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Editorial on the Research Topic 


Local Immune Modulation of Macrophages and Dendritic Cells


The microenvironment plays an important role in regulating immune reactions in many different diseases like ocular surface inflammation, autoimmune diseases or transplant immunology.

The eye is an example for a highly specialized microenvironment. As reviewed by Niederkorn and Taylor et al., in this Research Topic, the eye, is an immune privileged organ, which controls immune responses to injury or against pathogens very tightly to prevent irreversible damage in limited regenerative tissues, like the cornea or the retina. The maintenance of this immune privilege involves the regulation of macrophages and dendritic cells.

The ocular surface is the first frontline against environmental insults of the eye. Logeswaran et al., analyze in their study in depth the interplay between conjunctival goblet cells and dendritic cells. This study describes the micro–environmental interaction between tissue specific cells types and the immune system:goblet cells are mainly known as producers of the mucin layer of the ocular surface providing an adhesive ground for the aqueous phase of the tear film. Logeswaran et al., show that goblet cells furthermore can sense pathogens via the TLR 5 and subsequently locally suspend the immune regulation of adjacent dendritic cells by increasing the expression of IL6 and less activation of TGFβ.

The eye in general provides an ideal model to modulate the local immune system. Recently, it could be shown that the local application of the immune modulatory molecule sCD83, via preincubation of the corneal graft, induces a local as well as systemic shift of dendritic cells and macrophages towards tolerance (1).

The eye consists of macrophages from distinct ontogenies (2). Macrophages play a major role in the regulation of immune responses and therefore many contributions in this special issue focus on these cells. Hadrian et al. make a highly interesting comparison between the corneal and the skin regarding the contribution of macrophages in tissue vascularisation. Although both tissues constitute the outer barrier of our body, their properties are distinct. Both contain dendritic cells and macrophages, but whereas in the skin these cells are part of a dense vascular network, the cornea proper is free of blood and lymphatic vessels. Whereas in the skin macrophages are involved in the maintenance of the physiological blood and lymphatic vessels, corneal macrophages contribute heavily to the invasion of pathological blood and lymphatic vessels in certain inflammatory settings, but can also support the formation of lymphatic vessels only to drain corneal oedema. Therefore, the macrophages change their M1-like phenotype into M2-like phenotype with an increased expression of VEGF-C, a pro-lymphangiogenic growth factor.

The polarization of macrophages plays also an important role in other parts of the nervous system. Muhammad et al. describe in this issue how vascular macrophages contribute to formation and rupture of intracranial aneurysm (ICA). Highly interesting, also for other disciplines, is the overview of experimental M2-like polarizing agents. Our group observed recently, that a local blockade of VEGF-A in the inflamed cornea prior to transplantation increases the expression of macrophage attracting cytokines like Rantes, MCP-1, MIP-1α, MIP-1β, or GM-CSF in the corneal microenvironment (3). In the review from Muhammad et al. inhibitors such as MCP-1 are shown to reduce ICA. So, therapeutic polarization of macrophages might be a promising strategy, not only for aneurysm, but also for inflammatory or chronic diseases of the cornea, retina or skin.

Modulation of macrophage activity is not only a strategy to dampen overshooting immune responses but is also a well-known escape strategy of pathogens, e.g. Leishmania. Frick et al., show that not only tumors but also Leishmania can create an acidic microenvironment to suppress NO production and thereby the leishmanicidal activity of macrophages. Leishmaniasis can also involve the eye – the so called ocular leishmaniasis – and can cause severe damage to the ocular tissue, like corneal melting or uveitis. Other pathogens, like Pseudomonas aeruginosa, where recently shown to modulate the local immune response, by e.g. inducing the production of CGRP by neurons inhibiting the bactericidal activity of neutrophils (4). However, pathogens not only induce immunosuppression but also induce effective defence mechanisms. Du et al., decipher such an antibacterial mechanism induced by Staphylococcus aureus (S. aureus) in macrophages. They show how S. aureus induced expression of activating transcription factor 3 (ATF3) in macrophages modifies the actin-filament and thereby the motility of macrophages, resulting in an effective recruitment of antibacterial macrophages to the site of infection. In other studies ATF3 was shown to negatively regulate the activation of NFκB and thereby functioning as an immune regulatory factor (5). This shows how important the micro-environmental context is for shaping the local immune response.

Dendritic cells are also highly involved in local immune responses since they surveil the tissue environment. Thereby, DCs can be divided into different subtypes as described by Hongo et al. They herein described that cells from the cDC1 subtype play a role in the protection against post-ischemic acute kidney injury, a phenomenon often observed after kidney transplantation. Li et al. show that the loss of the CD1c subtype in the kidney leads to an increased Th1 response. This work demonstrates how the microenvironment is fine-tuned to avoid overshooting immune responses and on the other hand to protect from massive damage. We could recently show that the migration of dendritic cells, from the graft into lymphatic vessels, is regulated by ALCAM and how local blockade of ALCAM can inhibit this migration and consequently improve graft survival (6). Also here, fine tuning of the microenvironment could change the immune response.

In conclusion, this Research Topic demonstrates how complex local immune responses are regulated and offers a great platform to share our knowledge in respect to the immunological microenvironment on an interdisciplinary level. New therapeutic ideas as well as hypotheses will hopefully arise from the contributions of different disciplines mentioned above.
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Aneurysmal subarachnoid hemorrhage (aSAH) is a highly fatal and morbid type of hemorrhagic strokes. Intracranial aneurysms (ICAs) rupture cause subarachnoid hemorrhage. ICAs formation, growth and rupture involves cellular and molecular inflammation. Macrophages orchestrate inflammation in the wall of ICAs. Macrophages generally polarize either into classical inflammatory (M1) or alternatively-activated anti-inflammatory (M2)-phenotype. Macrophage infiltration and polarization toward M1-phenotype increases the risk of aneurysm rupture. Strategies that deplete, inhibit infiltration, ameliorate macrophage inflammation or polarize to M2-type protect against ICAs rupture. However, clinical translational data is still lacking. This review summarizes the contribution of macrophage led inflammation in the aneurysm wall and discuss pharmacological strategies to modulate the macrophageal response during ICAs formation and rupture.




Keywords: intracranial aneurysms, monocytes, macrophages, inflammation, subarachnoid hemorrhage, stroke, macrophage polarization



Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating subtype of hemorrhagic strokes and it accounts for 5% of all strokes. The worldwide incidence of aSAH is approximately 700000 person-years; the mortality of aSAH is approximately 40% despite appropriate surgical and medical care (1, 2). aSAH has a poor prognosis with significant lifelong morbidity and cognitive deficits for those who survive. Moreover, aSAH has a significant impact on society, as it often affects young people at the peak of their productive life (1, 2). This highly fatal and morbid type of intracranial hemorrhage is due to intracranial aneurysm (ICA) rupture in nearly 85% of SAH cases (3).

ICAs are weak ballooning, bulging, or abnormal dilatations that tend to form at arterial bifurcations due to chronic hemodynamic stress and inflammation (4). Intracranial aneurysms are usually found in 3% to 5% of the population and are slightly more prevalent among females (5). The risk factors for aneurysm development are arterial hypertension, smoking, chronic alcohol consumption, aging, female gender, and family history of aSAH in first-degree relatives (6). Some genetic disorders such as autosomal dominant polycystic kidney disease, Marfan syndrome, Ehlers-Danlos syndrome type IV, neurofibromatosis type 1, and fibromuscular dysplasia are associated with ICA formation (6). Moreover, single nucleotide gene polymorphisms (SNPs) in or near the genes CDKN2B-AS1, SOX17 transcription regulator gene, endothelin receptor gene, HDAC9, and the gene encoding elastin have been revealed in genome-wide association studies (GWAS). Linkage analysis suggests that these genes are strongly associated with intracranial aneurysms (5). An exome-wide association study identified a SNP of the collagen type XVIIα1 chain gene to be significantly associated with aSAH (7). Most ICAs are found incidentally and need preventive care to prevent enlargement and rupture. Prevention of growth and rupture is necessary, as the current treatment modalities, such as surgical clipping and endovascular modalities (coiling, with or without stent and flow diverter placement) are associated with some risks.

Patient factors (age, sex, comorbidities, family history, previous history of SAH, hypertension and smoking) and aneurysm characteristics (size, location, wall irregularity, presence of secondary pouches) are key factors that aid in deciding upon treatment for an unruptured ICA. It is challenging to predict exactly the rupture risk based on aneurysm characteristics and patient risk factors. It is thus, unclear which ICAs require active treatment.

A better understanding of the pathobiology of ICA is important to clarify when active treatment is needed and may facilitate development of pharmacological treatments with no or minimal risk.

Recent evidence from human and animal studies revealed that macrophage-mediated cellular and molecular inflammation is the key player in aneurysm formation and rupture. Here, we briefly review the current knowledge on the role of macrophages in aneurysm formation and their rupture.



Inflammation in Intracranial Aneurysms

The hallmarks of ICAs include endothelial cell dysfunction, smooth muscle cell phenotypic switch, matrix metalloproteinase secretion, and innate immune cell activation leading to vascular remodeling and vessel wall weakening (8–10). Histopathological analysis of aneurysm wall biopsies has revealed an upregulation of inflammatory mediators, disruption of lamina elastic interna, and thinning of media including mural cell death (11). Both cellular and molecular inflammation are crucial in aneurysm formation and rupture. Infiltration of inflammatory cells (especially macrophages) has been observed in the biopsies of ICAs, which shows a possible involvement of macrophages in aneurysm formation. NF-κB is a key transcription factor and is a major known regulator of important pro-inflammatory genes, including TNF, IL-1β, and COX-2. A genetic deletion of NF-κB has been shown to reduce ICA formation and growth (12). Moreover, pro-inflammatory genes regulated by NF-κB, including IL-1β (13), COX-2 (14), iNOS (15), and matrix metalloproteinase-9 (16) contribute to ICA formation. Furthermore, macrophage specific deletion of the prostaglandin E (PGE) receptor subtype 2 (EP2) (Ptger2), an upstream signaling receptor for NF-κB activation, significantly suppresses the development of ICAs in mice, indicating that prostaglandin E2-EP2-NF-κB signaling in macrophages plays a crucial role in ICA development (12). Intriguingly, macrophage-specific expression of a variant of IκBα, which abrogates the translocation of NF-κB, prevents ICA formation (17).

Transcriptomic analysis of ICAs revealed upregulation of pro-inflammatory cytokine genes associated with leukocyte infiltration (18–23). For instance, Nakaoka, Tajima (19) have shown an upregulation of genes related to inflammation, immune response and phagocytosis, whereas anti-inflammatory genes were downregulated. Similarly, upregulation of TNF-α and pro-apoptotic gene expression was shown along with suppressed IL-10 expression in ruptured ICAs. Moreover, SNPs in the IL-10 gene are associated with formation of ICAs (24, 25). Similar, transcriptomic and bioinformatic analyses of ruptured and unruptured ICAs have revealed enhanced expression and upregulation of inflammatory pathways such as TLR signaling, cytokine-cytokine receptor interaction, leukocyte trans-endothelial migration, NF-κB signaling, and many other inflammation-related gene ontology categories (18). Activation and involvement of the complement system has also been observed in ICAs and suggests that chronic inflammation underlies the pathogenesis of ICAs (10, 26). Further, shear stress due to disturbed blood flow at arterial branching points (which contributes to ICA development) upregulates inflammatory pathways such as NF-κB, promotes monocyte recruitment, and triggers sterile inflammation (27, 28). Inflammation in ICA walls is characterized by immune cell infiltration and altered composition of the immune cell populations such as natural killer cells, mast cells, lymphocytes, and importantly macrophages (29).



Monocytes/Macrophages in Intracranial Aneurysms

Monocytes/macrophages are among the main components of innate immunity and represent important members of the mononuclear phagocyte system comprised of myeloid-derived cells (30). Data from human and animal studies has revealed an increased infiltration of immune cells in the aneurysm wall (24, 25, 31, 32). Several lines of evidence have shown increased infiltration of T and B lymphocytes and macrophages along with increased pro-inflammatory molecular expression in clinical resections of ICAs (24, 31, 32).

Studies have clearly demonstrated that monocyte/macrophage infiltration in the wall of ruptured aneurysms is not only found after aneurysmal rupture, but contributes to aneurysm formation and rupture (33). Increased monocyte/macrophage marker CD68 expression has been observed in mice carrying negative mutations of PPARγ in smooth muscle cells of cerebral arteries along with CXCL1, MCP-1, TNF-α expression upregulation. These mice have an increased incidence of aneurysm formation and rupture (34). Aoki, Frò`sen (12) demonstrated that macrophage infiltration driven by MCP-1 and activation of NF-κB involving PGE2-PGEP2 (PGE receptor subtype 2) signaling in the macrophages of arterial wall leads to aneurysm formation, suggesting that inflammation is not only present after aneurysm rupture, but also drives aneurysm formation. As intracranial arteries lack vasa vasorum in the arterial wall, the macrophages may infiltrate through endothelial cell junctions. Sphingosine-1-phosphate (S1P) receptor type 1 signaling activation strengthens the endothelial barrier. Interestingly, activation of S1P receptor type 1 reduced the number of infiltrated macrophages and enlargement of ICAs (35).



Macrophage Polarization and Intracranial Aneurysms

Mills, Kincaid (36) described for the first time the M1/M2 paradigm, where M1 represents classically activated pro-inflammatory monocytes/macrophages, whereas M2 represents alternatively activated anti-inflammatory monocytes/macrophages. A very brief and simplistic overview of M1/M2 biology is represented in Figure 1. However, there is a considerable heterogeneity in macrophage phenotypes and several subtypes have been described such as M1, M2a, M2b, M2c, M2d, Mhem, Mox, M4 (37–40). This over simplistic representation of M1 as pro-inflammatory and M2 as anti-inflammatory macrophages is considered here to recognize different functional states of these polarized phenotypes to assign pro-inflammatory and anti-inflammatory role. Macrophage polarization has implications in aneurysm formation and rupture (Figure 2). Aortic aneurysms formation has been shown to be promoted by inflammatory M1 macrophages, whereas reparative M2 polarization prevents the formation, development and progression of aortic aneurysms (38, 41). It has been shown that GM-CSF contributes toward M1 polarization and M-CSF favors an M2 response (42). Intriguingly, GM-CSF has been shown to promote aortic aneurysm formation (43) and the levels of GM-CSF measured in plasma and lumen of the intracranial aneurysms have also shown a direct correlation with the size of intracranial aneurysms, highlighting a common inflammatory process upregulated by M1 macrophages underlie the development of both aortic and intracranial aneurysms (44). Consequently, immunohistochemical analysis of intracranial aneurysm dome resections have revealed that ruptured intracranial aneurysms from patients possess increased M1 (HLA-DR+) cells opposed to M2 (CD163+) cells (45). These findings suggest that a balance shift toward M2 may prevent aneurysm rupture. Previously, Froesen and colleagues demonstrated differences in CD68+ and CD163+ macrophages in human ruptured and unruptured ICAs (29). Intriguingly, CD68+ and CD163+ (hemoglobin-haptoglobin scavenger receptor) macrophages, mostly HLA-DR-, co-localize with glycophorin A (a component of the erythrocyte membrane) and infiltrate ICAs as a response to a luminal thrombus trapped and lysed erythrocytes, and may promote degenerative arterial wall remodeling (46). In a mouse model of ICAs, M1 (F4/80+ iNOS+) dominate over M2 (F4/80+ Arg1+) during aneurysm development (47). Interestingly, M1 dominance leading to aneurysm development is dependent on neutrophil infiltration, which when blocked led to an increased M2 polarization with reduced aneurysm formation (47). Shimada, Furukawa (48) employed different macrophage markers to assess the polarization of macrophages in ICAs. The authors employed CD68 as a macrophage marker and IL-12p40 and CD206 as M1 and M2 markers, respectively. They observed significant impairment in the M1/M2 ratio in ICAs associated with upregulation of M1-related gene expression (48).




Figure 1 | Representation of M1 and M2 distinguishing features and some of the pharmacological agents employed experimentally to polarize macrophages to M2-anti-inflammatory subtype.






Figure 2 | Representation of the M1 role in the formation and rupture of intracranial aneurysm and therapeutic strategies to modulate the macrophage mediated inflammation during aneurysm formation and rupture. (MCA, Middle cerebral artery: M1, M1 – Classically activated macrophages, MCP-1, Monocyte chemoattractant protein-1; COX-2, Cyclooxygenase-2, PGE2: Prostaglandin E2, EP2: Prostaglandin E2 receptor, NF-κB: nuclear factor-kappa B; TNFα, Tumor necrosis factor α).





Macrophage Modulation as a Treatment Strategy for Intracranial Aneurysms

Recent case-control studies have shown that the use of statins and non-steroidal anti-inflammatory drugs (NSAIDs) is inversely associated with SAH by affecting rupture of ICAs (49–52), supporting the notion that rupture of ICAs can be prevented by pharmacological therapy.

Aspirin protects against ICA rupture through modulation of inflammatory pathways (COX-2 and microsomal PGE2 synthase-1 inhibition) and macrophage burden in ICAs (53–55). A prospective cohort study revealed that usage of atorvastatin in secondary prevention for ischemic stroke increases the incidence of hemorrhagic stroke (hazard ratio 1.66) (29). Therefore, statin usage to prevent aneurysm rupture should be approached with caution. Due to hemorrhagic diathesis by the antiplatelet effect, the use of NSAIDs as a pre-emptive medication to prevent SAH also requires caution. Thus, drugs with highly specific targets with minimal or no side effects should be explored for long-term prophylaxis.

Given the fact that macrophages are key players in orchestrating the inflammatory response during ICA formation and rupture, they may represent vital therapeutic targets to modulate and inhibit inflammation (48). Multiple targets at the level of macrophages and macrophage-mediated inflammation have been explored recently (Figure 2). Inhibition of a key chemoattractant molecule, monocyte chemotactic protein-1 (MCP-1) and depletion of macrophages are associated with reduced ICAs in animal models (8, 33) demonstrating that reducing macrophage burden with both strategies effectively prevented aneurysm formation and rupture. In contrast, CXCL1 (neutrophil chemoattractant) blockade reduced neutrophil infiltration and prevented aneurysm formation without modifying the macrophage burden in a mouse model of ICAs (47), which suggests that other molecular and cellular mechanisms may be involved. Interestingly, inhibition of neutrophil infiltration with CXCL1 inhibition is associated with a shift toward M2 macrophages from a M1 phenotype (47). Activation of PPARγ by Pioglitazone has also been shown to effectively reduce the rupture of ICAs through a reduction in infiltrating macrophages and the M1/M2 ratio (48). Clodronate liposome-mediated depletion of macrophages also reduced the rupture of ICAs similar to that shown with pioglitazone, which was associated with a decrease in M1-phenotype related gene expression (48).

In addition to cellular targets, molecular targets have also been successful in experimental models. Anagliptin, a dipeptidyl peptidase-4 inhibitor, suppresses ICA growth through inhibition of macrophage infiltration and activation via ERK-5-mediated suppression of NF-κB (56). Moreover, Eplerenone, a mineralocorticoid receptor blocker, has been shown to reduce ICA formation, in part via reduction in MCP-1, MMP-9 expression and CD68+ macrophage infiltration in a rat model of ICAs (57). A pilot clinical study showed the beneficial effects of Eplerenone in preventing growth and rupture of ICAs (58). Employment of NF-κB p50 decoy oligodeoxynucleotide (ODN) has been shown to downregulate the expression of macrophage related inflammatory genes and reduced macrophage infiltration with a decline in ICAs growth in a rat model (59). Nifedipine, the drug known to be associated with better outcomes after aSAH, has been shown to prevent the enlargement and degenerative ICAs wall changes through reduced macrophage infiltration, MCP-1, and MMP-2 expression probably by modulating the DNA binding capacity of NF-κB (60).

Macrophage polarization as a therapeutic venture has been studied across various disease models. For instance, tumor associated macrophages (TAMs) represent primarily M2 like macrophages promoting tumors and their polarization toward M1 phenotype through the application of various agents such as CSF-1R inhibitor BLZ945, anti-CSF-1 mAb, Zoledronic acid, Histidine-rich glycoprotein, Hydrazinocurcumin, vadimezan (5,6-dimethylxanthenone-4-acetic acid; DMXAA), flavone glycoside Baicalin, IL10R mAb, CD40 mAb, corosolic acid, N-(2-hydroxy acetophenone) glycinate (CuNG), imiquimod, etc. have been investigated as potential tumoricidal drugs (61, 62). Interestingly, certain pieces of evidence support the antagonism of M-CSF as a beneficial tumor therapy leading to M1 polarization of macrophages from M2 tumor associated macrophage phenotype (42). Similarly, in rheumatoid arthritis with a predominance of M1 response, an opposite approach polarizing macrophages from M1 to M2 type has been shown to reduce inflammation and disease severity (63). Several M1 to M2 polarizing agents such as gene therapy by using IL-10 DNA plasmid incorporated in nanoparticles carrying tuftsin protein to target synovial tissue macrophages, Withaferin-A incorporated in manosylated liposomes, paeoniflorin-6′-O-benzene sulfonate (CP-25), sSiglec-9, fucose/galactose analog 2-D-gal and JWH133 have been shown to reduce disease severity in experimental arthritis models and polarize macrophages to anti-inflammatory M2 type (63). Similar, approaches to modulate macrophage polarization from M1 to M2 may prevent the rupture of ICAs. For instance, molecular genetic approaches leading to polarization toward M2 macrophages using miRNAs such as miRNA-181a (64) could be of great potential. Aptamer based enrichment of M2 polarized macrophages in ICAs may also be developed (65). Epigenetic control of macrophage polarization could also be exploited to abrogate the chronic inflammation leading to ICAs formation (66). Egress of macrophages may also be promoted to decrease macrophage burden (67). Berberine, an alkaloid from Coptis chinensis, has been shown to inhibit macrophage activation and infiltration in ICAs by modulation of the phospho-focal adhesion kinase (pFAK)/Grp78/unfolded protein response signaling pathway and reduced the elaboration of inflammatory factors from macrophages such as MCP-1, IL-1β, IL-6, TNF-α, and MMPs (68). Intriguingly, cutaneous non-invasive vagus nerve stimulation has been shown to reduce aneurysm rupture rates and improve outcomes after aneurysm rupture, and may implicate reduced MMP-9 expression as a potential mechanism of action (69). Suppression of MMP-9 expression in macrophages and polarization of macrophages/microglia to the M2 phenotype has already been shown to stem from vagus nerve stimulation-mediated modulation of inflammatory pathways (69, 70). Taken together, there are multiple strategies at the level of inflammation and macrophage modulation that have translational potential in human disease. However, the heterogeneity and the complexity of macrophageal response should be cautiously considered in future studies aiming at characterizing the role of these main sentinel cells of ICAs inflammation (39, 40). A recent study revealed that during Ang-II induced inflammation of the aorta, primarily adventitial macrophage population expanded due to the infiltration of the bone marrow derived macrophages, whereas the residential embryonic macrophages do show local proliferation, but retain their homeostatic roles (40). Similar, studies utilizing fate mapping, mass cytometry, single cell transcriptomics and proteomics may be required to unveil the complexity and heterogeneity of ICAs macrophages, which may be helpful to design better therapeutic strategies. A summary of various clinical and preclinical observations and interventions aiming to prevent macrophage mediated inflammation in ICAs is represented in Table 1. Clinical trials are needed to confirm the efficacy observed in animal studies.


