrease blood leukocyte viability.




Figure 1 | Effect of GW2580 treatment on mouse weight and behavior. (A–C) Mice were treated with GW2580 at a dose of 80mg/kg/d by oral gavage for 8 days. The effect of treatment on weight (A), food disappearance (B), and burrowing activity (C) is shown. Data are expressed as means ± standard error (S.E.). Each group is composed by n=30 per group from four independent experiments for weight change, n=6 per group from a single experiment for food disappearance, and n=15 per group from three independent experiments for the burrowing activity.






Figure 2 | Effect of GW2580 treatment on blood leukocytes. (A, B) Mice were treated with vehicle or GW2580 by oral gavage for 8 days and the effect of treatment on circulating leukocytes determined by flow cytometry. (A) Representative gating strategy used to determine the percentage of B cell, T cell, monocyte and granulocyte subsets. (B) Cell percentages of blood leukocytes from vehicle and treated mice are shown. Data are expressed as means ± standard error (S.E.), n=4 per group.





Treatment With GW2580 Caused Morphological and Transcriptomic Alterations to Microglia

We next questioned whether treatment with GW2580 altered microglia morphology, a commonly used proxy for activation. Imaris™ software was used to non-subjectively determine effects of GW2580 on various morphological characteristics of Iba-1 labeled microglia in 20x images including: mean filament area, filament length, filament diameter, filament volume, mean number of branches, mean number of branch points, mean number of segments and mean number of terminal points (Figure 3A and Supplemental Table 1). The cortex was chosen as a representative region of morphological changes after GW2580 treatment (57). We found that GW2580 treatment altered morphological characteristics of brain microglia in the cortex. Specifically, the filament length was increased, but filament diameter, number of branches, number of branch points, the number of segments and the mean number of terminal points were decreased as a result of GW2580 treatment (Figure 3B). Interestingly, morphological analysis of Iba-1+ microglia in 40x images showed similar results, where the number of branch points were decreased in the treated mice, as well as the number of segments (Supplemental Figure 2). However, as in previous studies (40), GW2580 treatment for 8 days did not change the number of microglia in medial prefrontal cortex, cortex or cerebellum (Figure 3C).




Figure 3 | Effect of GW2580 treatment on changes to microglia morphology. (A–C) Mice were treated with GW2580 by oral gavage for 8 days and the effect of treatment on microglia morphology and viability examined. (A) Representative three dimensional reconstruction of a microglia cell in the cortex of vehicle and GW2580 treated mice from a 20x picture. Scale bar is 50μm. (B) Results from Imaris analysis. Each point represents an average of three cells per mouse (n=4-5 animals per group), average of three 20x z-stacks of 25µm and 500nm steps per animal. (C) Microglia counts per mm2 in the prefrontal cortex, cortex and hippocampus. Each point represents an average of three pictures. Data shown are expressed as means ± standard error (SE). Statistical significance is represented by p-value < 0.05 (*), and p-value < 0.01 (**).



To access the in vivo effects of CSF1R inhibition, we performed RNA sequencing on freshly isolated microglia from GW2580 treated mice. Microglia were enriched by MACS using CD11b microbeads. This produced greater than 95% enrichment of cells phenotypically characterized as being CD11b+CD45int by flow cytometry (Figures 4A, B). The majority of the contaminating cells (5%) were found to be CD11b+CD45hi monocytes/granulocytes (Figures 4A, B). To validate the purity of microglia after RNA-seq was performed, we examined the expression of genes specific for microglia (Tmem119, Hexb, Fcrls, Siglech), astrocytes (Gfap, Aldh1l1, Aqp4), oligodendrocytes (Olig2, Plp1, Sox10), endothelial cells (Pecam1, Cldn5, Tie2) and neurons (Sp9, Reln) (Supplemental Table 2). This analysis revealed that the RNA was enriched for microglia specific genes, confirming that the sequenced cells were microglia (Figure 4C and Supplemental Table 2). In total, we identified 577 differentially expressed genes (DEGs), of which 144 were upregulated and 433 were downregulated. Since GW2580 is a CSF1R antagonist we hypothesized that genes involved in the CSF1/CSF1R signaling pathway may be affected by treatment. Therefore, we examined the expression values of the CSF1R ligands Csf1 and Il34 as well as the expression of Csf1r itself. The RNA sequencing analysis showed that Csf1 was upregulated in the GW2580 treated group. Furthermore, while the mean expression value for Csf1r trended towards being higher in the treated group, the effect did not reach statistical significance (p-value of 0.08). Consistent with the fact that Il34 is predominantly expressed by pericytes and neurons (Tabula Muris Consortium, 2018) but not microglia, we found the expression values for Il34 were low. There was no difference in the level of Il34 expression. Analysis of the gene ontology terms indicated that genes encoding proteins involved in glutathione metabolic process, response to oxidative stress, removal of superoxide radicals and response to estradiol were decreased by treatment (Figure 4D and Supplemental Table 3). Additionally, ontology analysis of the upregulated genes showed that GW2580 affects expression of genes involved in G-protein coupled receptor signaling pathway and sensory perception of smell (Supplemental Table 4).