Table 1 | A brief summary of macrophage modulation studies for prevention of intracranial aneurysms (ICAs) formation and rupture.






Conclusion

Inflammation and macrophages represent the cornerstones of ICAs development and rupture. Macrophage modulation seems to represent an important therapeutic target and may lead to treatments against ICAs growth and rupture.
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Macrophages are critical mediators of tissue vascularization both in health and disease. In multiple tissues, macrophages have been identified as important regulators of both blood and lymphatic vessel growth, specifically following tissue injury and in pathological inflammatory responses. In development, macrophages have also been implicated in limiting vascular growth. Hence, macrophages provide an important therapeutic target to modulate tissue vascularization in the clinic. However, the molecular mechanisms how macrophages mediate tissue vascularization are still not entirely resolved. Furthermore, mechanisms might also vary among different tissues. Here we review the role of macrophages in tissue vascularization with a focus on their role in blood and lymphatic vessel formation in the barrier tissues cornea and skin. Comparing mechanisms of macrophage-mediated hem- and lymphangiogenesis in the angiogenically privileged cornea and the physiologically vascularized skin provides an opportunity to highlight similarities but also tissue-specific differences, and to understand how macrophage-mediated hem- and lymphangiogenesis can be exploited for the treatment of disease, including corneal wound healing after injury, graft rejection after corneal transplantation or pathological vascularization of the skin.
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Introduction

Macrophages represent highly plastic cells of the hematopoietic system and are found in all tissues (1). Macrophages exert multiple functions including important roles in tissue development, homeostasis, repair and host defense. Several pieces of evidence indicate a critical role of macrophages as mediators of neovascularization (2–4). Furthermore, macrophages have also been shown to mediate repair of damaged vascular tissue (5). Neovascularization occurs very diversly in different tissues. Here we review the role of macrophages in tissue vascularization with a focus on blood and lymphatic vessel formation in cornea and skin. Furthermore, a recent study showed the mediation of vascular tissue repair by macrophages (5).

The cornea is the outer barrier of the eye and is, under healthy conditions, transparent and the major refractive element in the eye. The cornea belongs to the few immune-privileged tissues of the organism and is, unlike the skin, avascular in its healthy state. After severe injury or chronic inflammation, however, corneal avascularity is abrogated as blood and lymphatic vessels can sprout from the adjacent vascularized tissues into the cornea, leading to reduced visual acuity and undesired immune responses (6, 7). However, on the other side previous studies also reported on beneficial roles of lymphatic vessels in the cornea under certain disease conditions (8–10). Corneal macrophages have been shown to be critical mediators of corneal hem- and lymphangiogenesis (2, 11). Similar to the cornea, the skin is an important barrier tissue protecting the body from harmful insults of the environment. In contrast to the avascular cornea, the skin contains a tight network of blood and lymphatic vessels and also several resident immune cell types, including macrophages, which have been shown to be important mediators of skin vascularization. Comparing angiogenesis in both tissues provides an opportunity to highlight molecular principles of macrophage-mediated tissue vascularization.



Monocyte and Macrophage Heterogeneity


Origin and Development of Monocytes and Macrophages

Until recently, it was thought that macrophages exclusively originate from hematopoietic stem cell (HSC)-derived monocytes in the bone marrow and are released into the peripheral blood circulation (12). The egression of monocytes from bone marrow into blood requires the expression of the C-C chemokine receptor type 2 (CCR2) (13, 14). Blood monocytes can be subdivided into two subtypes: classical and non-classical monocytes. Classical monocytes are circulating for several days in the blood before leaving the circulation by diapedesis and entering tissues in steady state to replenish the tissue macrophage populations under inflammatory conditions. Non-classical monocytes predominantly remain in the circulation (13) and engage in long-term migration along the endothelium with or against the flow, a process termed patrolling (14). These monocyte subpopulations are reviewed in detail in section 2.2, including their various expression of surface markers.

However, besides macrophages originating and renewing from HSCs, some macrophages develop in the early embryo before the development of HSCs. These cells are termed erythromyeloid progenitors (EMP) (15). It was shown in mice, that macrophages develop in the yolk sac beginning from embryonic day 8.5 (E8.5) (16, 17). Further, the transcription factor myeloblastosis (Myb) is required for the development of HSCs in the bone marrow as well as for the development of all CD11bhigh monocytes and CD11bhigh macrophages. For the development of yolk sac-derived F4/80+ macrophages in several tissues, including liver Kupffer cells, epidermal Langerhans cells as well as microglia cell populations, Myb was dispensable. In adult mice, these populations can persist independently of HSCs, suggesting that a lineage of tissue macrophages is derived from the yolk sac and is genetically distinct from HSC progeny (18). Additionally, it was shown in mice, that the majority of adult tissue-resident macrophages in various organs like liver, brain, lung and skin originates from an Angiopoietin-1 receptor+ (Tie2) cellular pathway generating Colony stimulating factor 1 receptor+ (Csf1r) EMPs, which are distinct from HSCs (19, 20). It has been shown that during inflammation there is an expansion of both HSC- and EMP-derived macrophages, presumably performing different functions at different stages of the inflammatory process.

In the cornea, the CCR2- population is already is present in the cornea at E12.5, which are similar to yolk sac-derived macrophages, whereas the CCR2+ population does not appear in the cornea until E17.5. Besides the different phenotype and gene expression profile, the role of these populations in corneal wound healing is different. Whereas CCR2+ macrophages seem to act pro-inflammatory in an early stage of corneal wound healing, CCR2- macrophages seem to act anti-inflammatory during the later stage of wound healing (21).



Subpopulations of Murine Monocytes and Macrophages

In mice, the antigenic differentiation of two monocyte subsets was first achieved after the observation that monocytes could be subdivided according to their expression of CCR2, L-selectin (CD62L) and CX3C chemokine receptor 1 (CX3CR1) (13, 22–25). CCR2+CD62L+CX3CR1low expressing monocytes have pro-inflammatory characteristics and are recruited into the tissue during inflammation, e.g., for host defense, whereas CCR2-CD62L-CX3CR1high monocytes/macrophages have anti-inflammatory properties and replenish the tissue resident macrophage population, mediate wound healing and patrol the vasculature (13, 26–28). CCR2+CD62L+CX3CR1low expressing monocytes are known to be the “inflammatory” subset, whereas CCR2-CX3CR1high expressing monocytes are considered as the “resident” subset. Besides CCR2 as a marker for monocytes/macrophages, Geissmann et al. identified an additional marker, lymphocyte antigen 6C (Ly6C), for CCR2+ monocytes/macrophages (13). In particular, CCR2+CD62L+CX3CR1lowLy6C+ monocytes seem to have an outstanding importance for the infiltration into inflamed tissues (29). These cells produce pro-inflammatory cytokines and chemokines, including tumor necrosis factor (TNF)-α, Interleukin (IL)-1β, IL-6, IL-12, IL-23, and C-C motif chemokine 11 (CCL11) (30, 31). Additionally, cells express high levels of Triggering receptor expressed on myeloid cells 1 (TREM1), which can potently amplify pro-inflammatory responses (32).

Fate-mapping studies as well as single cell analyses were recently able to provide major insights into the heterogeneity of macrophages. In this context, a study performed by Yona et al. demonstrated, that tissue resident macrophage populations, including peritoneal, splenic and lung macrophages, as well as liver Kupffer cells, are established prior to birth and are disconnected from monocyte input in adult steady state (27). Furthermore, this study demonstrated that in steady state monocytes with a CX3CR1intLy6C+ expression form a short-lived obligatory precursor intermediate for the generation of Ly6C- monocytes, which dynamically control the lifespan of their progenitors (27). A very recent study from Wieghofer et al., provided further insight into the heterogeneity of macrophages in various tissues of the eye, including the cornea (33). In this study, a combination of three techniques, single-cell RNA sequencing, embryonic and adult cell fate mapping and parabiosis with the use of reporter mouse lines was deployed to compare the transcriptional profiles, origin and turnover characteristics of retinal microglia, and resident macrophages in the ciliary body as well as in the cornea (33). Out of 17 different clusters containing CD45+CD3-CD19-Ly6G- cells, five clusters were significantly enriched in the cornea. Furthermore, this study showed, that all investigated compartments of the adult murine eye contained macrophages of prenatal origin that derive either from the yolk sac and/or the fetal liver to various degrees. However, in the cornea of adult mice, macrophages are continuously replaced with cells derived from the definitive hematopoiesis with a short turnover (33).

A number of markers that are expressed by macrophages can be used for characterization and localization during experimental set ups, including F4/80, CD11b and CD68 (34–36). Besides macrophages, F4/80 is also a marker for microglial cells (37). Additionally, myeloid dendritic cells, blood monocytes and eosinophilic granulocytes also express low levels of F4/80 (38), whereas CD11b is also expressed on neutrophils, peritoneal B1 cells, CD8+ dendritic cells (DCs), natural killer cells (NK) and a subset of CD8+ T cells (39–41). CD11b is also highly expressed in CD4+ conventional DCs and in conventional DCs type 2 regardless of their CD4 expression (42). CD68 is also present on basophils, dendritic cells, fibroblasts, Langerhans cells, mast cells, CD34+ progenitor cells, neutrophils, osteoclasts, activated platelets and B and T cells (43, 44). Additional markers widely used for the characterization of tissue resident macrophages are CD64 and Mer tyrosine kinase (MerTK). A combination of different markers including CD11b, F4/80, CD64, MerTK and CD68 for flow cytometry is commonly used to characterize tissue-resident macrophages (45). Furthermore, the characterization of macrophages is also possible using immunofluorescence. For example, Saylor et al. developed an automated, multiplexed staining approach including anti-CD68, -CD163, -CD206, -CD11b, and -CD11c antibodies to identify macrophages in tumor tissue (46).

Interestingly, macrophages share the marker Lymphatic Vascular Endothelial Hyaluronan Receptor 1 (LYVE-1) with lymphatic endothelial cells (LECs) (47). Therefore, these cell types also have to be discriminated, e.g. by using further specific markers for LECs such as the transcription factor Prospero homeobox protein (Prox-1) (48) and the membrane glycoprotein Podoplanin (6, 49, 50). Besides lymphatic vascular endothelium, LYVE-1 serves for both, macrophages and LECs as receptor during hyaluronate metabolism and angiogenesis (2, 3, 6, 51–53). Intriguingly, a recent study of Chakarov et al. has shown that two independent monocyte-derived tissue resident macrophage populations exist across various tissues with specific niche-dependent phenotypes and functional programming, distinguished by their LYVE-1, MHC II and CX3CR1 expression pattern (54). LYVE-1lowMHC IIhighCX3CR1high macrophages are preferentially located, but conserved, in sub tissular niches located adjacent to nerve fibers, whereas LYVE-1highMHC IIlowCX3CR1low macrophages are preferentially located adjacent to blood vessels (54). LYVE-1lowMHC IIhighCX3CR1high macrophages exhibit potent immune-regulatory potential, while LYVE-1highMHC IIlowCX3CR1low macrophages are able to express higher levels of genes which are involved in wound healing, repair, and fibrosis, as well as blood vessel morphology and leukocyte migration (54).



Activation Phenotypes of Macrophages

A plethora of functional macrophage phenotypes exist. For a long time, macrophage phenotypes were classified into two polarized macrophage subtypes, depending on their activation state. The “classical” activation of macrophages occurs via stimulation by pro-inflammatory mediators, e.g. Interferon (IFN)-γ, TNF-α or lipopolysaccharides (LPS). These macrophages show an increased expression of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-12, increased antigen presentation and production of nitrogen and oxygen radicals as well as increased microbicidal activity (55). This macrophage phenotype occurs primarily in early phases of inflammatory responses. In contrast, “alternative” activation of macrophages is mediated by the Type 2 cytokines IL-4 and IL-13 which induce the expression of hallmark genes such as Retnla (resistin-like molecule alpha), Chil3 (chitinase-like 3), and Arg1 (arginase 1) (55, 56). IL-4/IL-13-activated macrophages show an increased activity in signaling pathways that are important for the termination of an immune response, leading to an increase of the expression of prophagocytic, antioxidant and motility-enhancing factors, while the expression of pro-inflammatory factors is decreased (55). Furthermore, IL-4Rα-activated macrophages are crucially involved in tissue repair, evidenced by defective skin wound healing in Il4rafl/−Lyz2-cre mice (57). In this study, IL-4Rα-activated macrophages were shown to have a major impact on the collagen-modifying function of fibroblasts and thereby on scar formation (57). Macrophages in Il4rafl/−Lyz2-cre mice fail to initiate an essential repair program rather than an unrestrained pro-inflammatory response which was reported in prior studies by Chen et al. (58). It is clear, however, that this subdivision is an oversimplification and only reflects two extremes of polarization and that in tissues a wide range of activation states exist in parallel (56).




Corneal Macrophages

Previous studies have demonstrated that resident tissue macrophages and antigen-presenting cells (APCs) are present in various tissues of the eye, including the iris, ciliary body, uvea, retina, conjunctiva, and cornea (59–63). It was also shown that macrophages express low levels of MHC II and further costimulatory molecules, which enables them to act as APCs, although working less efficiently than dendritic cells due to their relatively reduced ability to migrate and prime naïve T cells (42, 64–67). In this regard, it should be noted that there are several lines of evidence that Langerhans cells are not DCs but rather a population of specialized macrophages (42, 68). Furthermore, it was demonstrated that a high number of CD45+ cells (leucocytes) with pleomorphic and dendriform morphology were found within the pericentral and central region of the corneal stroma (69). It was demonstrated, that all CD45+ cells in the corneal stroma are also CD11b+ and around 50% of the CD45+ cells were also F4/80+. Approximately 30% of all CD45+ cells and 50% of F4/80+ cells co-expressed MHC II, whereas only a very small number of the CD45+ cells were positive for CD11c (dendritic cells) or Ly6G (granulocytes) (69). In short, this study shows that two different subsets of F4/80+ macrophages exist in the cornea, discriminated based on their MHC II expression. No T cells and NK cell markers were found in the naïve corneal stroma, indicating that all cells identified in the stroma were of the myeloid lineage (69).

Early experiments from Streilein and colleagues indicated that the cornea has no MHC II+ cells capable of stimulating acute allogeneic rejection (70). Subsequently, two independent studies described a network of CD11b+ macrophage-like cells as well as a significant number of CD45+ leukocytes in the stroma and CD11c+ DCs in the corneal epithelium of normal mouse corneas (69, 71). MHC II+ cells were typically located in the periphery of the corneal epithelium with a dendritic morphology in various species, including mice (72) and humans (72–74). It was also shown, that CCR2- macrophages, which already exist in the cornea at E12.5, may be derived from progenitors originating in the fetal liver or earlier yolk sac (17), as yolk sac progenitors seem to express only low levels of CCR2. The CCR2+ population does not appear in the cornea until E17.5 (21). It was also demonstrated that CCR2− macrophages in the cornea were mainly maintained through local proliferation and were rarely replaced by blood monocytes, whereas CCR2+ macrophages with a lower ability to proliferate were replaced by blood monocytes (21). It was proposed that the turnover rate of bone marrow-derived CX3CR1+ cells in the cornea is fast (approximately 40% in 4 weeks) compared to other non-lymphoid tissues (75), including lung, liver and brain [turnover of less than 5% in 4 weeks (76)]. This study also proposed, that the higher turnover rate in the peripheral cornea is a reflection of the close location to the vascular limbus (75).

Taken together, macrophages are also present in the immune-privileged cornea, preferable in the periphery of the corneal stroma. However, macrophages are also found occasionally in the central cornea, with a possible origin in the bone marrow as well as in the yolk sac. Nonetheless, the normal central cornea is devoid of MHC II+ cells (70, 77).



Corneal Hem- and Lymphangiogenic Privilege

In most tissues and organs, blood and lymphatic vascular systems are essential to supply organs and tissues with oxygen and nutrients, to drain redundant fluid and metabolites and to support the immune system to protect the body against foreign organisms (78, 79). However, there are some tissues that do not rely on the presence of blood and/or lymphatic vessels to maintain their unique structure and fulfill their function. The cornea is one of these rare tissues that actively maintains an avascular state, which is called “corneal (lymph)angiogenic privilege” (80) (Figure 1A). In general, it seems that the maintenance of corneal avascularity does not only occur as a result of the upregulation of anti-angiogenic factors, but also from the downregulation of pro-angiogenic factors in the healthy cornea (81). It has been shown in this context, that the balance between angiogenic and anti-angiogenic factors especially in the corneal epithelium plays an important role in corneal avascularity (82–84). This includes the pro-angiogenic factors fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF) and the transforming growth factor-α (TGF-α) (85, 86), as well as the anti-angiogenic factors including endostain (87), thyrosinase (88), semaphorin 3F (89), angiostatin (90) and thrombospondin (TSP-1) (91–96). TSP-1, an anti-angiogenic, multifunctional extracellular matrix protein, plays an interesting role in the lymphangiogenic privilege of the cornea. It was shown that aged (6-month-old) TSP 1-/- mice develop a spontaneous ingrowth of lymphatic vessels into the cornea, which was also shown in mice lacking the TSP-1 receptor CD36 (95). Mechanistically, it was demonstrated that TSP-1 down-regulates the expression of VEGF-C via CD36 in macrophages, proposing that macrophages are involved in the maintenance of the lymphangiogenic privilege of the cornea (95). Additionally, factors which can act pro- as well as anti-angiogenic are also present in the cornea, including TGF-β (97–99). It was further demonstrated that corneal avascularity is dependent on the expression of soluble VEGF receptor 1 (sVEGFR-1) in the corneal epithelium (100). The lack of sVEGFR-1, which serves as an endogenous VEGF−A trap (101), abolishes corneal avascularity in mice (100). A further crucial regulator of lymphatic vessel growth is sVEGFR-2, which inhibits lymphangiogenesis by blocking VEGF−C function (102). Further studies showed that also sVEGFR-3 is expressed in the cornea and is essential for corneal alymphaticity (103). This protein binds and sequesters VEGF-C, thereby blocking signaling through VEGFR-3 and suppressing lymphangiogenesis induced by VEGF-C. The knockdown of sVEGFR-3 leads to neovascularization in the mouse cornea. In contrast, the overexpression of sVEGFR-3 inhibits neovascularization in a murine suture injury model (103). Membrane-bound VEGFR-3 is also strongly constitutively expressed by the corneal epithelium and is mechanistically responsible for suppressing inflammatory corneal hem- and lymphangiogenesis (104).




Figure 1 | Macrophages in corneal neovascular disease. (A) The naive cornea is devoid of blood and lymphatic vessels. Few immune cells including macrophages are present in the peripheral cornea and to a lesser extent in the central cornea. (B) An acute incisional injury (left) leads to the ingrowth of lymphatic, but not blood vessels. A chronic injury (suture placement, right) leads to the ingrowth of blood and lymphatic vessels. Corneal neovascularization in both injury models critically depends on the presence of corneal macrophages. (C) Bacterial keratitis (left) leads to ingrowth of blood vessels in the early and late stage of infection, whereas lymphatic vessels only appear in the late stage of infection. Both are critically dependent on the presence of corneal macrophages. HSV-1 keratitis (right) leads to the ingrowth of blood and lymphatic vessels independently of the presence of corneal macrophages. (D) The low-risk corneal transplantation setting (left) without pre-existent corneal neovascularization usually does not result in graft rejection, whereas the high-risk corneal transplantation setting (right) with pre-existent blood and lymphatic vessels is likely to result in graft rejection. Macrophage depletion significantly improves graft survival. All settings (B–D) result in the accumulation of corneal macrophages.



Additionally, the corneal (lymph)angiogenic privilege is provided by the special anatomy of the cornea, which ensures a constant dehydration, resulting in periodically ordered, tightly packed collagen lamellae and a compact keratocyte network. The periodicity is highly dependent on the state of stromal hydration. In case of stromal edema, the compactness of the stroma is disturbed and therefore vessels can easier grow in-between the lamellae (105, 106). However, in early studies it was shown, that corneal swelling can occur without vascularization (107). Currently, it is thought that also the limbus may act as a physical and physiological barrier to invading vessels in the immediate vicinity and might also prevent an overgrowth of the cornea with conjunctival epithelial cells (108–112). Disturbances of limbal stem cells for example by UV-light may also deregulate the (lymph)angiogenic privilege of the cornea (113). However, other studies question the concept of the limbal barrier to corneal vascularization as the basis of corneal angiogenic privilege (81, 114).

Besides being a (lymph)angiogenic privileged tissue, it is well established that the cornea is also an immune-privileged tissue (115). Anterior chamber-associated immune deviation (ACAID) is an example for this immune privilege, which partially depends on an eye-derived, suppressor-inducing macrophage subset that acts through NK cells (116, 117) and suppresses antigen-specific, delayed-type hypersensitivity (DTH) (118). It was shown that corneal immune privilege is co-responsible for the (lymph)angiogenic privilege of the cornea (119). Interestingly, several molecules are involved in maintaining both corneal angiogenic and immune privilege such as the thrombospondins (95, 96).

Due to the here described (lymph)angiogenic privilege, corneal wound healing after (minor) injury usually takes place without any neovascularization. However, after severe injury, e.g. as a result of trauma, infection, and inflammatory or degenerative disorders, the (lymph) angiogenic privilege of the cornea might be overwhelmed (“threshold concept”), leading to the invasion of blood and/or lymphatic vessels into the cornea (corneal neovascularization).



Corneal Neovascularization in Pathology and Disease


Breakdown of Corneal (Lymph) Angiogenic Privilege

Corneal avascularity is highly important for the maintenance of corneal transparency, ensuring the basis of good visual acuity. However, a variety of diseases and surgical manipulations can lead to the breakdown of the hem- and lymphangiogenic privilege of the cornea resulting in pathological corneal hem- and lymphangiogenesis. Diseases that can be associated with corneal neovascularization include inflammatory disorders, corneal graft rejection after transplantation, infectious keratitis, contact lens-related hypoxia, alkali burns, stromal ulceration, or limbal stem cell deficiency. In these conditions, the balance between pro-angiogenic and anti-angiogenic factors is disturbed and leads to an upregulation of pro-angiogenic factors, and a downregulation of anti-angiogenic factors followed by neovascularization (120–122). Blood vessels directly reduce corneal transparency if growing into the optical zone or due to secondary effects such as hemorrhage and lipid exudation through immature and leaky capillaries. Unlike blood vessels, clinically invisible lymphatic vessels do not reduce the transparency of the cornea. However, they contribute to various inflammatory diseases of the ocular surface, including corneal transplant rejection, dry eye disease (DED) and ocular allergy (7, 123). In those diseases, the corneal lymphatic vessels facilitate the migration of APC from the ocular surface to the regional lymph nodes, which induces undesired immune responses (124–126). On the other hand, lymphatics may also be involved in draining excess tissue fluid thus contributing to corneal transparency and vision (9).



Role of Macrophages in Corneal Neovascularization

Macrophages play a pivotal role in corneal neovascularization. Macrophages are able to secrete paracrine factors, such as VEGF-A, which promotes hem- and lymphangiogenesis by binding on VEGFR-2 (2), and VEGF-C and VEGF-D, which promote lymphangiogenesis by binding to VEGFR-3 (127, 128). In addition, macrophages also express VEGFR-1 and VEGFR-3 which both may mediate chemotactic effects in myeloid cells and thereby perpetuate an inflammatory hem- and lymphangiogenic response (“immune amplification”) (2). Notably, so far it is not reported in the literature whether macrophage-derived VEGF-A is critical for corneal vascularization, and it is unclear by which other mediator macrophages precisely might mediate corneal vascularization. Besides secreting lymphangiogenic and angiogenic growth factors (2), macrophages also directly contribute to corneal lymph vessel formation by integrating into newly formed corneal lymphatic vessels (3). That means macrophages have a dual important role in mediating corneal lymphangiogenesis (129). Furthermore, macrophages seem to be essential also for maintenance of (corneal) lymphatics (130). It was shown that depletion of macrophages significantly reduces corneal hem- and lymphangiogenesis (2, 131, 132). Recent studies have also identified distinct functions of early- versus late-phase corneal wound macrophages in hem- and lymphangiogenesis: whereas early-phase wound macrophages are essential for the initiation and progression of injury-mediated corneal hem- and lymphangiogenesis, late-phase wound macrophages control the maintenance of established corneal lymphatic vessels, but not blood vessels (10, 11). Furthermore, studies indicate that the type of corneal damage controls the hem- and lymphangiogenic potential of corneal macrophages: whereas an acute perforating incision injury induced wound macrophages with lymphangiogenic, but not hemangiogenic potential with an increased expression of VEGF-C and D, suture placement into the corneal stroma provoked wound macrophages with hem- and lymphangiogenic potential (Figure 1B). Interestingly, in a model of Pseudomonas aeruginosa-induced bacterial keratitis, corneal hemangiogenesis was induced in early as well as late stages, whereas lymphangiogenesis was induced solely in late stages, which was strongly dependent on corneal macrophages (Figure 1C) (10). Taken together, the hem- and lymphangiogenic potential of corneal wound macrophages is determined by the type of the corneal damage and the phase of corneal injury (11). However, based on currently available data, it seems not possible to speculate or conclude whether different macrophage populations or different activation phenotypes are separately regulating corneal hem- and/or lymphangiogenesis.

Another possibility of macrophages promoting hemangiogenesis is VEGF-independent, as macrophages might act as bridge cells on the tips of sprouting lymphatics guiding the cells into finding and anastomosing with tip cells from other sprouting lymphatics (133, 134). However, this pathway has not been shown for corneal neovascularization so far.

It should be noted that corneal neovascularization might also occur independent of macrophages. An example is corneal lymphangiogenesis induced by Herpes simplex virus 1 (HSV-1) (135). It was shown in this context that lymphangiogenesis depends on VEGF-A/VEGFR-2 signaling but not on VEGFR-3 ligands. Importantly, macrophages were not the source of VEGF-A and did not play a role in the induction of the lymphangiogenic response. Infected epithelial cells were discovered as the primary source of VEGF-A in this model, suggesting that HSV-1 directly induces vascularization of the cornea through up-regulation of epithelial VEGF-A expression and not via macrophages (Figure 1C).

We have recently demonstrated an important role of Interleukin-10 (IL-10)-activated macrophages in inflammatory corneal neovascularization. In particular, we could show that the multifunctional cytokine IL-10, which acts anti-inflammatory as well as immune-regulatory, controls the corneal lymphangiogenesis and the resolution of corneal inflammation via macrophages (8). In healthy corneas, the expression of IL-10 was unverifiable, however macrophages which infiltrated inflamed corneas after corneal injury showed a strong increase in IL-10 expression. In vitro stimulation of macrophages with IL-10 led to an anti-inflammatory, but surprisingly pro-lymphangiogenic phenotype, characterized by an upregulation of VEGF-C. In IL-10 deficient mice, corneal injury resulted in both reduced expression of VEGF-C and reduced corneal lymphangiogenesis. However, the loss of IL-10 had no effect on corneal hemangiogenesis (8). The deletion of the central mediator of IL-10 signaling, Signal transducer and activator of transcription 3 (Stat3), specifically in myeloid cells resulted in reduced corneal lymphangiogenesis and persistent corneal inflammation in injured corneas, reinforcing the critical role of IL-10+ macrophages in the regulation of corneal lymphangiogenesis and inflammation (8). These findings indicate that IL-10 leads to an anti-inflammatory but pro-lymphangiogenic VEGF-C secreting macrophage phenotype during an inflammatory corneal response. These macrophages can induce the activation and growth of lymphatic vessels, leading to an egress of inflammatory cells and the termination of the local inflammatory response (8).


Role of Specific Macrophage Subpopulations in Corneal Neovascularization

Not much is known about the role of specific macrophage subpopulations during corneal neovascularization. In a mouse model with either a knockout of CCR2 or CX3CR1, or a macrophage depletion model, corneal neovascularization was induced by alkali injury (136). It was shown in this model that CCR2-deficient mice exhibited reduced corneal neovascularization with reduced macrophage infiltration, whereas corneal neovascularization in CX3CR1-deficient mice was increased with reduced macrophage infiltration. Macrophage depletion did not affect corneal neovascularization, which is in contrast to other studies showing that macrophage depletion inhibits corneal neovascularization (2, 11). It should also be noted that this study only assessed corneal hemangiogenesis and did not analyze corneal lymphangiogenesis (136).



Corneal Transplantation and the Role of Macrophages in Transplant Rejection

Corneal transplantation (keratoplasty) is the most frequently performed form of transplantation worldwide, with more than 100.000 transplants per year (137). Due to the immunological privilege of the cornea, keratoplasty usually results in good transplantation outcomes (138, 139).

This immunological privilege of the cornea actively suppresses immune responses against the allograft, enabling the transplantation of HLA-mismatched corneal grafts without the need of systemic immunosuppression (119, 140). However, the immunological privilege of the cornea is not invulnerable. In this regard, it has been shown that e.g. severe inflammation can overcome the immunosuppressive mechanisms of the cornea and results in an immunological scenario similar to solid organ transplantation, where e.g. HLA-matching and systemic immunosuppression are necessary to avoid immune-mediated allograft rejection (140–142). Thus, in eyes with compromised immunological privilege graft failure caused by immune rejection continues to be a major barrier to transplantation success. Keratoplasty can thus be divided into two risk categories dependent on the immunological status of the host cornea. In the so-called low-risk setting, the immunological privilege of the cornea is intact and graft rejection is unlikely. In contrast, in the high-risk setting, the immunological privilege of the cornea is lost, and the risk of graft rejection is significantly increased (Figure 1D) (141, 143). It is now widely accepted that the vascularization status of the cornea is the most important factor defining the low- or high-risk status of the host. Avascular hosts are generally considered as low-risk hosts, whereas vascularized hosts are generally considered as high-risk hosts. In this regard, it has been demonstrated that preexistent pathological lymphatic vessels facilitate trafficking of APCs from the graft site to regional draining lymphoid tissues where APCs can then present alloantigens to host T cells. In fact, in the murine model of corneal transplantation it was clearly shown that lymphatic and not blood vessels determine the high-risk state of neovascularized recipient beds (124). Pathological preexistent blood vessels then facilitate the homing of primed effector T cells to the graft site where allorejection is mediated (141).

Early research in rat eyes have demonstrated reduced rejection rates of corneal transplants after depletion of macrophages, demonstrating the crucial role of macrophages in corneal transplantation (131, 144). In this study, all transplants in the control group were rejected within 17 days, whereas the transplants in macrophage-depleted eyes were not rejected during the entire follow-up period over 100 days post transplantation. Additionally, a reduced vascular response in clodronate-treated recipient corneas was observed, indicating that a positive graft outcome might (indirectly) depend on corneal vessels (145). In a pre-vascularized high-risk transplantation model, depletion of macrophages did not fully prevent, but significantly delayed graft rejection (146). Additionally, corneal neovascularization was significantly reduced after macrophage depletion in this model (131). It was also shown that the depletion of macrophages results in a strongly downregulated local and systemic immune response after transplantation (144). Additionally, large numbers of CD11b+, F4/80+ and iNOS+ (inducible nitrous oxide synthase) macrophages infiltrated corneal allografts during rejection in mice, indicating that these cells might directly contribute to corneal graft rejection (147). As the use of clodronate liposomes to deplete macrophages may also affect APCs like DCs (148, 149), the conclusions regarding the role of macrophages indicated by these experiments have to be drawn with caution, because the findings may also be indirectly caused by the affection of other cell types.

The gold standard to prevent or treat corneal graft rejection is the application of glucocorticosteroids (150, 151). The treatment with glucocorticosteroids leads to decreased corneal infiltration of macrophages and reduced expression of pro-inflammatory cytokines, such as TNF-α and IL-1β (152). Furthermore, glucocorticosteroids also significantly reduce progressive corneal hem- and lymphangiogenesis, which likely contributes to reduced rejection rates (152). A recent study showed that the topical application of VEGF-C and VEGF-C prevents the in growth of lymphatic vessels into the murine cornea after suture-placement in a high-risk corneal transplantation model (153). Further it was shown that the topical application of VEGF-C and VEGF-D increases the number of macrophages, together with a decreased expression of the anti-inflammatory macrophage marker Arginase-1, as well as of the immune modulatory cytokine TGF-β (153). Moreover, it was shown, that corneal crosslinking with UVA light together with riboflavin leads to a regression of preexisting blood and lymphatic vessels significantly via induction of apoptosis in vascular endothelial cells with a reduced number of macrophages and CD45+ cells (154).

In summary, modulation of corneal macrophages does not only alter the inflammatory and cellular milieu in transplanted corneas, but also affects corneal neovascularization (131). Thus, the beneficial effect of macrophage depletion on graft survival may be attributable to diminished corneal neovascularization. The effect of a modulation of macrophage function without altering the corneal vascular response in the context of transplantation was not shown yet.



Novel Beneficial Functions of Macrophage-Mediated Corneal Lymphangiogenesis in the Regulation of Corneal Edema and Transparency

Outside the eye, e.g. in the skin, it is well-established that lymphatic vessels regulate tissue pressure, allow fluid drainage and prevent the development of edema (155). However, so far it remained elusive, whether lymphatic vessels have similar functions in the cornea and are involved in the regulation of edema and transparency. Recently, we have therefore investigated whether an incisional corneal injury that leads to acute corneal edema and transparency loss is accompanied by the ingrowth of lymphatic vessels into the cornea and whether corneal lymphangiogenesis potentially contributes to the healing response. This type of corneal injury indeed resulted in a transient ingrowth of lymphatic vessels into the cornea (9). Importantly, blockade of lymphangiogenesis resulted in increased corneal thickness, arguably due to delayed drainage of corneal edema, and a trend towards prolonged corneal opacification (9). Corneal lymphangiogenesis after this type of corneal injury was dependent on the presence of macrophages, as macrophage depletion using clodronate liposomes significantly reduced corneal lymphangiogenesis (11). This study indicates that corneal lymphangiogenesis plays an important role in the regulation of corneal edema and transparency, and is also in line with the finding that corneal lymphangiogenesis may be beneficial in bacterial keratitis by improving corneal edema in later disease stages (10). Whether this holds true also for chronic forms of (mild) corneal edema needs to be studied. That would open completely new therapeutic options for common diseases leading to corneal transplantation.





Similarities and Differences of Macrophage-Mediated Neovascularization in Cornea and Skin

Both cornea and skin are protective barrier organs that shield the body from harmful insults of the environment. The skin consists of the epidermis, the dermis and the dermal white adipose tissue. In contrast to the avascular cornea, skin contains in the steady state an interwoven network of blood and lymphatic vessels, in which diverse leukocyte subsets such as dermal dendritic cells, T cells, and macrophages are embedded (156). Studies in PU.1-/- mice, in which the myeloid cell lineage is severely impaired and which lack skin resident F4/80+ myeloid cells, revealed that macrophages are dispensable in developing skin vasculature (157, 158). However, macrophages critically regulate pericyte development in the skin and the dermal lymphatic vessel caliber, as shown in both, macrophage deficient PU.1-/- and Csf1r-/- mice (158, 159)

Based on their spatial relationship to dermal vessels, skin-resident macrophages were defined as perivascular (direct contact with vessel or < 15 µm from vessel) or interstitial macrophages (> 15 µm from vessel) (156, 160). In human skin the proportion of perivascular macrophages (PVMs) increases from the apical towards the deep dermis (156). PVMs are considered to have maintenance functions in steady state tissues, such as regulating vascular permeability and scavenging blood-derived pathogens (160). Under inflammatory conditions PVMs have been shown to guide neutrophils during extravasation into infected dermis and to regulate dendritic cell clustering in perivascular areas (161, 162). Interestingly, a subset of skin PVMs has been identified, which protrudes across endothelial junctions into microvessels in order to take up macromolecules from the blood stream (163).

Comparable to the inflamed cornea, macrophages have a critical function in regulating neovascularization in skin under inflammatory conditions. Vascularization upon skin injury and during the wound healing response is a useful experimental model to study the molecular basis of neovascularization (164). Upon skin injury a high number of myeloid cells is recruited from the blood and forms together with mainly fibroblasts, myofibroblasts and endothelial cells a highly vascularized granulation tissue within several days (165). In this model, angiogenesis is at the core of an efficient repair response and critical for timely wound closure. With time, inflammation declines, and the granulation tissue matures into scar tissue, characterized by regression of blood and lymph vessels (29, 166). By using mouse models of diphtheria toxin-inducible cell depletion, several groups provided evidence that angiogenesis in the developing granulation tissue requires myeloid cells (167–169). Similar to the cornea, early-phase wound macrophages in skin wounds were shown to be essential for the initiation of wound vascularization (11, 167). Specifically, myeloid cell–derived VEGF−A was shown to be critical for the induction of wound angiogenesis and tissue growth during the early phase of skin repair (29). While the role of specific macrophage populations in corneal neovascularization is not entirely resolved, blood-derived inflammatory CCR2+Ly6Chigh monocytes/macrophages were identified as the critical source of VEGF−A in skin wounds (29).


The Role of HIF During Macrophage-Mediated Vascularization in Skin and Cornea

A major transcription factor, which is stabilized during physiological skin wound healing and which is required for the induction of Vegfa, is Hypoxia-Inducible Factor 1 α (HIF-1α) (170, 171). Stabilization of HIF-1α is impaired in a diabetic environment and in aged mice, conditions with a typically impaired wound healing response. Interestingly, angiogenesis and wound closure are improved in diabetic mice when HIF-1α is stabilized (170–174). Up to date, in classic repair models in the cornea (e.g. corneal incision injury, suture-induced corneal neovascularization) a functional impact of HIF-1α stabilization on neovascularization and repair has not been described. Of note, in a mouse model of corneal HSV−1 infection, hypoxia in the cornea and subsequent stabilization of HIF-1α in immune cells has been shown (175). However, whether HIF-1α is activated specifically in macrophages and whether this has a functional impact in this infection model, remains open. Chen et al. could show an inhibition of VEGF expression and corneal neovascularization by shRNA targeting HIF-1α in a mouse model of closed eye contact lens wear (176). In skin, wound healing studies using mouse models with cell type-specific Hif1a gene deletion revealed that endothelial cell-, fibroblast-, and epidermis-specific HIF-1α are critical for Vegfa expression, angiogenesis, and timely wound closure (177–179). However, direct evidence that myeloid cell-derived Vegfa expression depends on HIF-1α activation in early phase wound macrophages is lacking. Yet, the critical role of HIF-1α in regulating Vegfa expression in macrophages and the inflammatory phenotype of skin macrophages is well documented (180), proposing that HIF-1α might regulate Vegfa expression in early phase wound macrophages. Both, hypoxia and inflammatory stimuli such as TNF-α, IL-1β, and bacterial products have been shown to stabilize HIF-1α in a NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells)-dependent manner (181, 182). Interestingly, by day 1 after injury the wound tissue was shown to be normoxic, while macrophages already expressed Vegfa (183), indicating that in the very early phase of healing other signals than hypoxia might induce an angiogenic phenotype in macrophages. Recently, mitochondrial metabolism has been identified as critical regulator of HIF-1α activation in macrophages in vitro. Under inflammatory conditions, macrophages repurpose their mitochondria from ATP production towards production of mitochondrial reactive oxygen species (mtROS), which stabilize HIF-1α independently of hypoxia (184). In future studies it will be interesting to understand whether mtROS operate in wound macrophages to mediate the wound angiogenic response.



Macrophage-Mediated Lymphangiogenesis in the Skin

As revealed by imaging of lymphatic vessels in Vegfr3 reporter mice (Vegfr3EGFPLuc), lymphangiogenesis is a transient process during skin wound healing, peaking in the mid-phase of healing and returning back to basal levels after re-epithelialization is completed (166). In experimental mouse models of skin wound healing and contact hypersensitivity, treatment with the synthetic glucocorticoid dexamethasone blocks lymphangiogenesis, showing that lymphangiogenesis is tightly connected with the inflammatory response in the skin (166). A similar finding was reported in corneal repair; after suture placement in the cornea corticosteroids were identified as strong inhibitors of corneal lymphangiogenesis (152). Furthermore, by phase-specific macrophage depletion our group has shown that in the injured cornea early-phase macrophages are essential for initiation of lymphangiogenesis (11). Yet, the assessment of lymphangiogenesis in skin wounds upon diphtheria toxin-mediated macrophage ablation is lacking (11, 167–169). However, similar to the inflamed cornea, independent groups identified F4/80+/LYVE-1+ lymphatic structures in early granulation tissue after excisional punch injury, indicating that macrophages contribute to lymphatic vessels during physiological skin repair (185, 186). The crucial function of macrophages in regulating lymphangiogenesis in skin wounds was further demonstrated by treating wounds of diabetic mice with IL-1β-activated macrophages, which resulted in the formation of granulation tissue and of new F4/80+/LYVE-1+ lymphatic vessel structures (186). Further, macrophages are well-known sources of lymphangiogenic paracrine factors. The critical impact of macrophage-derived VEGF-A, VEGF-C, and VEGF-D on lymphangiogenesis was shown by Kataru et al. in an ear skin inflammation model (187). Following the intradermal injection of Toll-like receptor (TLR) ligands, depletion of macrophages by clodronate or blockade of VEGF−A or VEGF−C/D resulted in significantly attenuated lymphangiogenesis in the inflamed skin and impaired inflammation resolution (187). Expression of Vegfc in skin macrophages has been shown to be controlled by the transcription factor tonicity-responsive enhancer-binding protein (TonEBP, also known as NFAT5) (188). In this study, deletion of Nfat5 specifically in myeloid cells prevented high salt diet-induced Vegfc expression and subsequently lymphangiogenesis in the skin (188). Interestingly, in a mouse model of bacterial skin infection it was found that salt accumulated at the site of the skin lesion drives inflammatory macrophage activation via TonEBP to facilitate pathogen removal (189). Whether myeloid cell-specific TonEBP has a function during skin and corneal repair is unknown. It will be interesting to study in the future the interrelationship between salt concentrations, TonEBP activation, lymphangiogenesis, and macrophage activation in both tissues.