Figure 4 | Microglia transcriptional changes induced by GW2580 treatment. (A–D) Mice were gavaged with vehicle or GW2580 for 8 days then brains were collected, and microglia were isolated by Percoll gradient centrifugation, enriched by positive selection by magnetic associated cellular sorting (MACS) using antibodies specific for CD11b and changes to the transcriptome assessed by RNA-seq. (A, B) Microglia purity was determined before (Percoll) and after (enriched) MACS enrichment by flow cytometry. Representative flow cytometry gates (A) and cell purity following Percoll gradient centrifugation and positive selection (B). (B) n=3-4 mice per condition. (C) Mean expression values of select microglia, astrocyte, oligodendrocyte, endothelial and neuron specific cell lineage genes following transcriptomic analysis of microglia isolated from vehicle (left) and treated (right) mice (n=5 per condition). Scale bar is gene expression level (RMPK). δ= Genes for microglia were enriched. (D) Volcano plot representing all the genes detected with the RNA sequencing experiment, significant genes are represented in green, including Csf1, Csf1r and Tspo, as well as the ROS related genes. Data are expressed as means ± standard error (S.E.). Statistical significance is represented by p-value < 0.001 (***).





In Vitro Effects of Inhibiting Csfr1 From Primary Microglia After GW2580 Treatment

We sought to determine if GW2580 treatment affected microglia in culture. Unlike microglial cell lines, such as BV-2 cells, primary mouse microglia monocultures do not readily proliferate in culture. However, as reported by others (58, 59) we found that CSF1 treatment for 48h increased cell number as well as the number of Ki-67+ cells per well in a dose-dependent fashion without affecting cell viability (Figures 5A, B). These data indicate that primary microglia are responsive to CSF1. To establish the dose at which GW2580 affects microglial function, primary cultures were pretreated with increasing concentration of GW2580 then stimulated with either media or CSF1. As before, CSF1 treatment increased the number of Ki-67+ cells. However, concurrent treatment with GW2580 ameliorated this effect, without affecting cell viability (Figures 5C, D). These findings indicate that cultured primary microglia proliferate in response to CSF1 and confirm that treatment with GW2580 at a concentration of 5μM is sufficient to inhibit the effects of CSF1 signaling.




Figure 5 | Effect of GW2580 treatment on microglia cell proliferation. (A, B) Primary mouse microglia were stimulated with 0, 10 or 30ng/ml of CSF1 and then stained with 30µg/ml of Ki-67. Cell death was assessed by measuring supernatant levels of LDH. Cells were manually count and represented by the graphs. Data are expressed as means ± standard error (S.E.), n=3 independent experiments per group. (C, D) Cells were treated with either media, with CSF1 (30ng/ml), GW2580 (5µM), or CSF1 and GW2580, then Ki-67. The number of Ki-67+ cells determined by immunohistochemistry were manually counted and represented by the graphs. Data are expressed as means ± standard error (S.E.), n=4 independent cultures per group. Statistical significance is represented by p-value < 0.05 (*), and p-value < 0.001 (***).



To confirm the effects of GW2580 on cultured microglia, we examined the expression levels of select genes that comprised the gene ontology term “response to oxidative stress” (Ndufs8, Prdx5), “removal of superoxide radicals” (Prdx2), and “glutathione metabolic process” (Gpx4), identified by our RNA-seq analysis. Treatment of primary microglia cultures with GW2580 suppressed the expression of Ndufs8, Prdx2, Prdx5 and Gpx4 without affecting viability (Supplemental Figure 3).