Conclusions and Perspectives

Macrophages originating either from HSCs or the yolk sack, can act inflammatory as well as anti-inflammatory, characterized by their surface marker expression. In the eye, several studies have demonstrated, that resident tissue macrophages as well as APCs are present in most tissues of the eye, including the corneal limbus. Although, the cornea is an immune-privileged tissue, macrophages are also present in the cornea, preferable in the periphery of the corneal stroma. However, macrophages are also found occasionally in the central cornea, with a possible origin in the bone marrow as well as in the yolk sac. Nonetheless, the normal central cornea is devoid of MHC II+ cells.

The healthy cornea is one of the rare avascular tissues of the organism, following the “corneal (lymph)angiogenic privilege”, which is actively maintained by the balanced expression of pro- and anti-angiogenic factors. Is this equilibrium somehow disturbed (e.g. in infectious keratitis, stromal ulceration, or limbal stem cell deficiency), the imbalance of these factors leads to a pathological vascularization of the cornea, often mediated by macrophages that secrete paracrine factors, such as VEGF-A promoting hem- and lymphangiogenesis, and VEGF-C and VEGF-D specifically promoting lymphangiogenesis. Additionally, the expression of VEGFR-1 and VEGFR-3 mediates chemotactic effects and perpetuates an inflammatory hem- and lymphangiogenic response. However, not much is known about the role of specific macrophage subpopulations during corneal neovascularization and the available data is still ambiguous. Recently, factors like IL-10 found their way into corneal neovascularization research by acting anti-inflammatory as well as immune-regulatory and by controlling corneal lymphangiogenesis and the resolution of corneal inflammation via macrophages. In corneal transplantation, graft survival can be increased by depleting corneal macrophages, which may also be attributable to diminished corneal neovascularization.

Outside the eye, e.g. in the skin, it is well-established that lymphatic vessels regulate tissue pressure, allow fluid drainage and prevent the development of edema. Not much is known about a similar concept in the cornea, but we recently demonstrated increased corneal thickness after blockade of lymphangiogenesis in an acute corneal wound model. If this might also be true for chronic forms of (milder) corneal edema, it would open new therapeutic options for common edematous corneal diseases necessitating corneal transplantation.

In contrast to the avascular cornea, the skin contains in the steady state an interwoven network of blood and lymphatic vessels containing various types of immune cells, including macrophages. Under inflammatory conditions, macrophages have a comparable, critical function in regulating neovascularization in skin and cornea. Similar to the cornea, early-phase wound macrophages in skin wounds were shown to be essential for the initiation of wound vascularization. In contrast to the role of specific macrophage populations in corneal neovascularization, it was shown, that blood-derived inflammatory CCR2+Ly6Chigh monocytes/macrophages act as the critical source of VEGF−A in skin wounds. In contrast to corneal wound healing, in skin HIF-1α is an important transcription factor which is required for the induction of Vegfa. However, it should be mentioned, that stabilization of HIF-1α in immune cells has been shown in a mouse model of corneal HSV−1 infection. The use of glucocorticoids blocks lymphangiogenesis, which is similar in the skin and the cornea. Phase-specific macrophage depletion studies have shown that in the injured cornea early-phase macrophages are essential for initiation of lymphangiogenesis. By now, this information for skin is lacking, whereas it is known, that macrophages play a crucial role in lymphangiogenesis during skin repair by the expression of VEGF-C. One transcription factor acting as an inducer for VEGF-C in macrophages is TonEBP. However, whether TonEBP plays also a crucial role during lymphangiogenesis during corneal wound repair is still unknown.
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In this review, we examine senescent cells and the overlap between the direct biological impact of senescence and the indirect impact senescence has via its effects on other cell types, particularly the macrophage. The canonical roles of macrophages in cell clearance and in other physiological functions are discussed with reference to their functions in diseases of the kidney and other organs. We also explore the translational potential of different approaches based around the macrophage in future interventions to target senescent cells, with the goal of preventing or reversing pathologies driven or contributed to in part by senescent cell load in vivo.
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Introduction

Ageing in humans is marked by a decrease in fitness over time with a simultaneous increase in mortality (1). With increasing age, the functions of key biological systems begin to decline, as shown by decreased nutrient sensing, stem cell exhaustion and cellular senescence (1). Due to advances in healthcare, human life expectancy has increased worldwide, with estimates of the average global population placing 1 in 9 people over 60, which is expected to rise to 1 in 5 by 2050 (2). As we age, the incidence of physiological dysfunction increases as well, and thus the risk of age-associated diseases such as chronic kidney disease (CKD), cardiovascular disease and type II diabetes (3) also increases. These diseases predispose individuals to developing additional pathologies and increase both morbidity and mortality. This calls for polypharmaceutical treatments and interventions to maintain quality of life (2), which come with the caveats of side-effects and cross-reactions and are therefore potentially detrimental to patient welfare. Because of these drawbacks, novel treatments need to be developed to target the causes of these co-morbidities to reduce the need for large amounts of medication.

This review aims to summarize the current understanding of the functions of senescent cells and macrophages, and their combined effect on fibrosis within tissues. Focus will be given to the kidney, supplemented by other relevant organ systems. Finally, we will summarize the challenges for future research, and potential avenues for translating research studies into therapeutic advances.



Ageing and Disease

The trans-NIH Geroscience Interest Group (GSIG) held a summit in 2016, focusing on the seven pillars of ageing, expanding on previously assessed hallmarks (1). These seven factors include metabolic changes, macromolecular damage, epigenetic changes, inflammation, adaptation to stress, stem cells and regeneration and changes to proteostasis (4), all of which share interconnected relationships (Figure 1).




Figure 1 | The seven pillars of ageing proposed by Kennedy et al. (4). Key aspects in this review focus on the adaptation to stressful environments in the form of senescence and macrophages, and the inflammatory effect it can have on its surroundings. Annotations to each pillar highlight possible contributions to direct senescence or producing a senescence-promoting environment.



Ageing is associated with progressive decline in function of multiple organ systems. Bone loss has long been associated with advancing age, with a reduced capacity to heal fractures (5), which is marked by a decrease in osteocytes with increasing age (6). The consequences of this are seen in the increase of non-traumatic bone fractures, with the frequency of these fractures increasing for persons aged over 60 (5).

Cardiovascular function is negatively impacted by age, as the arterial tree can thicken and stiffen (7). This trend, seen in both genders, and as measured by carotid-femoral pulse wave velocity (PWV), diverges at age 50 for men and women, with men having a steeper increase of PWV (7). This has key implications for certain diseases such as end-stage renal disease, as significantly higher ‘pulse-wave velocity’ (PWV) has been used to predict mortality in patients (8). This indicates certain aspects of ageing differ based on gender, suggesting a hormonal role contributes to the phenotype, however this is beyond the focus of this review and will not be discussed.

Chronic kidney disease (CKD) is relevant in ageing studies as it has been found that there are signs of premature ageing in CKD patients such as osteoporosis, poor wound healing and inflammation, leading to the proposal that CKD be included as a disease that displays traits usually associated with advanced ageing (9). The aged kidney is marked by up to 40% less renal blood flow in old vs. young male patients (10). Increasing donor age is associated with reduced transplant function after donation, even in the context of well-preserved pre-donation function (11). Overcoming these problems requires investigating the links between ageing and physiological dysfunction, which is the greatest risk factor for the diseases listed previously.

Ageing is associated with decline in cellular functions, including the phagocytic clearance of cells. This has been shown using in vitro mouse models in which serum from aged mice (24 months old) was added to cultures of macrophages, which resulted in decreased levels of phagocytosis (12). In addition to this, direct studies of clearance of apoptotic skin cells (induced by UV B irradiation) showed a higher level of apoptotic keratinocytes compared to younger mice indicating reduced phagocytic activity. Of note, in aged mice with reduced phagocytosis of apoptotic cells, renal autoantibodies developed along with complement deposition within the kidney, findings consistent with the development of autoimmunity (12). Macrophage numbers were not significantly reduced or increased in older mice compared to younger mice in these studies and therefore, a decrease of macrophage phagocytic activity is implicated. This shows that the persistence of apoptotic cells has a detrimental effect on normal tissue function, particularly the kidney (13). However, when macrophage phagocytosis was assessed in vitro, there was no difference between young and old derived, indicating systemic factors may modulate the potency of macrophage phagocytosis (13).

‘Gerontology’ focuses on ageing and older adults, whereas ‘geroscience’ emphasizes the overlap of normal ageing and chronic disease. The geroscience hypothesis predicts that the targeting of the suspected drivers of ageing will also mitigate the main risk factors of multiple chronic diseases (4). This would have the potential to increase the health span of individuals. An example of this is caloric restriction (CR), and has long been known to have pro-longevity properties as first seen in C.elegans (14). This has since been investigated in mouse models, which showed an increase in longevity, decreased cancer incidence and a rejuvenated immune system through intermittent fasting (15). Data for controlled calorie consumption in humans showed a limited impact from calorie restriction (16). However, a meta-analysis of clinical studies indicated increases of fibrinolytic activity, to degrade fibrin deposits, improving prognosis for cardiovascular disease patients (17). This indicates at least partial benefits when applied to humans. However, this may come at a cost, as recent studies in grey mouse lemurs (Microcebus murinus) indicated that moderate caloric restriction (30%), accelerated grey matter atrophy (18). Despite this, lifespan was increased (50% median increase), with a decrease in nephritis as cause of death and cognitive function comparable to controls. Further studies are warranted to make comparisons to humans who have higher-level reasoning capacities that may not be properly assessed with animal models.



Senescence

Senescence involves irreversible arrest of the cell cycle (19) and was first observed by Hayflick and Moorhead (20). Multiple factors can stimulate senescence in a cell, including DNA damage, chronological ageing in the form of telomere shortening and cell stress from chronic conditions (19, 21, 22). This is marked by increased expression of cyclin dependent kinase inhibitors p21CIP1 and p16INK4a (23, 24) that drive cell-cycle arrest. Despite the impact of external stress, senescent cells remain metabolically active with an altered secretome of cytokines, chemokines and proteases that have the capacity to modulate the activity and functionality of surrounding cells. This is called the senescence-associated secretory phenotype (SASP) (25). These include, but are not limited to, interleukin-8 (IL-8) (26), TNF-α (27), IL-6 (28) and IL-1α (29). Alone, none of these markers are definitive for senescence. Combinations of other markers such as senescence-associated β galactosidase (SA-β-Gal), a marker of increased lysosomal activity, γH2AX which is a marker of double DNA strand breaks and the DNA damage response, along with markers for cell-cycle checkpoints (p21CIP1, p16INK4a) (30) are used to infer senescence of cells.


Acute vs Chronic Senescence

Acute senescence is a tightly regulated process seen during wound healing (31, 32), in embryogenesis (33, 34), and in protection from cancer (35). Wound healing is a tightly regulated process of inflammation, infiltration, and proliferation, with specific proteins driving senescence of particular cells. The CCN1/CYR61 matricellular protein, is involved in this process and can induce senescence in the fibroblasts at site of wound repair (32). Mouse studies in which the CCN1 locus was replaced a mutated sequence showed that mice lacking the active form of this gene had faster wound healing but greater levels of fibrosis (scarring) and lower levels of senescence markers including SA-β-Gal and p16INK4a (32) compared to WT. As the exogenous addition of CCN1 to cutaneous wounds of mutated mice resulted in the increase of Mmp2, Mmp3, and Mmp9, and reduced expression of Col1a1 and Tgfb1 (32), this indicates a role of senescence in limiting excessive fibrosis in wound healing, where fibrosis could become detrimental. The beneficial role of senescence in acute wound healing is supported by studies using genetically-mediated depletion of senescent cells - where senescent cell removal resulted in a delay in skin wound closure (31).

Chronic senescence is marked by senescent cells that accumulate with age and chronic diseases, such as pre-cirrhotic fibrosis of livers (36, 37) and chronic kidney disease in which senescent cell accumulation correlates to increased disease severity (38) Accumulation of senescent cells also contributes to radiation toxicity from radiotherapy (39, 40) and chemotherapy (39). It is believed that chronically senescent cells become problematic when they are not destroyed and cleared by immune cells, such natural killer (NK) cells and macrophages (41), and continue to generate signaling molecules that systemically and locally affect the normal function of cell (19).

Senescent cells that accumulate with age, and their associated SASP, can alter the functions of other cells of an organism (42–44). This ties in closely with the geroscience hypothesis (4). If ageing is viewed as a disease, certain drivers have been identified. For example, the expression of p16INK4a has both short and long term impacts, as it prevents cancer by triggering senescence, the cost of which is that ageing is promoted (45). Selective p16INK4a ablation ameliorates some ageing phenotypes, increasing production of T-cells and increases antigen-specific immune responses, but causes an increased risk of cancers such as high-grade B-cell neoplasms (45). Defense against cancer initiation is one of the key roles of senescence, with oncogenes such as RAF or BRAF causing oncogene-induced senescence (35). The advantage of senescence in this case would be the continued survival of an organism with gradual decline from ageing versus the more imminent death of the organism due to increase in cancer incidence, an example of antagonistic pleiotropy. This highlights the need for senescence as a protection mechanism, but a need to remove senescent cells after they have fulfilled their protective role, to prevent the detrimental impact of exposure of the SASP to healthy tissues and organs.




Senescence in the Kidney


Senescence With Age/Injury

When the kidney undergoes damage, the resident cells including renal tubular epithelial cells, endothelial cells, podocytes, T-cells (46) and macrophages (47) produce paracrine signaling factors that affect resident tissues, termed the chronic kidney disease (CKD)-associated secretory phenotype (CASP) (48). The parallels between the CASP and the commonly accepted SASP may be due to the presence of senescent cells within the dysfunctional kidney, as many cytokines of the SASP are also found in the CASP such as IL-8, TNF-α and IL-6 (48). This would suggest that any comparisons of the secretory phenotypes should be separated between senescent cells and the other cell types of the renal system as this may reveal other cell targets for therapeutics. This would help determine if SASP is driving the cell behaviors in the tissue or if they are independent.

Age has been shown to be a key contributor to progression of acute kidney injury (AKI) into chronic kidney disease (CKD) due to an inability to fully recover from an acute insult (49–51). Age can also be detrimental to transplantations, including kidneys, in which mice deficient in p16INK4a displayed fewer senescent cells, with an increase in proliferative rates of tubular cells, all leading to significantly better survival of donor mice (52). Studies using bilateral renal ischemia-reperfusion to induce AKI in young (8-10 weeks) and ageing (46-49 weeks) mice showed an increase in fibrosis by picrosirius red staining and immunolocalization of cellular fibronectin, collagen III and collagen IV in the older mice (49). This correlates to higher levels of p53 and p21CIP1 expression as well as SA-β-Gal staining in the older mice. Less fibrosis and tubular atrophy was seen in p16INK4a knock-out mice after ischemia-reperfusion injury (52) and in addition to this, the deletion of senescent cells in old (18 – 24 months) and prematurely aged mice, resulted in a better prognosis (53). Whilst activation and proliferation of fibroblasts can be a key wound-healing response to injury, excessive fibrosis can also be detrimental to physiological functions across multiple organs including the heart, kidney, and liver.



Senescence in Other Organs

Liver pathologies can also be made worse by the presence of senescent cells as has been reviewed (54). Chronic injuries in the liver can lead to fibrosis, and may develop into cirrhosis, but may be resolved by several endogenous mechanisms, one of which is the CCN1 protein which induces senescence of hepatic myofibroblasts (55). However, this has also been shown to activate DNA damage response (DDR) pathways and p53 by engaging integrin α6β1 which generates the production of reactive oxygen species (ROS) which stimulates the DDR, activating the p53-p21CIP1 dependent pathway of cellular senescence (32, 55, 56). These acutely senescent cells display anti-fibrotic transcriptional programs, resolving potentially dangerous fibrosis of the liver (55). This also demonstrates the complex and contextually significant role of senescent cells in the body, which can be beneficial in injury resolution and wound healing, and must be taken into consideration with any systemic therapies that target senescent cells.

Senescent cells are found in multiple tissues of the body, including the bones and brain. For example, an increase in the number of senescent astrocytes are found in cadaveric Parkinson’s disease patients compared to normal control tissues, along with an increase in SASP markers IL-6, IL-1α and IL-8 (29). In mice, clearance of senescent [glial] cells of the brain has been shown to reduce the accumulation of hyperphosphorylated tau aggregates in the dentate gyrus (responsible for memory formation and cognition), that has been linked to cognitive decline (57) and Alzheimer’s (58). Similarly, clearance of senescent cells that accumulate in osteoarthritis produced a pro-regenerative environment as marked by subchondral sclerosis and osteophyte formation similar to controls (59). Inhibition of SASP factors generated by senescent cells, such as the profibrotic TGF-β, has also been shown to improve regeneration in the liver (60).




Clearance of Senescent Cells by the Immune System

When senescence is induced, these cells need to be cleared from tissues to prevent damage to the surrounding cells. The SASP generated by senescent cells is able to promote immune clearance of the senescent cells (61). The SASP potency can be modulated by the epigenetic regulator BRD4 (Bromodomain-containing protein 4), as when this was knocked down, secreted SASP factors in in vitro cultures were reduced (62). In vitro experiments also showed that conditioned medium from senescent cell cultures induced senescence in naïve cells, halting proliferation and upregulating SA-β-Gal activity, whereas conditioned medium from BRD4-inhibited cultures had significantly reduced capacity to transmit senescence to naïve cells (62).

Senescent cell destruction within tissues can be carried out by natural killer (NK cells). One of the first instances in which this was reported was in a study in which p53 was activated in liver carcinomas using RNAi, resulting in rapid tumor regression, and inhibition of NK cells showing significantly delayed tumor regression compared to controls (63, 64). By Day 8 of p53 senescence induction, infiltration of leukocytes including NK cells was observed in mouse kidneys by immunohistochemistry, with detection of NK-specific transcripts (Klrb1 and Klrd1) upregulated in tumors suggesting NK infiltration because of the presence of senescent tumor cells (63).

NK cells are not the only immune cell involved in the clearance of senescent cells. Macrophages can be recruited by numerous factors, including SASP factors and the secretome of NK cells. NK cells can produce interferon gamma (IFN-γ) upon interaction with senescent cells (65) which acts to recruit macrophages (66). In addition to this the induction of tumor senescence can lead to an increase in oxidative stress, as shown in breast cancer due to protein acetyltransferase dysregulation (67). This led to an increase in chemoattractants CCL2, CXCL1, CXCL16 and IL-8, which recruit NK cells and macrophages, causing clearance of senescent tumors (67). This is matched in other organs; for example the liver where senescent hepatic myofibroblasts, produce CCL2, attracting CCR2+ macrophages to the liver to clear pre-cancerous cells, demonstrating a protective role for senescence in the liver (68). Together this shows the orchestration of immune cells by signaling of senescent cells to exert a protective anti-cancerous role, with the roles of macrophages in senescence being explored later.



Macrophages


Functions

Macrophages have a diverse range of functions, including tissue homeostasis, immune surveillance, resolving cutaneous wound healing (69), clearance of red blood cells (70, 71) and even supporting embryogenesis (72). One of their primary functions as ‘big eaters’ is to phagocytose cells, such as apoptotic cells [efferocytosis (73)] and senescent cells (33). One component of the macrophage lysosome is DNase II which degrades the DNA of engulfed cells (74). Mouse experiments in which DNase II was knocked out, showed undigested DNA within the lysosomal compartment of macrophages, leading to activation of the immune system as marked by increases in IFN-γ and more moderately, TNF-α (74). This indicates that incomplete phagocytosis can be pro-inflammatory. During inflammation of the body, macrophages can be recruited by chemotactic factors secreted by neutrophils to aid in inflammation resolution. This is useful in host defense against pathogens in which macrophages phagocytose apoptotic neutrophils (75) which promotes inflammation resolution (76).

The ability of macrophages to robustly clear senescent cells from the tissues of the body diminishes with age (77). One proposed explanation for this is for macrophages to be able to acquire senescent-like properties, termed “senescent associated macrophages (SAMs)”. A possible cause of this may be due to the ability of the SASP of senescent cells to induce senescent features in macrophages such as SA-β-Gal positivity (28, 78). However, as there is inherent β-galactosidase activity in macrophages due to their lysosomes (79), this cannot be an accurate marker to definitively class macrophages as senescent.



Macrophages in the Kidney and Models to Dissect Senescent Cell–Macrophage Interactions

Resident macrophages of the kidney arise from three separate sources, the C-Myb independent yolk-sac EMP-derived, fetal liver C-Myb dependent EMP-derived and finally, hematopoietic stem cells (HSC) as comprehensively summarized (80). Macrophages in the adult kidney can be separated by markers into distinct populations, which may result in them displaying differing responses to stimuli.

Circulating monocytes can populate the kidney and mature to macrophages to continue to provide immune and injury response, but these are not precise analogues to the long-lived kidney resident macrophages (KRM) (81). Models have been developed to study the effect of senescent cells in the kidneys of young mice (82). These models utilize Pax8 which is a transcription factor involved in the formation of the kidney tissues in mice, with human homologues (83). Conditional excision of mdm2 is driven by Pax8; mdm2 codes for MDM2 which negatively regulates p53, promoting stabilization and degradation by ubiquitination, promoting senescence induction (84). The Csf1rΔFIRE/ΔFIRE (FIRE) mouse has recently been developed, and shows robust elimination of resident F4/80high macrophages in multiple tissues of interest including the kidney (85). This was achieved by the removing the super enhancer (fms-intronic regulatory element) located in the second intron of the Csf1r gene (85). This improves on the limitations of the Csfr1-/- macrophage deficient mouse model which showed lack of bone remodeling (osteopetrosis), resulting in deformities during development, and reproductive defects, resulting in lower pregnancy rates (86). In addition to this, the niche population is not repopulated by circulating monocytes (85), which suggest the alteration of the niche-cell interaction by the removal of the CSF-1 receptor from F4/80+ cells (85).

These models will provide information of the effects of senescent cells in young animals and their effects on macrophages in an in vivo setting. These two models may provide insight into how different macrophage populations interact with senescent cells of the kidney, for instance in the absence of resident F4/80high renal macrophages, and in mice exposed to chronically senescent cells from an early age.




Macrophage Plasticity

Macrophages display phenotypes adapted to their various roles and can be classified very simply as M1 (pro-inflammatory) or M2 (pro-regenerative) states based upon cell surface markers, synthesis of specific factors and biological activities. This was first suggested by Mills and colleagues, based upon the Th1/Th2 paradigm (87) and represents extremes of a spectrum of polarization states (88) (Figure 2). M1 macrophages generate inflammatory cytokines (89) in response to microbial infection or inflammation, such as IL-6 (90), nitric oxide (NO) (91, 92), TNF-α, IL-1β, IL-12 and IL-23 (93, 94). Inflammatory monocytes are recruited to sites of acute and chronic kidney injury, with the SASP-associated CCL2 promoting the accumulation of cytotoxic and pro-inflammatory M1 (classically activated) macrophages (95, 96).




Figure 2 | The simplified polarizations of macrophages and potential interactions with senescent cells. (A) Macrophages can be in an unpolarized M0 state, and polarize to the classical inflammatory M1 state, or the alternately activated, pro-reparative M2 state, with subcategories of M2 activation that dictates function, with prominent drivers listed. (B) Plasticity of macrophages allows a shift in polarized states from M1 to M2 that can be inhibited by the secretosome of senescent cells (SASP), associated with injuries to organs and increasing age. (C) Inhibition of polarization shift can be ameliorated with pharmaceutical compounds ultimately minimizing the effect of the SASP. SC, Senescent cell; TAMs, Tumor Associated Macrophages.



After injury, pro-reparative or ‘alternatively activated’ M2 macrophages can be induced by exposure to Th2 type cytokines, such as IL-4 and IL-13 (97, 98) or phagocytosis of apoptotic cells, with transition from M1 to M2 polarization seen in successful resolution of inflammation by the production of mitogenic and pro-survival signals that promote renal repair (88, 99, 100). Failure of macrophages to switch from a pro-inflammatory state to the pro-reparative state has been implicated in chronic diseases, including chronic kidney disease due to the excessive fibrosis caused by the presence of a proinflammatory environment (49). M2 macrophages have anti-inflammatory roles, secreting cytokines such as IL-10, and express markers such as CD206, Ym1, CD163, CCL1, CCL18, FIZZ1, arginase1 (Arg1) and chitotriosidase genes (101–103). In the lungs it has been shown that M2 macrophages are able to suppress inflammation secretion of factors that affect the behavior of surrounding cells (103).

M2 macrophages are crucial to wound healing, with their functions including clearance of debris, activation of regulatory T-Cells, suppression of inflammation, reduction of neutrophil infiltration and antagonism of M1 macrophage functions (104). M2 macrophages can be further subdivided into M2a,b,c and d types (Figure 2), with M2a being the most commonly described and referred to as alternatively activated (IL-4 induced) (100). M2a are activated by IL-4 and IL-13 while M2c are activated by IL-10 and TGF-β, and glucocorticoids (105). M2a (wound-healing macrophages) are profibrotic, secreting TGF-β, insulin-like growth factor (IGF) and fibronectin (106). M2c potently induce regulatory T-cells, which aid in protection from renal injury (104, 107). It has been shown, using mouse renal models, that both M2a and M2c polarizations can be robustly induced in aged mononuclear cells in vitro, whereas polarization was limited in vivo in IRI models when compared to young mice (108). This suggests that the intrarenal microenvironment of aged mice after IRI has a greater negative impact on macrophage polarization than the ageing of the bone-marrow derived monocytes (108). M2c subtypes also have strong anti-inflammatory and pro-fibrotic functions due to the production of IL-10 and TGF-β, respectively, with high expression of Mer receptor tyrosine kinase (MerTK) for efficient phagocytosis of apoptotic cells (104, 106). M2b (regulatory macrophages) are activated by IL-1, LPS (105) and secrete both pro-inflammatory factors (IL-1β, IL-6, and TNF-α) as well as the potent anti-inflammatory IL-10, due to their roles in the regulation of inflammation and immune response (88, 106). M2d (tumor-associated macrophages – TAMs) are activated by IL-6 and A2 adenosine receptor (AR) agonists (105, 106), and represent a more detrimental class of M2 macrophage as they contribute to angiogenesis (by release of vascular endothelial growth factor – VEGF) and cancer metastasis (109, 110).

As with M1 macrophages, niche context can also influence M2 functions, as increased fibrosis (collagen I, II and III deposition) is seen in injured kidneys due to the signaling effects of macrophages on resident kidney fibroblasts (111). To some extent, macrophage origin can also affect polarization capacity, as the M2a subtype derived from bone marrow was more likely to switch to an inflammatory phenotype, than M2a cells derived from the spleen (104). Macrophages are not terminally differentiated and retain the ability to switch to other phenotypes. As well as M1 macrophages having the ability to switch to a more pro-repair phenotype (99), M2 macrophages can be induced to adopt proinflammatory features to enable microbial killing (112).


Macrophages and Fibrosis

In the kidney, with increased ageing, fibrosis can be driven by the upregulation of the Wnt/β-catenin signaling and renin-angiotensin system (RAS) pathways, shown by an increase of fibronectin and picrosirius red staining (113). This was validated by the experimental overexpression of Klotho which acts as an antagonist of Wnt/β-catenin, resulting in diminished renal fibrosis, preservation of mitochondrial mass and reduced production of reactive oxygen species (ROS) (113). Levels of Klotho decrease with age in mice (over 12 months), correlating to increase in fibrosis and aging markers. This indicates that potent and selective inhibitors of the Wnt/β-catenin pathway could provide a useful therapeutic for age-related fibrosis as well as fibrosis caused by the presence of senescent cells due to injury in the kidney.

However, fibrosis may be caused by other mechanisms, such as macrophages. Pro-reparative (“M2”) macrophages have the potential to accelerate tissue repair, but if they remain persistently activated, or are continually recruited, they may contribute to chronic fibrosis (114). This is due to secreted cytokines from macrophages, such as TGF-β which simultaneously has anti-inflammatory and profibrotic activity (114).

Tissue fibrosis may be impacted by the effect of ageing on macrophages, which undergo changes in secretory production. Importantly the anti-inflammatory IL-10 cytokine is decreased (115). This has important implications for tissue function as IL-10 is also anti-fibrotic by inhibition of pro-fibrotic molecules such as TGF-β (116). Recent therapeutic research has focused on the potential of utilizing IL-10 for its potent antifibrotic properties (117). This highlights an important decline in a key M2 macrophage signaling molecule, demonstrating a decrease in potency with host age and leading to tissue environments more permissive to fibrosis.



Macrophages in Kidney Injury

When the kidney is injured, proliferative monocytes are recruited and infiltrate the kidney to the site of tissue damage (118). This occurs after IRI (119) along an IL-6 chemotaxis (120), among other signaling factors. Monocyte infiltration begins early after injury, as shown by increased F4/80 staining at day 1. These monocytes migrate towards injured tubules of the outer medulla and mature to macrophages (121). Macrophages enhance pro-inflammatory damage caused by injury, as depletion of macrophages can be beneficial at early timepoints, as marked by a decrease in in blood urea nitrogen (BUN). However, they are also needed for resolution of inflammation and tissue repair, as their depletion (by liposomal clodronate) is detrimental at later (72 hour) timepoints at which recovery begins (13). This affect appeared to be due to the inflammatory environment of the kidney and how it changes over the first 72 hours of injury, in which pro-inflammatory cytokines such as CCL2 were upregulated in the first 24 hours, and anti-inflammatory IL-10 rose in later stages (13). This indicates that macrophages involved in kidney injury have functions that are dependent on the local cytokine signals, which affect their polarization, and show a beneficial effect when depleted at early inflammatory timepoints and a beneficial effect when re-administered at later timepoints. Depletion of macrophages by clodronate liposomes has been shown in other studies, delivering functional protection and reduced acute tubular necrosis (122). Genetic diphtheria toxin (DT)-mediated depletion of CD11b-DTR mouse macrophages did not give a protective effect compared to controls, possibly due to clodronate having a minimal effect on resident CD11b+ populations (122). This suggests that partial depletion of mononuclear phagocytes at earlier timepoints has a cytoprotective effect.

After renal IRI, M2 macrophages are present at later timepoints of injury repair (~day 3), coinciding with peak cell division of tubular cells (121). Gene expression assays by qPCR showed that macrophages (fluorescence associated cell sorted for F4/80+) in the injured kidneys displayed a concurrent decrease of iNOS and increase of Arg1, markers of pro-inflammatory/classical and alternatively activated macrophages respectively (121). To verify a transition of macrophage states from M1 to M2, and not polarization of infiltrating monocytes, bone marrow monocytes were labelled with PKH26 and exposed to interferon gamma (Ifn-γ) to stimulate iNOS-positive, pro-inflammatory M1 polarization, and injected 3 days post-IRI. PKH26 labelled cells collected at day 5 displayed downregulated iNOS expression and increased CD206 (mannose receptor), a marker for M2 polarization, suggesting their polarization altered in response to their environment (121).

Most of these studies have been carried out on young mice. However, the presence of senescent cells can impact macrophage phenotype. For instance, inhibition of the SASP cytokine TNF-α in human macrophages derived from peripheral blood mononuclear cells (PBMCs) induced a shift in polarization of macrophages to an M2 phenotype from an M1 phenotype and decreases the secretion of pro-inflammatory cytokines (TNF-α, IL-6 and IL-12) (123). Further experiments showed an increase in phagocytosis of M1 macrophages. Taken together, this indicates that through SASP signaling, senescent cells can reduce phagocytic activity of macrophages and inhibit the transition to pro-reparative M2 macrophages, leading to a persistence of pro-inflammatory M1 macrophages. How the presence of senescent cells with ageing might affect the roles of macrophages in inflammation and tissue repair after injury of the kidney and other organs warrants further experimental investigation.




Senescence Induction in Macrophages

The concept of “macrophageing” was first introduced in 2000 (78, 124, 125) and suggests that macrophages are induced into becoming senescent in response to signaling from surrounding cells. This has been a controversial subject in previous years, as although macrophages may display upregulation of senescence associated markers such as p16INK4a and SA-β-Gal (126) they remain proliferative indicating that they have not acquired “true” senescence (127). Evidence indicates that these markers that emerge are contextual in macrophages and may in fact be indicative of their polarization (128). Recent research has provided more evidence for senescent macrophages, as shown by significant upregulation of both p16INK4a and p21CIP1 cell-cycle checkpoints in a mouse model of DNA damage repair deficiency (129). In addition to this, macrophages as sorted by F4/80+ and CD11b+ markers showed significant upregulation of SASP components, including TNF-α, IL-6 and IL-1β as compared to littermates, in which the coding sequence for DNA repair protein ERCC1 is not excised (129). This is matched by significant increases in p16INK4a and p21CIP1 in the bone marrow compartment of the transgenic mice, compared to 2 year old wild-type control mice and un-induced controls, with an increase in the pro-inflammatory IL-6 accompanying this. This field is constantly being re-interpreted as new evidence is produced, and it is beyond the scope of this review to advocate for or against senescent macrophages, and will focus on the role(s) of senescent cells upon macrophages and their ability to function.



Immunoageing and Immunevasion

Ageing of the immune system is marked by a chronic level of systemic inflammation, which contributes to the pathogenesis of age-related diseases called ‘inflammaging’ (124, 125). This can be seen in monocyte/macrophage populations of the body. The peripheral blood monocytes that in some cases invade tissues and supplement resident macrophages are reduced with age (130). The macrophages of the lungs (alveolar macrophages) have shown lower levels of phagocytosis of apoptotic neutrophils (75). This can lead to increased susceptibility to infections such as influenza, resulting in a higher mortality in mouse studies (75). In the brain, phagocytosis of amyloid-beta is reduced in multiple populations of blood monocytes (131).

The dysregulation of macrophage functions with age may be linked to low levels of innate immune activation as marked by sCD163 and CXCL10 (132). It was also found that age resulted in higher levels of inflammation as shown by an increase in TNF-α of aged monocytes compared to young human peripheral blood monocytes (132). Higher levels of inflammation are also seen in kidney macrophages of aged mice, with aged CD73+ kidney mesenchymal stromal cells upregulating Ccl2 with a higher proportion of CCR2+ macrophages detected (95). This indicates an increase in pro-inflammatory macrophages with age. This is made more detrimental by the presence of senescent cells (Figure 2) that can cause macrophages to show ‘senescent traits’ (78), losing potency as shown by the decrease of IL-10 synthesis by “M2” macrophages (115) and a significant reduction in their capacity to phagocytose (133).

Macrophages of the spleen upregulate p16INK4a expression up to 20-fold in response to ionizing radiation, which is in stark contrast to the 4-fold upregulation seen in T-cells (134). This indicates a higher sensitivity of macrophages to ionizing radiation, as shown by a sharp decrease in absolute cell number, which is rescued by targeted depletion of p16INK4a cells. This would also indicate that immunosenescence induced by the SASP of splenic cells partially models the decline of immune system potency with age explained by inflammaging (78) and demonstrated by a decrease in phagocytosis with age (133). Given the key roles of macrophages in tissue repair, this higher sensitivity to the SASP components could be an explanation as to why senescent cell burden is such a detrimental component of the ageing soma and the role of decreased immune function has been shown to accelerate senescent burden (135). Despite rescue of cell number by p16INK4a cell depletion, phagocytic activity measured by uptake of a fluorescent substrate, was diminished. It remains possible that there exists a spectrum of senescence due to the multiple components that can contribute to the phenotype, as senescence markers such as p16INK4a, p21CIP1, and SASP components (IL-6, IL-1α) can be present but well-established markers such as SA-β-Gal can be absent (134).

CD47 is a membrane protein recognized as an inhibitory signal of phagocytosis or a “don’t eat me” signal, first discovered in mice injected with red blood cells from CD47-null mice, in which the CD47 deficient red blood cells were rapidly cleared by splenic macrophages (136). As macrophages abundantly express the SIRP1α receptor, which binds to CD47, and depletion of splenic macrophages protected CD47-/- red blood cells when injected into wild-type mice, this suggests the CD47-SIRP1α axis represents a method of evasion of immune clearance and CD47 as a “marker of self” (136). CD47 is overexpressed in cancers (137), and senescent cells upregulate expression of CD47 (138), including in human renal proximal tubular epithelial cells. This may allow cancers and senescent cells to appear as “self” to the immune system and escape clearance. As previously mentioned, senescent cells have roles in development (72), and it is possible that their ability to upregulate CD47 is an example of antagonistic pleiotropy (139), in which senescent cells need to avoid clearance during development and therefore upregulate CD47, an ability that becomes detrimental in later life as senescent cells persist and generate SASP.

Other immune cells are affected by age. The number of activated, CD56bright NK cells that produce cytokines decreases with age in humans (>60 years) (140). In vitro studies have shown that senescent cells are able to escape by NK cell cytotoxicity by upregulation of HLA-E (MHC I) which can bind inhibitory receptors on NK cells (41). In addition, activating ligands for the NKG2D receptor such as MICA can be cleaved from the surfaces of senescent cells by matrix metalloproteases (MMPs) (141). These free MICA ligands are able to bind to the NKG2A of NK cells and inhibit binding to target cells, with a reversal of this evasion shown by a broad-spectrum MMP inhibitor (141).



Therapeutic Interventions to Tackle Detrimental Effects of Chronic Senescent Cells


Macrophage Therapeutics

As macrophages have been shown to be involved in kidney injury, with their removal at early timepoints appearing beneficial (13, 122), controlled depletion of macrophages may be of therapeutic interest. However, the methods used in these mice studies may not effectively translate to humans, and there may be off-target effects, depleting other macrophage populations. This could be deleterious in some settings, for instance if a patient was to suffer a myocardial event (142), and could disrupt normal homeostasis of red blood cell turnover by depletion of splenic macrophages (136).

Tailored genetic therapies are another possible option. Macrophages that have had their SIRPα receptor knocked out by CRISPr-Cas9, caused an increase of phagocytosis of human osteosarcoma cells by a factor of 4 (143). This study did not investigate phagocytic capacity of senescent cells, but logically as the macrophages are the cells being edited, senescent cells would also be more likely to be phagocytosed due to the lack of the SIRPα on the macrophages. Again, this is limited by its proof-of-principle in experimental settings, using human cell lines.

An alternative to time-consuming tailored healthcare, is the administration of humanized anti-CD47 antibodies (144). This study showed that the AO-176 antibody bound to human CD47, resulting in increased tumor cell death. An advantage of this is that the AO-176 antibody had minimal affinity for red blood cells, a common drawback of previous CD47 antibodies (144). Further investigation of whether this anti-CD47 antibody has any anti-senescent properties is warranted.



Interventions to Improve Macrophage/Senescent Cell Clearance


Klotho

The kidney accumulates senescent cells with age, with mouse studies in which targeted depletion of senescent cells led to a decrease in age-associated pathologies in the kidney (43). Senescence is regulated internally by different mechanisms, one of which is the Klotho gene. ICGN (‘Institute of Cancer Research’- derived glomerulonephritis) mice transgenic for the Klotho gene had an average survival of 70% compared to ICGN controls (30%) (145). This overexpression of Klotho also led to a decrease in senescence associated SA-β-Gal, an established marker of senescence. Together, these indicate that Klotho positively affects survival, possibly by reducing senescent burden. Klotho knock-out mice have an increased number senescent cells (146), and as human levels of Klotho decline with CKD (147) it may be beneficial to increase soluble KLOTHO levels in patients. This repression of accelerated senescence, which is found with glomerulonephritis, preserves renal function and improves survival (145).



Senolytics and Senomorphics

Senescent cells have been shown to accumulate in age and in disease in both human and animal tissue and crucially, their clearance in animal models is safe and has been shown to improve health span (43) and organ function (39, 53). It has become of therapeutic interest to remove senescent cells, operating under the hypothesis that removal of chronically senescent cells will have a positive impact on local and systemic tissues (Figure 3). Drugs that accomplish this are called senolytics and treatments that target senescent cells are called senotherapies.




Figure 3 | Hypothesis of effects of senescent cell removal therapies on tissue function, with examples of each of different hallmarks and drivers listed for both conditions. Graphs are not directly proportional as mitigating factors can alter the tissue functionality such as diet, exercise, disease.



Recent studies have focused on small molecular compounds to inhibit the pro-survival mechanisms of senescent cells, such as ABT-263 (Navitoclax) and ABT-737 (148) which inhibit Bcl2/w/xL (39). ATB-263-induced elimination of senescent cells improves prognosis after IRI injury in mice as seen by decrease in fibrosis and ongoing injury, with increased levels of regeneration and better kidney function (53). Human trials of ABT-263 have revealed that the onset of thrombocytopenia (abnormally low platelet counts) may limit the dose/timing of ABT-263 administration to patients (149). Further research is required to determine if ABT-263 can be used as a senolytic in different settings, such as organ rejuvenation in transplants.

It has been shown that the senolytics, dasatinib and quercetin (D+Q) can be safely used in humans (150, 151). D+Q have a different target to ABT-263, and cause depletion of macrophages, with early studies showing a decrease of macrophage number per adipocyte by 28% (150). The control of senescent cell clearance by pharmaceuticals proves crucial, as inhibition of acute senescence present in wound healing (31, 32), could be disruptive to natural wound-healing processes that animal models/patients may be undergoing. This same study demonstrated that common markers for senescent cells, namely p16INK4a/p21CIP1 expression and β-galactosidase activity at pH 6.0, were decreased post senolytic treatment, but this can’t be attributed to Langerhans cell clearance or macrophage recruitment (150).

It has been proposed that noncoding RNAs (ncRNAs) may have a role in the regulation of SASP factors generated by senescent cells (152). Exogenous administration of ncRNAs capable of downregulating SASP factors (senomorphics) may provide a complimentary approach to senescence therapeutics such as senolytics and lifestyle adaptations.

Exposure to chemotherapeutic drugs such as Actinomycin D (ActD) can induce senescence in human mesenchymal stem cells (hMSCs) (153). Whilst the resident cells may be prevented from becoming cancerous, the effect of the SASP-generating senescent cells on the hMSC niche may be detrimental over time. Therefore, it is important that be able to target the induced senescent cell populations for removal, to give more tailored treatments.

Studies in which senescent cells were transplanted into healthy young mice, showed an increase in mortality as a result of senescent cell burden, which was subsequently reversed by intermittent administration of dasatinib and quercetin (154). This reduction of senescent cell burden has also been replicated in humans with diabetic kidney disease, however effects on mortality remain to be assessed (150). Elimination of senescent cells relieved persistent physiological dysfunctions including the secretion of frailty-related pro-inflammatory cytokines, as demonstrated by human adipose tissue explants (154). This and other methods are outlined in Table 1, adapted with permission (160).