Treatment With GW2580 Sensitizes Microglia to ROS Toxicity

Stimulation with LPS upregulates ROS production in BV-2 cells (60) and primary microglia (61). In order to validate ROS production by primary microglia after LPS stimulation, we analyzed ROS production by flow cytometry using CellRox. For these experiments treatment with H2O2 served as a positive control. As reported by others, we found that both LPS and H2O2 treated microglia displayed increased fluorescence after 24h (Figures 6A, B). Since our RNA-seq data suggested that GW2580 suppressed genes associated with regulation of ROS, we questioned the effects of treatment on primary cultures stimulated with LPS. For these experiments microglia cultures were stimulated with either media, LPS, GW2580 or LPS and GW2580 together. Treatment with GW2580 or LPS alone had minimal effects on cell viability. In contrast, when microglia were concurrently treated with LPS and GW2580 we observed a marked decrease in cell viability which was validated by increased levels of LDH in the supernatant (Figures 6C, D). Notably, this effect was dependent on the concentration of GW2580 added to the culture (Figure 6D). As reported for primary peritoneal macrophages treatment did not affect the acute production of TNF from stimulated cultures (Figure 6E) (40). Taken together, these data indicate that LPS induces ROS in primary microglia and that CSF1R antagonism decreases viability when microglia are activated by LPS.




Figure 6 | Combined treatment of primary microglia with GW2580 and LPS decreased viability in vitro. (A, B), Primary microglia were stimulated with LPS (100ng/ml) for 0, 6 or 24h or with 75µM of H2O2, for 24h. (A) Microglia were stained for ROS using CellROX and then analyzed by flow cytometry to detect changes in fluorescence intensity. Gating strategy for the experiment. (B) Mean fluorescent intensity for ROS production after primary microglia stimulation. (C–E) Cells were treated with either media, LPS (100ng/ml), GW2580 (0-5µM), or LPS and GW2580 for 48h. (C) Representative images. (D) Cell death was measured by LDH assay. (E) TNF production by stimulated microglia. Data shown are expressed as means ± standard error (S.E.), n=3 per group for (A), n=9 per group for (B) and n=4 per group for (C). Statistical significance is represented by p-value < 0.05 (*), p-value < 0.01 (**) and p-value < 0.001 (***).



Next, we sought to examine a potential relationship between cell death resulting from treatment with LPS and GW2580 and ROS production. To determine if ROS was responsible for microglia death, we replicated the experimental design from previous experiments and pretreated cultures with or without YCG063, a ROS scavenger (62–64). As in previous experiments, microglial cell viability was decreased only when they were cultured in the presence of GW2580 and LPS. This effect was prevented in the presence of the ROS inhibitor YCG063 (Figures 7A, B), indicating that ROS was involved in the reduction of cell viability observed when microglia were treated with GW2580 and LPS.




Figure 7 | Treatment with the ROS inhibitor YCG063 inhibits cell death in GW2580 and LPS treated cultures. (A) Microglia treatment with YCG063, a ROS inhibitor, was used to inhibit cell death. (B) LDH results for both conditions. (C) Primary microglia were stimulated with hydrogen peroxide (from 0µM- 100µM) with and without 5µM of GW2580. (D) LDH results for these conditions. Four independent cultures, represented by a total 19 neonatal pups were used for (A, B). (C, D) Three independent experiments, in at least duplicate for each condition in (C, D), represented by 17 neonatal pups. Data shown are expressed as means ± standard error (SE). Statistical significance is represented by p-value < 0.01 (**) and p-value < 0.001 (***).



To determine if pretreatment with GW2580 increased the sensitivity of microglia to ROS, cultures were challenged with increasing concentration of H2O2 in the presence or absence of drug treatment. Microglia pretreated with GW2580 had increased supernatant levels of LDH when stimulated with 50µM, 75µM and 100µM concentrations of H2O2 compared to control cultures (Figures 7C, D), indicating that GW2580 increased susceptibility of cells to a direct ROS challenge. Taken together, these data indicate that CSF1 antagonism by GW2580 suppresses the capacity for microglia to respond to oxidative stressors and sensitizes them to ROS when they become reactive.



Treatment With the RIP1 Inhibitor Nec-1 Prevented GW2580-Mediated Toxicity

Treatment mediated dysregulation of ROS may promote cell death by either apoptosis or necroptosis (65–67). However, a time course experiment showed that treatment did not cause appreciable changes in the number of cells positively stained for cleaved caspase-3, indicating apoptosis is not likely to be the mechanism of cell death (data not shown). It was recently shown that Toll-like receptor activation in the context of caspase-8 inhibition caused microglia cell death by necroptosis in a manner contingent upon activation of RIP1/RIP3 complex and ROS production (66). CSF1R ligation by CSF1 also promotes caspase-8 activation (68), which may function to inhibit RIP1/RIP3 mediated necroptosis. To test whether necroptosis was involved in cell death resulting from co-treatment with LPS and GW2580, primary microglia were stimulated as before in the presence or absence of Nec-1, a RIP1 antagonist and potent necroptosis inhibitor (Figure 8A). Our data show that treatment with Nec-1 inhibited cell death in LPS and GW2580 stimulated cells (Figure 8B), indicating an involvement of necroptosis in treatment mediated cell death.




Figure 8 | Treatment with the RIP1 inhibitor Nec-1 inhibits cell death in GW2580 and LPS treated cultures. (A, B) Primary microglia were treated with either media, LPS (100ng/ml), GW2580 (5µM), or LPS and GW2580 with and without Nec-1 (30nM) for 48h. (A) Microglia treatment with Nec-1, inhibitor of necroptosis, was used to inhibit cell death. (B) Cell death was addressed by LDH measurement. Data shown is expressed as means ± standard error (SE). Statistical significance is represented by p-value < 0.01 (**).






Discussion

In the current study we characterized the effects of GW2580, a CSF1R antagonist, on microglia. Herein, we report that treatment does not affect weight, food disappearance or burrowing activity. However, GW2580 induced morphological changes to microglia and altered their transcriptome without affecting viability. Ontology analysis of down regulated genes indicated glutathione metabolic processes and response to oxidative stress may be dysregulated in microglia isolated from treated mice. Indeed, our culture experiments revealed that primary microglia produce ROS after stimulation with LPS, and that cell viability was only reduced under culture conditions in which cells were concurrently treated with GW2580 and LPS, an effect that was ameliorated in the presence of an ROS inhibitor. In addition, we found that GW2580 treated microglia were more sensitive to hydrogen peroxide treatment. In addition, we observed that this effect was abolished in the presence of the necroptosis inhibitor, Nec-1. These data collectively indicate that CSF1R antagonism alters the ability of microglia to regulate oxidative stress, and that concurrent treatment with LPS and GW2580 promotes cell death in a manner contingent on activation of necroptosis.

Our results indicate that eight days of treatment with GW2580 does not affect microglia cell number, burrowing behavior or food disappearance, but evokes subtle changes to microglia morphology. The effects of GW2580 on animal behavior are similar to those reported previously with PLX3397 (37, 44, 69). In fact, previous studies using the microglia depleting CSF1R antagonist PLX3397, demonstrated that treatment does not alter animal behavior in otherwise healthy animals (28, 57). In addition to this, CSF1R inhibition using PLX5622 did not alter body weights (70, 71). Furthermore PLX5622 mediated microglia depletion only altered food intake when fed a diet high in saturated fatty acids, but did not impact food intake under normal conditions (72). In terms of morphological changes, few studies have investigated the effects of systemic treatment with non-depleting CSF1R agonists on microglia morphology. Elmore et al., showed that treatment with PLX3397 depletes microglia and that microglia are only morphologically distinct from controls during the repopulation period (57). Treatment with the same antagonist caused morphological changes after 2 days of treatment (73). Similar effects were observed following PLX5622 treatment (74–76). Given that PLX3397 and PLX5622 both rapidly induce microglial cell death, the finding that these drugs alter morphology might be anticipated. Of relevance, treatment with ki20227 is similar to GW2580 in that it does not alter microglial cell numbers. However, as in our study treatment with ki20227 altered the number of microglial segments and branch endpoints (77). Finally, two additional studies have shown that GW2580 is capable of altering microglial morphology (28, 39). Taken together these data indicate that CSF1R inhibition impacts microglia morphology, and indicate that even the non-toxic molecules affect normal microglial physiology.