Table 1 | Experimental models of senescent cell deficiency/induction/depletion in the kidney and their effects on renal outcomes.





Lifestyle

Hall and colleagues showed that many p16INK4a and SA-β-gal positive cells in the adipose tissue of mice may have been SAMs (senescent associated macrophages), attracted by senescent cells, and displaying pro-inflammatory (“M1”) phenotype (126) which has been shown to create a sterile inflammatory environment associated with obesity, as reviewed comprehensively (161). If adiposity affects senescent cell numbers, this could indicate that life-style choices (i.e. weight loss by calorie restriction and exercise) may successfully reduce numbers of macrophages secreting pro-inflammatory cytokines, by minimizing excess adipose tissue in response to exercise, showing positive feedback by reducing leptin (satiety hormone) (162) and minimizing adipose tissue – which is reported to contain large numbers of senescent cells (3) – and cause inflammation (126, 154). As briefly reviewed, by Xu and colleagues (163) pro-inflammatory mediators can also be reduced by CR. This may be a relevant therapeutic intervention due to the oxidative damage in response to transplantation procedures, caused by ischemia-reperfusion injury, which may lead to an increase in senescent burden and therefore premature ageing of the transplant and surrounding tissues (164). However, as previously mentioned this could lead to accelerated grey matter atrophy (18), meaning cost-benefit analysis needs to be considered for administration to patients.





Therapeutics – Conclusions

The presence of senescent cells may be the most relevant case of the antagonistic pleiotropy theory of ageing (139), in that the key genes involved in senescence are beneficial in early life, promoting healthy embryogenesis (33) and rapid wound repair whilst protecting from cancer formation/progression (35). However, as senescent burden increases with age, SASP generating cells comprise a larger proportion of non-regenerating cell populations in tissues, negatively affecting homeostasis (42, 126, 165). This would suggest that certain therapeutic interventions, such as pharmaceutical treatment (senolytics/senomorphics) or lifestyle changes [regular aerobic exercise (3, 162)] may only show a significant impact when administered to patients of a certain age, who have accumulated enough senescent cell burden, and pharmaceutical interventions may be preventative. Senescence has wide-reaching effects and the elective administration of appropriate senolytics has the potential to improve the quality of life for patients with chronic conditions and age-associated morbidity, and further clinical trials are warranted.



Challenges for Future Research Into Ageing-Associated Fibrosis

Ageing is difficult to model in a translationally significant manner using genetically close models, due to the marked expense and timescale limitations of non-human primate (NHP) models such as rhesus monkeys that live three to four decades. Although uncommon, these studies have been performed, pooling non-human primates (gorilla, rhesus monkey, baboon and others) to identify conservation of certain ageing phenotypes across species, such as arterial thickening correlated to increased age (166). The trans-NIH GSIG summit identified the induction of pathologies in young mice precludes analysis of interactions with other aspects of ageing seen in chronic diseases, requiring longer term studies to recapitulate the ageing phenotype before pathology induction (4). To overcome the limitations of relatively long-lived animals used for ageing, other vertebrate models have been assessed for use, for example the African turquoise killifish (Nothobranchius furzeri) has been assessed as a model for aging against the “Hallmarks of Ageing” (1) and has begun to be genetically altered and separate lines bred to provide a genetic toolkit to investigate ageing (167, 168).



Final Conclusions

Senescent cells are attractive candidates as drivers of age-related organ dysfunction. They are consistently seen in diseased and older tissues when compared with healthy age-matched controls, actively secreting pro-inflammatory and pro-fibrotic molecules (90–92) capable of driving further (paracrine) senescence and propagating on-going tissue damage (78, 125). This is potentially because they secrete pro-inflammatory cytokines in the SASP which modify the surrounding environment (169).

Macrophages contribute to clearance of senescent cells by phagocytosis (73). This activity declines with age in multiple organ systems (115), including the kidney, as macrophages polarize from M1 to M2 in response to exogenous growth factors (170), and can potentially become ‘senescent-associated’ (78, 125, 133) and possibly senescent themselves (129). This is followed by a concurrent increase in fibrosis with age, which negatively affects organ function.

New therapy strategies have been developed, both pharmaceutical (39, 150) and lifestyle changes (126, 162) that aim at reducing the burden of senescent cells and the SASP they generate, and reducing inflammation, aimed at removing blockades for macrophage polarity transitions essential for response to injuries. This research is slowed by the feasibility of ageing models currently utilized, however efforts by researchers have brought new animals more relevant to ageing research into mainstream use, as is the case with the African Killifish (167, 168).

Ageing is a complex interaction of different physiological responses that can be influenced by multiple factors from genetics to the environment, but current research has and is investigating these interactions and different factors for therapeutic benefit in humans.
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The eye and the brain have limited capacities for regeneration and as such, immune-mediated inflammation can produce devastating consequences in the form of neurodegenerative diseases of the central nervous system or blindness as a result of ocular inflammatory diseases such as uveitis.  Accordingly, both the eye and the brain are designed to limit immune responses and inflammation – a condition known as “immune privilege”.  Immune privilege is sustained by physiological, anatomical, and regulatory processes that conspire to restrict both adaptive and innate immune responses.
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Introduction

A striking example of immune privilege was reported by Abel who treated an 8-year old boy who had a 10 week history of ocular pain (1). Examination of the painful eye revealed the presence of a vermiform foreign body in the anterior chamber. The foreign body was removed and it was found not to be a helminth but rather, it was a seedling of a dicotyledonous plant of the Compositae family that had germinated in the anterior chamber (Figure 1). Two noteworthy features of this case bear noting. The “foreign body” had eluded the immune system and persisted in the eye for over two months. The second and equally astonishing finding was the conspicuous absence of inflammation in the anterior chamber of the eye in which the seedling had germinated. These two observations are in keeping with the principles of immune privilege: 1) the prolonged survival of a foreign tissue that would normally be rejected in conventional body sites and 2) the local quenching of inflammation. A more commonly recognized example of ocular immune privilege is the remarkable success of corneal allografts, which in uncomplicated cases enjoy a survival rate of 90% even though histocompatibility matching is not routinely practiced and the only immunosuppressive drugs are topically applied corticosteroids (2–4).




Figure 1 | Germinating seedling in the anterior chamber of an eight year-old boy following 10 weeks of ocular pain. The vermiform object was extirpated and identified by a botanist to be a seedling of a dicotyledonous plant. Reproduced from Abel (1) with permission from Archives Ophthalmology.





Immune Privilege Is a Dynamic Process That Involves Anatomical, Physiological, and Immunoregulatory Elements

Although the concept of immune privilege is widely recognized it is often over-simplified and misunderstood. Two common misconceptions about immune privilege are that corneal transplants are exempt from immune rejection and that the anterior chamber (AC) of the eye is devoid of lymphatic drainage, which presumably isolates the interior of the eye from the systemic immune apparatus. Although corneal transplants enjoy a survival that is unrivaled in the field of transplantation, they can occasionally undergo immune rejection, which remains the leading cause of corneal graft failure. The notion that the AC of the eye is devoid of lymphatic drainage was proposed by Medawar over a half-century ago (5) and persisted until the late 20th century when it was discovered that although lymphatic vessels were invisible to most anatomical observations, antigens introduced into the AC could reach the ipsilateral cervical lymph nodes (6), however the majority of antigens injected into the AC enter the venous circulation and reach the lymph nodes via the blood vascular pathway (7).

Over the past 50 years it has become clear that immune privilege in the AC and the success of corneal allografts are due to a combination of anatomical, physiological, and dynamic immunoregulatory processes that restrict the expression of both innate and adaptive immune responses (8, 9). In addition, many of the blood vessels within the eye are non-fenestrated and the tight junctions between the cells lining the blood vessels restrict the diapedesis of leukocytes and the extravasation of macromolecules into the interior of the eye (10). This “blood-ocular barrier” is imperfect and in certain conditions leukocytes can extravasate and enter the eye, a condition that occurs in uveitis.

The aqueous humor that fills the AC of the eye is a potpourri of anti-inflammatory and immunosuppressive molecules including: a) transforming growth factor-β(TGF-β), b) α-melanocyte stimulating hormone (α-MSH), c) complement regulatory proteins (CRP), d) calcitonin gene-related protein (CGRP), e) somatostatin (SOM), f) macrophage migration inhibitory factor (MIF), and g) vasoactive intestinal peptide (VIP) (11–16). These humoral molecules act to quench inflammation and to buffer the deleterious effects of activation of the complement cascade. The cells lining the inside of the eye are decorated with a panoply of cell membrane-bound molecules that induce apoptosis of immune cells that enter the eye thereby eliminating immune attack. These include: a) FasL, b) tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), c) PD-L1, d) CRP, and e) galectin-9 (17–19).

In addition to the anatomical and physiological properties of the eye, dynamic immunoregulatory processes contribute to ocular immune privilege. Antigens entering the eye including histocompatibility antigens sloughed from the corneal endothelium of corneal transplants induce a dynamic form of immune deviation in which cell-mediated immune responses such as delayed-type hypersensitive (DTH) and cytotoxic T lymphocyte (CTL) responses are suppressed by T regulatory cells (Tregs) – a phenomenon termed anterior chamber-associated immune deviation (ACAID) (8). Not only does ACAID suppress Th1 type immune responses but it also blunts Th2-mediated inflammatory disease (20). ACAID also culminates in a deviation of the antibody responses from complement fixing isotypes to a preferential production of non-complement-fixing antibodies. This deviation reduces the likelihood of antibody-mediated injury to ocular tissues as activation of the complement cascade can produce deleterious effects of granulocytic inflammation that occurs in response to complement byproducts.



Role of Antigen-Presenting Cells in Corneal Allograft Survival and ACAID

The induction of ACAID is an extraordinarily complex process that involves four organ systems: a) eye, b) spleen, c) thymus, and d) sympathetic nervous system. Removal of the eye, thymus, or spleen within three days of introducing antigens into the AC abrogates the induction of ACAID. Likewise chemical sympathectomy prior to AC injection of antigens blocks the induction of ACAID. The contributions of these organ systems in the induction of ACAID are complex and are discussed in detail elsewhere (8) (Figure 2).




Figure 2 | Four organ systems are required for the induction of ACAID. Removal of the eye, spleen, or thymus within 3 days of injecting antigen into the anterior chamber prevents the induction of ACAIDS. Chemical sympathectomy prior to injecting antigens into the anterior chamber also prevents ACAID. BCR, B cell receptor. Reproduced from Niederkorn (9) with permission from Nature Publishing Group.



The eye-dependent stage of ACAID is widely believed to involve the participation of antigen-presenting cells (APC), which under the influence of soluble molecules in the AC, induce the generation of Tregs. Antigens are captured by resident F4/80+ APC that are bathed in TGF-β, which in turn preferentially produce IL-10. The production of IL-10 by ocular APC is pivotal to induction of ACAID as shown by the inability of ocular APC from IL-10 knockout mice to induce ACAID (21). Ocular APC exposed to TGF-β that is present in the AC preferentially produce macrophage inflammatory protein-2 (MIP-2), which is crucial for the induction of T regs in the spleen (22). The role of F4/80+ APC in the induction of ACAID is strengthened by the observation that ACAID cannot be induced in F4/80 KO mice (23).

ACAID is intimately associated with corneal allograft survival (9, 24) Maneuvers that block the induction of ACAID, such as splenectomy or deletion of IL-10, invariably result in the immune rejection of corneal allografts. Likewise, induction of ACAID through the intracameral injection of corneal graft donor alloantigens prior to corneal transplantation significantly enhances corneal allograft survival and dramatically reduces the incidence of immune rejection (25).



Role of CD11c+ DC in the Abrogation of ACAID and Induction of Corneal Allograft Rejection

The remarkable success of corneal allografts defies the laws of transplantation immunology. Studies in animal models of penetrating keratoplasty demonstrate that in the absence of any form of immunosuppressive agents corneal allografts mismatched with the recipient at all known MHC and minor histocompatibility gene loci routinely enjoy a 50% acceptance rate (4). By contrast orthotopic skin allografts transplanted under similar conditions undergo rejection in 100% of the hosts. As mentioned earlier, immune privilege is not absolute and corneal allografts can undergo immune rejection. Virtually any condition that provokes inflammation at the ocular surface, such as herpes simplex virus keratitis (HSVK), abolishes ocular immune privilege and invariably leads to corneal allograft rejection (4, 26).

The leading risk factor for corneal allograft failure in human subjects is the rejection of a previous graft. The incidence of corneal allograft rejection rises three-fold in patients receiving a second corneal transplant (27). On first blush one might reasonably conclude that such patients were sensitized to the donor alloantigens expressed on the first transplant and the heightened incidence of rejection was simply a recall or memory immune response elicited by the second transplant. However, this conclusion is flawed. Under normal conditions corneal buttons are selected for transplantation based on the quality of the tissue and the corneas suitability for surgery. Histocompatibility matching is not employed and accordingly the array of MHC and minor histocompatibility antigens expressed on the first and second grafts is random and the likelihood of shared antigenic epitopes on the first and second grafts is remote. Moreover, second corneal allografts can occur in patients with a long-standing clear transplant in the opposite eye suggesting that the immune system was “unaware” of the alloantigens expressed on the first transplant (28).

In an attempt to unravel this paradox we employed a mouse model of penetrating keratoplasty and recapitulated experiments in which patients receive two corneal transplants from unrelated donors. For these experiments we employed a widely utilized mouse model in which C57BL/6 corneal allografts are transplanted to BALB/c recipients. These two mouse strains differ at all known major and minor histocompatibility gene loci, yet only 50% of the corneal allografts undergo immune rejection even though no immunosuppressive drugs are employed. To evaluate the effect of a first corneal transplant on the survival of subsequent corneal grafts we transplanted corneas from C3H mice to the right eyes of BALB/c recipients. Sixty days later we transplanted C57BL/6 corneas to the opposite eye (i.e., left eye) of these mice. Instead of the expected 50% incidence of rejection for initial C57BL/6 corneal allografts in naïve hosts, we observed 100% graft rejection (29). Importantly C3H and C57BL/6 mice differ at all known MHC and minor histocompatibility gene loci and thus the C3H corneal allografts were incapable of immunizing the BALB/c recipients to C57BL/6 alloantigens thereby removing the possibility that the profound increased incidence of rejection in the BALB/c mice was a result of “cross-immunization” or prior allosensitization. Thus, corneal surgery itself robbed the second eye of its immune privilege. To confirm that the surgery and not the rejection of a previous corneal graft abolished immune privilege, syngeneic BALB/c corneal grafts were placed onto the right eyes of BALB/c mice 60 days prior to transplanting C57BL/6 corneal allograft to the opposite eyes. As expected, the BALB/c syngrafts remained clear and healthy throughout the entire course of these experiments, yet 100% of the C57BL/6 corneal allografts applied to the opposite eye underwent immune rejection even though the expected incidence of rejection was 50%. These results recapitulated the previously reported cases in human subjects in which second corneal transplants underwent rejection in hosts having long-standing clear first corneal transplants in the opposite eye (28). Additional experiments revealed that this loss of immune privilege was due to the severing of corneal nerves that occurs during the penetrating keratoplasty procedure. Simply cutting the superficial corneal nerves with a circular trephine in one eye abolished immune privilege in the opposite eye and thus represented a “sympathetic loss of immune privilege” (SLIP) (29). SLIP did not require complex surgical procedures and could be induced by simply making a shallow circular incision in the corneal epithelium (Figure 3).




Figure 3 | Shallow circular incisions of the cornea in one eye abolishes ACAID in both eyes. 360° corneal incisions were placed in left (OS) eyes of BALB/c mice 14 days prior to application of C57BL/6 corneal allografts to the right (OD) eyes. (Modified from Paunicka et al. (29).



It is important to note that SLIP should not be confused with a similar condition called sympathetic ophthalmia (SO) that sometimes occurs in individuals following a penetrating traumatic injury to one eye that is subsequently followed by intense inflammation in the opposite eye (30). The inflammation in the “sympathizing” eye led to the moniker sympathetic ophthalmia. Although SO is still poorly understood, it is widely believed that the penetrating injury to one eye leads to the release of ocular antigens, especially those sequestered from the immune apparatus in the retina, and culminates in the generation of an immune response to the ocular antigens and the appearance of immune inflammation in both eyes. By contrast, SLIP is not the direct initiation of an antigen-specific immune response, instead it is the antigen non-specific disabling of Tregs and can be induced by a single bolus injection of 0.1 pg of substance P (SP) and thus, occurs in the absence of traumatic injury to eye (see below).

The impact of neuropeptides on immune responses has long been recognized. Neuropeptides exert an important effect on immune privilege in the eye (11). Interestingly, one neuropeptide stands apart from the rest. The expression of SP and its receptor NK1-R increases over 300% in both eyes following circular corneal incisions in one eye (29). Blocking NK1-R with the SP receptor antagonist Spantide II, restores immune privilege in mice subjected to corneal nerve injury and results in 50% corneal allograft acceptance, which is identical to the incidence of graft survival in naïve mice. Moreover, simply injecting as little as 0.1 pg of SP intravenously abrogates immune ocular immune privilege and results in 100% corneal allograft rejection.

Severing corneal nerves also adversely affects ACAID. Placing a shallow corneal incision in one eye prevents the induction of ACAID in both eyes (31, 32). These results are remarkably similar to earlier finding by Lucas and co-workers who observed that retinal laser burns (RLB) to one eye prevented the induction of ACAID in the opposite eye that was not subjected to RLB (33). Moreover, the loss of ACAID produced by RLB coincided with a steep upregulation in the SP receptor NK1-R in the opposite non-manipulated eye. Studies by Guzman and co-workers found a similar association between corneal nerve injury and the induction of ocular immune tolerance (34). These investigators found that placing 180° incisions in the cornea of one eye prevented the induction of mucosal tolerance following topical application of ovalbumin (OVA) to the opposite eye. This abrogation of mucosal tolerance, like SLIP, could be reversed by the application of a SP receptor antagonist.

SP has emerged as the end stage effector molecule in SLIP. Although the SP receptor, NK1-R is expressed on numerous cell types including antigen-presenting DCs, we were intrigued by the juxtaposition of CD11c+ ocular surface DCs to the area where we placed circular incisions in the cornea. When stimulated via their NK1-R, CD11c+ DCs inhibit IL-10 production and promote the generation of Th1 immune responses (35). Both of these conditions are associated with the abrogation of ACAID and corneal allograft rejection (4, 9).

We explored the potential role of CD11c+ DCs in the development of SLIP and the loss of ocular immune privilege by isolating CD11c+ CS from mice subjected to corneal nerve injury (i.e., trephining) and adoptively transferring them to naïve recipients. ACAID could not be induced in these recipients but was induced in recipients of CD11c+ DCs from donors that had not been subjected to corneal nerve injury (31). Additional experiments revealed that CD11c+ DCs isolated from trephined donors blocked the suppressive activity of Tregs in vivo. Accordingly, we categorized these CD11c+ cells as contrasuppressor (CS) cells based on their capacity to suppress Tregs and their similarity to “contrasuppressor” cells described over four decades ago (36). Although the concept of “suppressor cells” was hotly debated for over a decade, the suppressor cell concept vindicated by the elegant investigations of Sakaguchi who now referred to these cells by the euphemistic moniker “T regulatory cells” (37). CS cells have also enjoyed a renewed appreciation and have been demonstrated in multiple models of immune regulation (38).



Induction of CD11c+ CS Cells and Their Mode of Action

The weight of evidence suggests that there is an axis involving ocular surface CD11c+ cells, corneal nerve injury, and the elaboration of SP that conspires to rob both eyes of their immune privilege (Figure 4). SP is clearly involved in the generation of CS cells as in vitro treatment of CD11c+ cells with SP licenses them to block Treg activity in vivo (31). Moreover, corneal nerve injury fails to induce CS cells in SP -/- mice (31). A single bolus intravenous injection of 1.0 pg prevents the induction of ACAID and 0.1 pg of SP culminates in 100% corneal allograft rejection (29, 31). The pivotal role of SP in the generation of CS cells was confirmed by briefly exposing naïve CD11c+ DC to SP in vitro and infusing these cells into naïve recipients. Mice that received SP-conditioned CD11c+ DC resisted the development of ACAID, while neither naïve CD11c+ DC nor CD11c+ cells conditioned in saline adversely affected the generation of ACAID T regs (32). We are attracted to the hypothesis that SP elaborated in response to corneal nerve injury converts resident CD11c+ DC at the graft/host margin to become CS cells. If this scenario is correct then it should be possible to prevent the generation of CS cells by purging ocular CD11c+ DCs prior to corneal nerve injury. This hypothesis was confirmed in experiments in which clodronate-containing liposomes were injected into the conjunctiva prior to trephining the ocular surface (32). Subconjunctival injection of clodronate-containing liposomes specifically depletes ocular surface APC including CD11c+ DC (40). Corneal nerve injury blocks ACAID, however depletion of ocular surface CD1c+ DC through the injection of clodronate-containing liposomes prior to AC injection of antigens restores ACAID and allows the development of Tregs (32). The crucial role of SP signaling in the generation of CD11c+ CS cells was also supported by experiments in which administration of the SP receptor antagonist Spantide II prevented the generation of CS cells and restored immune privilege of corneal allografts in hosts subjected to trephining and simultaneously injected with Spantide II (29, 31).




Figure 4 | Sympathetic loss of immune privilege is the result of an axis involving ocular surface CD11c+ DCs, corneal nerves, and the elaboration of substance P (SP). (A, B) MHC class II+ DCs (including CD11c+ DCs) reside at the interface between the corneal allograft and the graft bed. (C) Severing corneal nerves with a trephine elicits the release of SP that converts resident CD11c+ DCs to contrasuppressor (CS) cells that disable CD4+CD25+ Tregs. Reproduced from Niederkorn (39) with permission from Invest Ophthalmol Vis Sci.



CS cells disable two distinct categories of T regulatory cells that are involved in ocular immune privilege: a) CD8+ ACAID T regs and b) CD4+CD25+ corneal allograft-induced Tregs. In both cases the CS cells exert their effect in an antigen-non-specific manner. The molecular mechanisms involved in Treg suppression are still under investigation, but at least one molecule has emerged as a crucial player. Microarray analysis on 12,000 genes expressed on CD8+ ACAID T regs revealed an 85-fold increase in the expression of CD103 (41). The finding that ACAID cannot be induced in CD103-/- mice supports the notion that CD103 is critical for the induction of CD8+ ACAID T regs (41). It bears noting that CD103 is also expressed on CD4+CD25+ T regs (41–45). With this in mind we examined the role of CD103 in CS cell blockade of Treg activity. Co-culturing CD8+ ACAID T regs with CS cells resulted in a 66% reduction in CD103 expression on ACAID T regs (46). The down-regulation of CD103 on CD8+ ACAID Tregs was directly attributed to SP and could be mimicked by co-culturing CD8+ T regs with SP in vitro (46). CD103 is a cell-adhesion molecule that binds to E-cadherin, which is expressed on numerous cell types including APCs (47, 48). TGF-β is necessary for conditioning ocular APC for the induction of ACAID presumably by upregulating E-cadherin. CD103/E-cadherin interactions are enhanced when T cell-receptor signaling occurs (49). These interactions would stabilize the interaction between CD8+ ACAID Tregs and effector T cells that occurs during the suppression of T cell responses and it would also explain the requirement for CD103 expression on CD8+ ACAID Tregs for their capacity to directly suppress T cells during DTH responses.



Conundrums and Puzzling Properties of SLIP

On the surface, the induction of SLIP and the generation of CS cells seem straightforward and logical. However, closer analysis reveals conundrums that are difficult to reconcile. A single intravenous bolus injection of as little as 0.1 pg of SP abolishes the immune privilege of corneal allografts (29). This loss of immune privilege persists for at least 100 days even though only a single injection of SP was administered and the serum half-life of SP is less than two minutes (50). The nature of the corneal nerve injury involved in the development of SLIP is also puzzling. Circular corneal incisions induce CD11c+ CS cells yet “X” shaped corneal incisions of similar linear dimensions do not adversely affect corneal allograft survival or ocular immune privilege (29). Equally perplexing is the observation that blocking the SP receptor with Spantide II prevents SLIP but does not enhance corneal allograft survival beyond the 50% acceptance that is found in naïve mice. That is, blocking SP restores immune privilege, but does not enhance it. DC are recognized for their remarkable capacity to amplify immune responses and as few as 10 allogeneic DC can elicit allospecific T cell responses (51) and as little as 1,000 CD11c+ CS cells can abolish immune privilege and ablate the suppressive activity of ACAID Tregs (32).

Corneal nerve ablation or a single intravenous injection of SP abolishes immune privilege for corneal allografts for at least 100 days, which suggests that CD11c+ CS cell populations are long-lived. However, whole body ionizing irradiation 14 days after corneal nerve injury abolishes CS cell activity, which suggests that the initial CS cell population is radiosensitive (32). Studies in bone marrow (BM) chimeric mice revealed that lethally irradiated CD45.2+ congenic mice that were reconstituted with BM from CD45.1+ congenic donors failed to display CS cell activity in either CD45.1+ or CD45.2+ cells populations following corneal nerve injury. This finding suggests that naïve BM-derived cells introduced into mice 14 days after corneal nerve injury are not converted to CS cells. This also indicates that the generation of CS cells is complete within 14 days or corneal nerve injury and that CS cells themselves are not long-lived even though SLIP persists for at least 100 days following trephining of the cornea (32).



What is the Meaning of SLIP?

On first blush SLIP seems to represent a flaw in ocular immune privilege. The time-honored view of ocular immune privilege proposes that the eye is endowed with a highly redundant system that dampens immune-mediated inflammation in order to preserve ocular tissues that have little or no regenerative capacities. Why then does the simple severing of corneal nerves abolish ocular immune privilege and why are both eyes affected? We favor the hypothesis that under certain circumstances terminating immune privilege is an adaptation to restore immune defense mechanisms at the ocular surface to protect the host against life-threatening infections. Under normal circumstances nominal non-infectious agents that pose no threat to survival are either ignored or they induce immune tolerance that reduces the risk of unwittingly provoking inflammation that might damage ocular tissues. By contrast, infectious agents that are potentially lethal transmit “danger signals” that lead to the termination of immune privilege. In mainstream immunology “danger signals” are in the form of pathogen-associated molecular patterns (PAMP that are recognized by toll-like receptors (TLRs) and other pathogen recognition receptors (PRRs). Although TLRs are expressed on cells comprising the ocular surface, other danger signals also originate at the ocular surface. Corneal nerve injury, alkali burns, and infectious agents can terminate immune privilege by a process that involves the release of SP, which represents another “danger signal” (39). It is noteworthy that two of the most common causes of infectious blindness, Pseudomonas aeruginosa and herpes simplex virus (HSV) are closely associated with the release of SP and the termination of ocular immune privilege (52–55). It is reasonable to assume that a corneal infection in one eye has a high likelihood to also occur in the opposite eye. As a result, the immune system anticipates that both eyes are at risk for life-threatening infections. A similar condition has been reported with cutaneous infections with Candida and Staphylococcus (56). Pain signals transmitted by neuropeptides during cutaneous infections with either of these microorganisms activates TRPV1+ sensory nerves and activates innate Th17 responses in affected tissues and in adjacent non-involved tissues in anticipation of the infections spreading. The authors of this study use the term “anticipatory immunity”, which is conceptually similar to SLIP. However, unlike “anticipatory immunity” in the skin, terminating immune privilege in the eye imposes more serious consequences. Even though life is preserved, the cost can be blindness.
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Post-ischemic acute kidney injury and disease (AKI/AKD) involve acute tubular necrosis and irreversible nephron loss. Mononuclear phagocytes including conventional dendritic cells (cDCs) are present during different phases of injury and repair, but the functional contribution of this subset remains controversial. Transcription factor interferon regulatory factor 8 (IRF8) is required for the development of type I conventional dendritic cells (cDC1s) lineage and helps to define distinct cDC1 subsets. We identified one distinct subset among mononuclear phagocyte subsets according to the expression patterns of CD11b and CD11c in healthy kidney and lymphoid organs, of which IRF8 was significantly expressed in the CD11blowCD11chigh subset that mainly comprised cDC1s. Next, we applied a Irf8-deficient mouse line (Irf8fl/flClec9acre mice) to specifically target Clec9a-expressing cDC1s in vivo. During post-ischemic AKI/AKD, these mice lacked cDC1s in the kidney without affecting cDC2s. The absence of cDC1s mildly aggravated the loss of living primary tubule and decline of kidney function, which was associated with decreased anti-inflammatory Tregs-related immune responses, but increased T helper type 1 (TH1)-related and pro-inflammatory cytokines, infiltrating neutrophils and acute tubular cell death, while we also observed a reduced number of cytotoxic CD8+ T cells in the kidney when cDC1s were absent. Together, our data show that IRF8 is indispensable for kidney cDC1s. Kidney cDC1s mildly protect against post-ischemic AKI/AKD, probably via suppressing tissue inflammation and damage, which implies an immunoregulatory role for cDC1s.
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Introduction

Ischemia-reperfusion injury (IRI) is a frequent clinical complication following kidney transplantation, volume depletion, heart failure, or major trauma, presenting as acute kidney injury (AKI). Severe IRI induced tubular necrosis implies a longer period of kidney dysfunction referred to as acute kidney disease (AKD) and, if persistent, can lead to chronic kidney disease (CKD) (1). IRI involves acute tubular epithelial cell (TEC) necrosis accompanied by a crescendo and decrescendo of sterile inflammation, referred to as “necroinflammation” (2). Necroinflammation in AKI is associated with the release of pathogen- or danger-associated molecular patterns (PAMPs or DAMPs) and the activation of kidney mononuclear phagocytes, including dendritic cells (DCs) (3, 4). Of note, the specific roles of kidney DCs and subsets in AKI/AKD remain controversial (3, 5–8).

DCs play a sentinel role between innate and adaptive immune responses. Upon kidney injury, some DCs primarily produce tumor necrosis factor-α (TNF-α) to recruit other inflammatory cells (9, 10). The antigen cross-presentation capacity of DCs can also be enhanced by PAMPs and DAMPs (10), which consequently drives naïve T cell differentiation towards cytotoxic CD8+ T cells or naïve CD4+ T cells (11, 12). Activated CD4+ T cells differentiate towards pro-inflammatory TH1 and TH17 cells, which stimulate macrophages, neutrophils, and other immune effectors (11–14). This avenue supports a pro-inflammatory function of kidney DCs. On the other hand, more functional studies reported protective effects of kidney DCs (15–20). This could be linked to the anti-inflammatory functions of certain DC subsets by priming naïve CD4+ T cells towards regulatory T cells (Tregs) to suppress inflammation (16–18, 20, 21) or enhancing cytokine pathways to improve kidney repair, including interleukin (IL)-10, IL-22, and single Ig IL-1-related receptor (3, 5, 22).

One explanation for the discrepancies on the functional role of kidney DCs may be associated with the plasticity of DCs, depending on various diseases (3, 23, 24). Kidney DCs are mixed subsets and consist of four cell subsets, namely type I conventional dendritic cells (cDC1s), type II conventional dendritic cells (cDC2s), CD64+F4/80high, and CD64+CD11bhigh DCs, that differ ontogenetically, functionally, and transcriptionally (25). cDC1s derive exclusively from a single cDC precursor, whereas other DC subsets are heterogeneous (26). CD64+F4/80high DCs are transcriptionally similar to macrophages, while CD64+CD11bhigh DCs resemble cDC2s. However, the phenotype of CD64+ DCs still remains unclear (25). Lymphoid cDC2s consist of two subtypes with distinct functions, including the anti-inflammatory cDC2A and the pro-inflammatory cDC2B subset (27, 28). Under virus infection, cDC2s commonly share the function and gene expression with cDC1s and macrophages, collaboratively boosting CD4+ and CD8+ T cell immunity (29). This suggests that cDC1s are more homogenous than other DC subsets. In addition, the spatially and temporarily different microenvironments in diseases are responsible for the plasticity of intrarenal M1/M2 macrophages as well as DCs (8, 24). Consistently, kidney DCs are found to either play a pro-inflammatory role in adriamycin-induced nephropathy, diabetic and hypertensive nephropathy, or to be anti-inflammatory in kidney graft rejection, crescent and immune complex glomerulonephritis (3). The temporal appearance of each phenotype in different phases of single disease also varies (24).

DCs are most abundant in the interstitial compartment of the kidney and fewer than 5% of these subsets are cDC1s (25, 30). cDC1s and few plasmacytoid DCs (pDCs) exclusively arise from the C-type lectin receptor DNGR-1-expressing common DC progenitors (CDP) (31, 32). DNGR-1 is encoded by the gene Clec9a. In addition, cDC1s require the transcription factor Irf8, basic leucine zipper transcription factor ATF-like 3 (Batf3) and WD repeat and FYVE Domain Containing 3 (Wdfy3) and are marked by XCR-1, DNGR-1, and integrin CD103 (25, 26, 32, 33). DC migration also depends on chemokines and their receptors, such as C-C chemokine receptor type 7 (CCR7) (34). Functionally, cDC1s evoke IL-10-expressing Tregs to antagonize inflammatory cDC2s in crescent nephritis, or to suppress cell apoptosis in ischemic reperfusion-induced hepatic injury (18, 20, 21, 35). Furthermore, cDC1s are known for their cross-presentation capacity of antigens on MHC class I molecules to activate CD8+ cytotoxic T cells (36, 37). Kidney cDC1s are small subsets and the functional role of cDC1s in AKI/AKD are not well understood. Although Xcr1-cre, Batf3 KO, Langerin-DTR, and Flt3L KO mouse lines were generated to track cDC1s, the efficiency and specificity of cDC1s reduction among these mice still need more understanding (20, 37). We generated a mouse line with Irf8-deficiency in Clec9a-expressing progenitors and hypothesized that Irf8-deficiency would deplete cDC1s, which may promote a pro-inflammatory immune response and consequently drive AKI/AKD progression.



Materials and Methods


Animals

All animal experiments were performed according to the European protection law of animal welfare and upon approval by the local government authorities Regierung von Oberbayern (Az 55.2-1-54-2532-175-2014) based on the European directive for the Protection of Animals Used for Scientific Purposes (2010/63/EU) and reported according to the ARRIVE guidelines (38). Mice were housed in groups of five under SPF condition with free access to food and water, and a 12-h light circle. Six- to eight-week-old male mice were used for experiments. The following mouse lines were used: wildtype C57BL/6 mice, Irf8-deficient mice (Irf8fl/flClec9acre mice) as experimental group and littermates (Irf8fl/flClec9awt mice) as control group (Table S1).



Ischemic Reperfusion Injury (IRI Surgery)

IRI surgery was performed as previously described (39). Briefly, groups of age-matched littermate mice (n ≥ 3) were anesthetized to achieve analgesia, amnesia, and hypnosis prior to unilateral left kidney pedicle clamping (25 min). Body temperature was monitored by online rectal temperature recording during the whole surgery process. Following kidney pedicle clamping and clamping removal, successful reperfusion was assessed by color change from pale (ischemia) to the original color. Afterwards, wounds were closed (Ethicon, Belgium) and 500 μl saline applied to balance fluid loss. Anesthesia was antagonized as previously described (38). Mice were sacrificed on day 1 and 7 days after IRI. Left kidneys spleen and left kidney draining lymph nodes were collected for further analysis.



Glomerular Filtration Rate (GFR) Measurement

We measured GFR in conscious mice before IR surgery as well as on days 1 and 7 after IR surgery (n ≥ 3 mice/group) as described (39). Briefly, mice were anesthetized with isoflurane and the shaved neck was covered with a miniaturized image device built from two light-emitting diodes, a photodiode, and a battery (MediBeacon™ Inc., Mannheim, Germany). The whole recording period lasted 1.5–2 h after a single injection of FITC-sinistrin (i.v., 150 mg/kg body weight) (MediBeacon™Inc., Mannheim, Germany). Prior to the injection of FITC-sinistrin, the skins’ background signal was recorded for 5 min. Recorded mice were conscious and unrestrained in a single cage. After removing the image device, data were analyzed using the imaging device MPD Studio software (MediBeacon™Inc., Mannheim, Germany). GFR (μl/min per 100 g body weight) was calculated from the decrease of fluorescence intensity of FITC-sinistrin over time using a three-compartment model with linear correction (injection, plasma, and interstitial compartment, t1/2 of FITC- sinistrin), body weight of the mouse, and an empirical conversion factor (40).



Cell Isolation

Kidneys were mashed gently and digested with 2 ml fresh D-PBS solution containing collagenase V (2 mg/ml, Sigma-Aldrich) and DNase I (500 Units/ml, Roche). Suspension was kept at 37°C for 45 min followed by homogenizing three to four times. Cold FACS buffer (D-PBS, 1% BSA, 0.1% NaN3) was added to stop tissue digestion. Digested tissues were homogenized and gently pressed through a 70 µm cell strainer (MACS® SmartStrainers). Cell pellets were washed twice with D-PBS and kept on ice. Kidney leukocytes and tubular epithelial cells were enriched using a 30–70% Percoll (Sigma-Aldrich) gradient by centrifugation (2,000 rpm, 30 min, room temperature [RT]). Leukocytes were washed once with D-PBS, resuspended in 500 μl FACS buffer, and placed on ice for further analysis. Spleen and lymph nodes (25, 41) were gently pressed through a 70 µm cell strainer by using a 1 ml syringe and washed with FACS buffer. Erythrocytes in spleen were lysed with 2 ml red blood cell (RBC) lysis buffer (MilliQ water, 0.15 M NH4Cl) at RT for 10 min. After lysis, 8 ml D-PBS was added to stop lysis. Cell pellet was resuspended in 1,000 μl FACS buffer and stored on ice. Tubular epithelial cells were washed once with D-PBS and resuspended in lysis buffer for further RNA isolation.



FACS Analysis of Leukocytes

Cell suspensions from the left kidney, spleen, and left kidney draining lymph node were used for FACS analysis. Cells were blocked with anti-mouse CD16/CD32 antibody (Fcγ III/II, 1 mg/ml, BD Biosciences) for 10 min on ice. After blocking, cells were stained with the fluorescent surface anti-mouse antibodies for 20 min at 4°C in the dark (Table S2). For intracellular staining of transcription factors, the fixation/permeabilization kit was performed according to manufacturer instruction (Foxp3/transcription factor staining buffer set, eBioscience™) and cells stained with the intracellular fluorescent-labeled anti-mouse antibodies using the indicated concentrations for 20 min at 4°C in the dark (Table S2). The cytometric acquisition was performed on FACSCantoM II or LSRFortessa™ (BD Biosciences). Cell analysis, dot plots, and raw data export were completed using FlowJo software.



Histology

Kidney tissues were embedded in paraffin and 2-μm kidney sections for periodic acid-Schiff (PAS) staining as described (40, 42). Representative images of kidney sections (cortex and outer medulla) are shown to illustrate tubular injury that displayed cast formation and tubular dilation. Injured tubular index was scored by the percentage of tubules in the corticomedullary junction that displayed cell necrosis, loss of brush border, cast formation, edema, and tubular dilation as follows: 0, none; 1, ≤10%; 2, 11–25%; 3, 26–45%; 4, 46–75%; 5, >76%. For immunostaining, we used biotinylated L. tetragonolobus lectin stain (Vector Labs), Tamm-Horsfall protein (THP) stain (Santa Cruz Biotechnology), anti-mouse IRF8 (Abcam), rabbit anti-mouse CD3 (Abcam), rat anti-mouse Ly6B.2 (Serotec, UK), and rat anti-mouse MHCII (I-A/I-E) (eBioscience™) (Table S2). All results were quantified by Image J software. To count interstitial cells, 10 cortical high-power fields (HPF) (400×). All assessments were performed by two blinded observers (CL and CS).



Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted from kidney tissue or isolated tubular epithelial cells using Pure Link RNA Mini Kit (Invitrogen™, Germany) according to the manufacturer’s protocol (40, 41). cDNA was synthesized from 2 μg of total RNA using the transcript kit (Invitrogen™, Germany). Quantitative real-time PCR (qRT-PCR) from cDNA was performed using SYBR Green dye detection system on a Light Cycler 480 (Roche, Germany). All samples were normalized to 18s rRNA. The sequences of gene-specific primers (300 nM; Metabion, Martinsried, Germany) are listed (Table S3).



Blood Urea Nitrogen (BUN) Measurement

Serum BUN (DiaSys, Holzheim, Germany) was measured according to manufacturer’s protocol (40).



Statistical Analysis

All data were given means ± SD. Statistical analysis of data were performed using GraphPad Prism 8 software. Data normality was checked using Shapiro-Wilk test. Comparative statistics between two unpaired groups were performed using t-test for parametric data and Mann Whitney test or Wilcoxon test for non-parametric data. Comparative statistics between multiple groups were performed using One-way ANOVA with Tukey’s post-hoc test for parametric data or Two-way ANOVA with Dunnett test for non-parametric data under Bonferroni correction. A P-value less than 0.05 indicated statistical significance (shown as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).




Results


Mononuclear Phagocyte Cell Such as CD11blowCD11chigh Subset Accumulates in Kidney During Post-Ischemic AKI/AKD

To characterize mononuclear phagocytes in lymphoid organs (spleen, kidney draining lymph node [LN]) and non-lymphoid organs (kidney), we used established multi-flow cytometric analysis as previously demonstrated (43). Mononuclear phagocytes of C57BL/6 mice were identified by gating on CD45+ leukocytes and singlets, while excluding T cells, B cells, natural killer cells (NK cells), and neutrophils (Figure 1A). We classified one distinct subset of mononuclear phagocytes according to the expression levels of CD11b and CD11c as followed: R1 subset (CD11blowCD11chigh), which commonly exists in healthy organs, including the kidney (Figure 1B).




Figure 1 | Mononuclear phagocytes, including type I conventional dendritic cells (cDC1s), accumulate in kidney during post-ischemic AKI/AKD. (A) Representative gating strategy of mononuclear phagocytes of adult C57BL/6 mice. Of the CD45+ cells and singlets FSC-W/A, mononuclear phagocytes were identified by excluding T cells/natural killer cells/neutrophils/B cells. Mononuclear phagocytes contain one distinct subset according to the expression levels of CD11b and CD11c and was named as R1 subset CD11blowCD11chigh (red). (B) Identification of the mononuclear phagocyte R1 subset in healthy kidney, spleen, and kidney draining lymphoid node (LN). (C) Schematic of experimental set-up. Unilateral IRI was induced in C57BL/6 mice by 25 min kidney pedicle clamping. Organ harvest was taken from healthy state, day 1 (IRI-1D) and day 7 (IRI-7D) after IRI. Time point D0 represents healthy state. (D) Dot plots displaying phenotypic change of kidney R1 subset on healthy state, IRI-1D, and IRI-7D. (E) Absolute cell number of R1 subset per kidney (n = 4–5 mice/group). (A–E) Representative data of three independent experiments. (F) Similarity between CD103+ cDC1s (black contour plot) and R1 subset (CD11blowCD11chigh, red contour plot) in kidney (Gating strategy is shown in Figure S1A). (G) Representative immunostaining of kidney major histocompatibility complex class II (MHCII) positive cells and quantitative analysis indicated by integrated optical density (IOD)/area (n = 3–4 mice/group). Bars = 200 µm. Data are means ± SD. One-way ANOVA. *P < 0.05; **P < 0.01.