To better understand how GW2580 treatment affected microglial physiology, we performed an RNA-sequencing experiment on microglia isolated from the brains of control and GW2580 treated mice. Our findings revealed that treatment caused transcriptomic changes to microglia. Unsurprisingly, our data show that Csf1 was upregulated in the GW2580 treated group, and that Csf1r expression exhibits a trend towards being increased. The upregulation of Csf1 likely reflects an attempt by microglia to increase CSF1R signaling, and indicates that treatment may perturb the CSF1/CSF1R pathway. While many studies have recently utilized pharmacological inhibition of CSFR1 to delete microglia, the effects of CSF1R inhibition on the microglia transcriptome has not been completely elucidated. Similar to our results, data obtained from an RNA sequencing experiment performed on microglia isolated from wild-type and Csf1r-/- zebrafish, indicated that Csf1r expression was increased (78). Additionally, in this zebrafish model, upregulation of genes involved in chemotaxis and migration was observed in Csf1r-deficient microglia compared to wild-type controls (78). Ontology terms from our upregulated genes associated with treatment showed genes related to G-coupled receptor signaling pathway and sensory perception of smell. However, the RMPK level of the genes associated with these ontology terms was low in the control group. Oosterhof and coworkers also observed downregulation of genes related to central nervous system development and ion transportation (78), consistent with the findings from our current study. Transcriptomic analyses performed on metastatic tumors from mice treated with AZD7507, another CSF1R pharmacological inhibitor, showed alterations in tumor microenvironment composition and function (79). This does not imply any significance in terms of direct changes in the macrophage population but it suggests that macrophages present in the tumor responded to treatment and altered their relationship with the tumor, because they express CSF1R. Of relevance, human glioblastoma cells also produce CSF1 (80) and treatment with GW2580 inhibits tumor growth following implantation (81).

Transcriptomic analysis of our RNA-sequencing data showed that treatment with GW2580 decreased expression of genes involved in glutathione metabolism and regulation of ROS. We are not aware of other studies that have reported this effect of GW2580 on murine microglia. However, RNA sequencing from Csf1r-deficient microglia obtained from zebrafish also showed downregulation of ROS-related genes. These include Gpx4a (glutathione peroxidase 4a- down 516), Mgst2 (microsomal glutathione S-transferase 2), Gstt1a (glutathione S-transferase theta 1a), Gstp1 (glutathione S-transferase pi 1), Gpx1a (glutathione peroxidase 1a), Nrros (negative regulator of reactive oxygen species), and Romo1 (reactive oxygen species modulator 1) (78) which are related to glutathione metabolism. Intriguingly, Mac2+ microglia that repopulate the brain after PLX5622 mediated deletion upregulate genes related to the ROS pathway (82). This finding is interesting given that intracellular ROS production appears to control the fate of common myeloid progenitors (CMP) in bone marrow. Specifically, CMP cells expressing low levels of ROS differentiate into megakaryocyte-erythrocyte progenitors and those expressing high levels of ROS upregulate CSFR1 and are likely to differentiate into granulocytes or monocytes (83). Continual stimulation of CSF1R by CSF1 inhibits receptor activator of nuclear factor-κB ligand (RANKL), activation of Nox1 and Nox4 protein expression and subsequent osteoclast generation (84). In addition to this, it has been previously proposed that CSF1 increase ROS production via NADPH oxidase inducing the expression of RANK (85, 86). Increased intracellular ROS activates both Akt1 and p38 MAPK pathways to regulate monocyte survival (86). Stimulation with TNF seem to upregulate CSF1 production, but in the absence of it, classical monocyte survival factors, including CSF1, GM-CSF and IL-34 seem to not contribute to cell survival (87). In addition, RNA-sequencing performed on microglia isolated from brain and spinal cords of mice treated with the CSF1R inhibitor BLZ945 show that treatment downregulated Gstm1 (glutathione S-transferase, mu 1) and Gsto1 (glutathione S-transferase omega 1) (88). Together these data implicate a yet to be established connection between CSF1R signaling, ROS production, detoxification, microglia differentiation and survival.

Since ROS plays an important role in microglia activation and CNS damage this provides a potential mechanism of how CSF1R inhibition, specifically GW2580, works. This becomes very relevant because it was previously found that CSF1 signaling may contribute to the pathology of neurological disorders due to the altered microglia (89). For example, a large-scale RNA-sequencing from spinal cord tissue identified CSF1R as a key node of disease progression in a model of progressive multiple sclerosis (58). They generated a selective CNS-penetrant CSF1R inhibitor molecule and observed attenuation of the inflammatory response in microglia and macrophages and significant reduction of symptoms in the animal model for multiple sclerosis (58). Similar findings have been reported with other CSF1R inhibitors to treat models of multiple sclerosis (42, 70, 90) demyelination (91–94), Alzheimer’s disease (36, 44, 91, 95, 96) neuroinflammation and neurodegeneration (36, 37, 44).

While it is established that CSF1R inhibition readily causes microglia cell death, the mechanism by which the cells die is not clearly established and may be context dependent. For instance, caspase-3+ microglia have been detected in naïve mice treated with the CSF1R inhibitor PLX3397 (28). Our data suggest that TLR4 activation via LPS stimulation in the presence of GW2580, promotes necroptosis, at least in culture. While growth factor withdrawal is known to promote apoptosis, it has also been shown that interactions between CSF1 and its receptor CSF1R leads to caspase-8 activation via activation of phosphatidylinosol-3 and AKT (68). Caspase 8 is an established inhibitor of the RIP1/RIP3 complex and thus reductions in caspase 8 promote cell death by necroptosis. For instance, TLR4 activation induced microglial necroptosis in a TNF/TNFR1 independent manner that was instead dependent on TRIF and RIP3 signaling (66). TLR4 activation recruits the adaptor molecules TRIF and MyD88, TRIF interacts with RIP1 and RIP3 via receptor-interacting protein homotypic interaction motif leading to RIPK1 ubiquitination and the formation of RIP1/RIP3 complex directing necrosome formation and necroptosis (66, 97). It is notable that LPS-activated microglia are capable of producing ROS, and that activation of the RIP1/RIP3 complex can also lead to ROS production (66). ROS can activate the necrosome causing necroptosis. As such, inhibition of ROS may prevent necroptosis (66), which relate to our findings as well. In contrast, multiple studies have shown CSF1R inhibition promotes cell death via apoptosis (28, 58, 75). However, our data suggest that inhibition of CSF1R signaling during a state of activation may lead to necroptosis, an effect that should be investigated further.

In summary, we have characterized the effects of systemic GW2580 treatment, a CSF1R antagonist, on microglia isolated from healthy mice. While treatment did not alter behavior or microglial cell viability, the data reveal that it suppressed expression of genes involved in regulating ROS. Culture experiments indicate that CSF1R inhibition sensitizes microglia to ROS-mediated cell death. These data indicate a yet to be established link between CSF1R signaling, redox status and microglial cell viability.
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Supplementary Figure 1 | Effect of GW2580 treatment on mouse weight and behavior per gender. (A–C) Mice were treated with GW2580 at a dose of 80mg/kg/d by oral gavage for 8 days. The effects of treatment on weight (A), food disappearance (B), and burrowing activity (C) are shown. Data are expressed as means ± standard error (S.E.). Each group is composed of n=12-15 mice per group from four independent experiments for weight change, n=3 per group from a single experiment for food disappearance, and n=3 per group from three independent experiments for the burrowing activity.

Supplementary Figure 2 | Effect of GW2580 treatment in microglia morphology. (A–E) Mice were treated with GW2580 by oral gavage for 8 days and the effect of treatment on microglia morphology and viability examined. (A, B) Representative three dimensional reconstruction of a microglia cell in the cortex of vehicle (A) and GW2580 treated (B) mice from a 40x picture. Scale bar is 10μm. (C) Results from Imaris analysis. Each point represents an average of three cells per mouse. Each point represents an average of three pictures. Data shown is expressed as means ± standard error (SE). *p-value < 0.05.

Supplementary Figure 3 | Effect of GW2580 treatment on expression of select genes by RT-qPCR. (A–E), Primary microglia were cultured from brains of neonatal mice and plated at a density of 5x105 cells per well in 24-well plates. Cells were treated with GW2580 (5µM) or medium for 72h, then the expression of select genes determined by qRT-PCR. The effect of treatment on expression of Ndufs8 (A), Prdx2 (B), Prdx5 (C), and Gpx4 (D) is shown. (E) Cell death from the treated samples was addressed by LDH measurement. Data are combined means ± standard error (S.E.) and are from 4-6 independent cultures. ### means that the gene was undetectable. Statistical significance is represented by p-value, p-value < 0.01 (**) and p-value < 0.001 (***).
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