To identify the dynamic changes of the intrarenal R1 subset (CD11blowCD11chigh) during AKI/AKD, wild type C57BL/6 mice underwent IRI surgery and flow cytometric analysis was performed on days 1 and 7 after IRI (Figure 1C). Post-ischemic AKI/AKD was associated with a significant drop in GFR on day 1 and 7 as compared to healthy mice (Figure S1B). The absolute number of intrarenal CD11blowCD11chigh (R1 subset) increased during the early acute injury phase (IRI-1D) and the recovery phase (IRI-7D) (Figures 1D, E), suggesting that the R1 subset accumulates in the kidney during post-ischemic AKI/AKD.



R1 Subset (CD11blowCD11chigh) Corresponds to Type I Conventional Dendritic Cell (cDC1)-Like Cells

To confirm the phenotype characteristic of the R1 subset (CD11blowCD11chigh), we further subdivided CD45+CD3e−CD19−CD49b−Ly6g− mononuclear phagocytes into CD64−F4/80− cells to exclude macrophages and MHCII+ cells independent of CD11c expression (Figure S1A). We found similar surface marker expression pattern between kidney CD103+ cDC1s and the R1 subset (CD11blowCD11chigh) (Figures 1F and S1A), suggesting that the R1 subset (CD11blowCD11chigh) shares similar phenotypic characteristics with cDC1s. Immunohistochemistry staining confirmed that the number of intrarenal MHCII+ cells and mRNA expression levels of Ccr7, Cd40, Cd80, and Cd86 increased over time after IRI (Figures 1G and S2). Taken together, post-ischemic AKI/AKD triggered the accumulation of mononuclear phagocytes including the R1 subset (CD11blowCD11chigh), which we identified as cDC1-like cells.



cDC1s Express Transcription Factor IRF8 in Post-Ischemic AKI/AKD

IRF8 is terminally expressed in cDC1s and important for the development of cDC1s lineage in the bone marrow (43–45). However, the expression pattern of IRF8 in intrarenal DCs in health and AKI/AKD still remains unknown. To investigate this, we first determined the mRNA expression levels of Irf8 in lymphoid and non-lymphoid organs of healthy wild type C57BL/6 mice, and found higher Irf8 mRNA expression levels in spleen, bone marrow, thymus, small intestine, and lung, while the Irf8 mRNA level in the kidney was lower and comparable to that in liver and heart (Figure 2A). Upon IRI, the number of IRF8+ cells significantly increased in the tubulointerstitium (Figures 2B, C). This was consistent with increased Irf8 mRNA expression levels within total kidneys after IRI, but not in isolated TECs (Figure 2D). Flow cytometry revealed that the MFI of IRF8 among cDC1-like R1 cells (CD11blowCD11chigh) as well as monocytes significantly increased over time after IRI (Figures 2E and S3A, B). We also found that the MFI of IRF8 in cDC1-like R1 cells (CD11blowCD11chigh) was significantly higher than that in monocytes. Thus, kidney cDC1-like cells express and require IRF8 during post-ischemic AKI/AKD.




Figure 2 | Kidney type I conventional dendritic cells (cDC1s) require transcription factor IRF8. (A) mRNA expression of Irf8 in lymphoid and non-lymphoid organs from healthy C57BL/6 mice and expression level were normalized to 18s rRNA (n = 3 mice/group). (B) Representative image of IRF8 positive cells in kidney in healthy state and day 1 after IRI (IRI-1D). Bars = 200 μm. (C) Quantitative analysis of IRF8 positive cells by integrated optical density (IOD)/area (n = 5 mice/group). (D) Normalized mRNA expression level of Irf8 in terms of whole kidney or isolated primary tubular epithelial cells (TECs) from mice in healthy state, IRI-1D, and IRI-7D (n = 5 mice/group). (E) Mean fluorescence intensity (MFI) of IRF8 in R1 subset (n = 3–5 mice/group). (E) Representative data of three independent experiments. Data are means ± SD. One-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.





Fewer cDC1s Accumulate in Post-Ischemic Irf8-Deficient Mice

To confirm whether the specific depletion of Irf8 could reduce the accumulation of kidney cDC1s in AKI/AKD, we generated a Irf8-deficient model using Irf8flox/floxClec9acre mice (briefly called Irf8fl/flClec9acre) with a cre-lox recombination system. We identified the DC subsets according to various surface makers by established flow cytometric analysis (25). In detail, MHCII+ cells were divided into cDCs and CD64+ DCs according to the surface markers CD11c and CD64, while XCR-1 was used to classify cDC1s and CD11b to classify cDC2s (Figure 3A) (25). Under healthy condition, we observed that the absolute number of cDC1s was significantly reduced in the kidney of Irf8-deficient mice (Irf8fl/flClec9acre), but not that of cDC2s, CD64+ DCs and monocytes (Figures 3B and S3C). However, the absolute number of cDC1s remained significantly reduced (70–80%) even after IRI on days 1 and 7. While no difference was observed in the number of cDC2s, CD64+ DCs were reduced after IRI on day 7 (Figure 3B). Immunostaining revealed less infiltrating MHCII+ cells in kidney and spleen in Irf8-deficient mice compared to control mice after IRI, especially on day 7 (Figures 3C, D). The data suggest that the deficiency of Irf8 in Clec9a-expressing progenitors could deplete intrarenal accumulation of cDC1s after IRI. Of note, the absolute number and percentage of infiltrating monocytes in the kidney significantly increased in Irf8-deficient mice after IRI on day 1 due to the inflammatory response after IRI (Figure S3D). Together, in the Irf8fl/flClec9acre mouse line, cDC1s are significantly depleted in steady state and after IRI. Additionally, we observed a partial reduction of CD64+DCs 7 days after IRI (25, 29).




Figure 3 | Impaired accumulation of type I conventional dendritic cells (cDC1s) in Irf8-deficient mice after IRI. IRI was induced in Irf8-deficient mice (Irf8fl/flClec9acre mice) and control mice (Irf8fl/flClec9awt mice). (A) Representative gating strategy of kidney DC subsets on day 1 after IRI (IRI-1D) (gated on live CD45+CD19−CD49b−CD3e−Ly6g−MHCII+ cells). cDCs (such as cDC1s and cDC2s) and CD64+ DCs were identified according to specific markers (CD11c, CD64, XCR-1, and CD11b). (B) Absolute cell numbers of cDC1, cDC2, and CD64+ DCs per kidney in healthy mice and mice after IRI. (C) Representative images of MHCII positive cells distributing in kidney sections (upper row) and splenic sections (bottom row) on IRI-1D. Bars = 200 μm. (D) Quantitative analysis of MHCII positive cells in mice in healthy state and after IRI (n = 3–5 mice/group). Data are means ± SD. Two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.





cDC1s Are Mildly Protective in Post-Ischemic AKI/AKD

The function of cDC1s was proved controversy under crescent nephritis and adriamycin nephropathy (20, 46). To clarify the role of cDC1s in post-ischemic AKI/AKD, we applied this Irf8-deficient mouse model, which conditionally lacks cDC1s (Figures 3A, B). IRI was induced in Irf8-deficient mice as well as control mice. We observed a significant increase of serum BUN levels, a marker of kidney excretory function (Figure 4A), but no significance was observed in GFR between Irf8-deficient mice and control mice (Figure 4B). Macroscopic analysis likely revealed more tubular atrophy and injury in Irf8-deficient mice, as indicated by a higher value of delta kidney weights (Delta kidney weight = KWR – KWL) (Figures 4C, D), more tubular cast formation and dilation in PAS-stained kidney sections as well as a significant higher value of injured tubular index (Figure 4E).




Figure 4 | Absence of type I conventional dendritic cells (cDC1s) aggravates kidney injury during post-ischemic AKI/AKD. IRI was applied in left kidneys from Irf8-deficient mice (Irf8fl/flClec9acre mice) and control mice (Irf8fl/flClec9awt mice). (A) Representative values of serum blood urea nitrogen (BUN) in mice on healthy state and after IRI and normalized to respective baseline level in healthy state (n = 3–10 mice/group). Data were repeated twice. (B) GFR of Irf8-deficient mice and control mice from healthy state, day 1, and day 7 after IRI (n = 3–14 mice/group). (C) Representative macroscopic images of kidney atrophy. (D) Weight loss of left kidney [L] compared to right sham kidney [R] as illustrated as “delta kidney weight = KWR-KWL” (n = 3–6 mice/group). (E) Representative images with periodic acid-Schiff (PAS)-stained kidney sections. Tubular injury was illustrated in cortex and outer medullar and labeled with cast formation (black arrow) and tubular dilation (black arrowhead). Semiquantitative morphometry of tubular injury was shown (n = 3–5 mice/group). Bars = 200 μm. Data are means ± SD. Two-way ANOVA test. *P < 0.05; ***P < 0.001.



Intrarenal DCs also accelerate tubular regeneration and recovery by secreting IL-22 or upregulating the expression of IL-10 in AKI (5, 20). Consistent with that, we found decreased mRNA expression levels of Il-22 and Il-10 in Irf8-deficient mice after IRI as compared to control mice (Figure 5A). To investigate tubular recovery, immunohistochemistry staining for living proximal or distal tubules was performed during the recovery phase 7 days after IRI. We found less living proximal tubules, as indicated by reduced lectin positivity in Irf8-deficient mice (Figure 5B) and no difference in living distal tubules, as indicated by quantification of Tamm-Horsfall protein (uromodulin, THP) positive area (Figure 5C). Thus, our data suggest that cDC1s probably protect against tissue damage structurally but play a mild protective role on kidney function.




Figure 5 | Absence of type I conventional dendritic cells (cDC1s) delays tubular recovery after IRI. IRI was induced in Irf8-deficient mice (Irf8fl/flClec9acre mice) and control mice (Irf8fl/flClec9awt mice). (A) Intrarenal mRNA expression of the regeneration genes interleukin-10 (Il-10) and Il-22 in mice in healthy state and after IRI (n = 3–6 mice/group). Representative pictures of (B) Lotus tetragonolobus lectin (Lectin)-stained kidney sections for proximal tubule (Bars = 100 μm) and (C) Tamm-Horsfall protein (THP)-stained kidney sections for distal tubule (Bars = 50 μm) in healthy mice and 7 days after IRI. Quantitative assessment of living tubule per kidney (n = 3–5 mice/group). Data are means ± SD. Two-way ANOVA test. *P < 0.05; ***P < 0.001.





Reduced Anti-Inflammatory Tregs as well as Pro-Inflammatory CD8+ T in Post-Ischemic Irf8-Deficient Mice

Kidney DCs are known for their migratory ability to activate T cells in the kidney draining lymph node via chemokine receptors and co-stimulatory molecules (3). In kidneys from Irf8-deficient mice, while the mRNA expression level of Ccl-20 did not change on day 1 after IRI (Figure 6B), we observed decreased mRNA expression levels of Ccr7, Ccr9, Cd40, Cd80, and Cd86 as compared to control mice after IRI (Figures 6A–C). We also found that the number of kidney CD3+ T cells increased with time upon AKI in sections from control mice, while Irf8-deficient mice had significantly less CD3+ T cells after IRI on day 7 as compared to control mice (Figures 6D, E). However, no difference of CD3+ T cells was observed in spleen between the two groups of mice (data not shown). This suggests an impaired T cell-related adaptive immune response in Irf8-deficient mice upon post-ischemic AKI/AKD.




Figure 6 | Altered T cell-related adaptive response in kidney from Irf8-deficient mice after IRI. IRI was induced in Irf8-deficient mice (Irf8fl/flClec9acre mice) and control mice (Irf8fl/flClec9awt mice). (A) mRNA expression of chemokine receptors C-C chemokine receptor type 7 (Ccr7) and Ccr9 in kidney tissues from mice in healthy state and after IRI normalized to 18s rRNA. (B) mRNA expression of CC-chemokine ligand-20 (Ccl-20) in kidney tissues on day 1 after IRI (IRI-1D) and normalized to 18s rRNA. (C) mRNA expression of co-stimulatory molecules Cd40, Cd80, and Cd86 in kidney tissues from mice in healthy state and after IRI and normalized to 18s rRNA. (A–C) n = 3–5 mice/group. (D) Representative CD3+ T cell immunostaining from paraffin-embedded kidneys in mice on healthy state, IRI-1D, and IRI-7D. Bars = 200 μm. (E) Number of kidney CD3+ T cells manually counted per HPF (n = 3–5 mice/group). (F) Gating strategy of kidney T cells (gated on live CD45+CD19−CD49b−Ly6g−CD3+ cells) and their subsets according to CD4/CD8 expression on healthy state, IRI-1D, and IRI-7D. (G) Gating strategy of kidney Tregs (gated on live CD45+CD19−CD49b−Ly6g−CD3+CD4+CD8−CD25+ cells) on IRI-1D. (H) Absolute cell number of kidney T cell subsets (n = 3–8 mice/group). (I) Absolute cell numbers of kidney CD4+CD25+ Tregs, Foxp3+ Tregs, and Interlukin-10 (IL-10)+ Tregs on IRI-1D (n = 3–4 mice/group). (J) Gene expression of TH1 related cytokines on IRI-1D and normalized to 18s rRNA. See full term for each gene abbreviation in Table S3. n = 3–5 mice/group. Data are means ± SD. t-test or two-way ANOVA. *P < 0.05; ***P < 0.001.



Among T cells, aortic cDC1s preferably activate the accumulation of pro-atherogenic CD4+ T and CD8+ T cells via the application of Irf8-deficient mice (43). In adriamycin nephropathy, CD103+ cDC1s elicit CD8+ T cells aggravate tissue injury, which imply that CD8+ T cells were pathogenic (46). To address this in AKI/AKD, our flow cytometric analysis showed that the number of kidney CD4−CD8+ T cells was selectively reduced in Irf8-deficient mice overtime after IRI (Figures 6F, H), without differences in the numbers of infiltrating kidney CD4−CD8−, CD4+CD8+, and CD4+CD8− T cells after IRI. Similar results were obtained with splenic CD4−CD8+ T cells (Figures S4A, C), suggesting that cDC1s likely prime pathogenic CD8+ T cells upon post-ischemic AKI/AKD.

CD103+ cDC1s can foster the accumulation of intrarenal Tregs to protect against crescent glomerulonephritis and ischemic reperfusion-induced hepatic injury (18, 20). Since we demonstrated the efficient depletion of cDC1s and impaired expression levels of co-stimulatory molecules and chemokine receptors in Irf8-deficient mice on day 1 after IRI, Tregs were found to be present at the same timepoint. However, in Irf8-deficient mice, the numbers of CD4+CD25+ Tregs including Foxp3+ Tregs and IL-10+ Tregs were reduced in kidney and spleen (Figures 6G, I and S4B, D). Together, cDC1s are required for maintaining anti-inflammatory Tregs upon post-ischemic AKI/AKD.



Enhanced Pro-Inflammatory TH1-Related Response in Post-Ischemic Irf8-Deficient Mice

TH1 cells are classically associated with IFN-γ secretion. Their differentiation and activity are promoted by IL-12, IL-18, and IFN-γ. IFN-γ is a cytokine, which can impair cell proliferation or activate inflammatory cell death pathways. In the kidney from Irf8-deficient mice, we also observed increased mRNA expression levels of TH1-related cytokines, including Il-12p35, Il-12p40, Il-18, and Ifn-γ after IRI on day 1 (Figure 6J). In summary, this indicates that cDC1s probably antagonize the pro-inflammatory TH1 immune response to reduce kidney injury upon post-ischemic AKI/AKD.



Increased Neutrophils and Necroinflammation in Post-Ischemic Irf8-Deficient Mice

Ischemic tubular necrosis involves neutrophil-related necroinflammation (2). To investigate whether the deficiency of cDC1s affects neutrophil infiltration, we performed immunohistochemistry staining of kidney sections and found a significant increased number of Ly6B.2+ neutrophils after IRI on day 1 in Irf8-deficient mice as compared to control mice (Figures 7A, B). This was in line with the flow cytometric analysis, which showed an increased cell number of Ly6g+ neutrophils in Irf8-deficient mice after IRI on day 1 (Figures 7C, D). In addition, we observed increased mRNA expression levels of neutrophil-related chemokines (Cxcl1, Cxcl8) and pro-inflammatory cytokines (Tnf-α, Il-6, Tgf-β, pro-Il-1β) as well as cell death-related genes (Caspase8, Mlkl, Ripk1, Ripk3) in Irf8-deficient mice (Figures 7E–I). Thus, the absence of cDC1s enhances the recruitment of neutrophils and inflammatory cell death in IRI-induced AKI/AKD.




Figure 7 | Enhanced neutrophil-related necroinflammation in Irf8-deficient mice after IRI. IRI was induced in Irf8-deficient mice (Irf8fl/flClec9acre mice) and control mice (Irf8fl/flClec9awt mice). (A) Representative images of Ly6B.2+ neutrophils in kidney sections from healthy mice and mice after IRI. Bars = 200 μm. (B) Quantification of Ly6B.2-stained neutrophils in kidney sections (n = 3–10 mice/group). (C) Gating strategy of kidney Ly6g+ neutrophils (gated on live CD45+CD19−CD49b−CD3− cells) on IRI-1D by flow cytometry. (D) Absolute cell numbers of Ly6g+ neutrophils per kidney (n = 3–4 mice/group). (E, F) Normalized mRNA expression of neutrophil recruitment related, (G) proinflammatory, and (H, I) cell death-related cytokines/chemokines by qRT-PCR on IRI-1D (see full term for each gene abbreviation in Table S3, n = 3–6 mice/group). (E–I) Representative data repeated three times. Cas1, Caspase1; Cas3, Caspase3; Cas8, Caspase8. Data are means ± SD. t-test or two-way ANOVA test. *P < 0.05; **P < 0.01; ****P < 0.0001.






Discussion

We hypothesized that kidney cDC1s accumulate in post-ischemic kidneys upon AKI/AKD and that deletion of kidney cDC1s promotes a pro-inflammatory immune response and consequently drives AKI/AKD progression, all confirmed by using Irf8-deficient mice in our in vivo studies. Thus, IRF8 is an important transcription factor for differentiation and survival of kidney cDC1s, in which cDC1s and the cDC1-related immune response probably antagonize tissue injury and contribute to the recovery after post-ischemic AKI/AKD.

Previous experiments on kidney mononuclear phagocytes are confounded by the lack of specific surface markers as well as gene- and cell-specific transgenic mice to clarify the overlapping functions of cDCs with monocytes/macrophages (20, 32). So far, the surface markers CD11b and CD11c in conjunction with other markers discriminate five mononuclear phagocytes in healthy kidney (34, 47–49), of which the CD11blowCD11chigh (R1) subset matches cDC1s (34). cDC1s require the transcription factor IRF8 for their development. Thus, targeting IRF8 in DCs represents a valid strategy to clarify the role of cDC1s in homeostasis and disease. For example, deletion of Irf8 in CD11c+ cells leads to a marked reduction of aortic CD11b−CD103+ DCs (cDC1s) without affecting CD11b+CD103−DCs (cDC2s) or macrophages. But CD11c is not exclusively restricted to DCs so that mouse line also affects IRF8 expression in other immune cells (29, 43, 44). In particular, monocytes require IRF8 for their transition from common monocyte progenitors (cMoP) to monocytes in the bone marrow and pDCs rely on IRF8 for cell function (44). cDCs arise from CDP, which are known to specifically express Clec9a. Therefore, combining Clec9aCre with IRF8 floxed mice provides an improved strategy to target IRF8 in cDCs, although some pDCs are also targeted (25, 26, 32). Importantly though, Clec9aCre remains restricted to DCs and is not induced on monocytes or other leukocytes in the kidney on day 3 of IRI (25). Mice lacking Irf8 in Clec9a-expressing progenitors showed reduced cDC1s in steady state kidney and after IRI, indicating that IRF8 is necessary for the development of cDC1s both at steady state and upon inflammation. This is consistent with highest expression of this transcription factor in cDC1s compared to other renal DCs and macrophages (25 and Figure 3B). Of note, we observed a reduction of CD64+ DCs in Irf8-deficient on day 7 after IRI. It is possible that this reduction is secondary to the lack of cDC1s in this mouse model, however, since Clec9a also targets this subset, we cannot exclude a function of IRF8 in maintaining CD64+ DCs in IRI at this point. The use of additional mouse models, that specifically target cDC1s, such as XCR-1-diptheria toxin receptor, Xcr1-Cre, Langerin-Cre, or Karma-Cre mice may help resolve this question in future studies. Thus, we cannot exclude a contribution of Irf8-dependent CD64+ DCs on the observed effects in this context.

DCs are known for their functional contribution on T cells during AKI/AKD. For example, during kidney injury, cDCs release PAMP/DAMP-associated mediators that selectively determine the differentiation of T cells and the recruitment of these cells to the site of injury (3, 46). Our data now imply that a loss of cDC1s was associated with a lower number of T cells, including CD8+ T and Tregs in kidney and spleen, as well as a decrease in the expression of chemokine receptors and co-stimulatory molecules. This is in line with previous reports showing that a loss of chemokine receptors and co-stimulatory molecules ultimately impairs the migration of DCs to the kidney lymph nodes and reduces the antigen presentation capacity of DCs to T cells, e.g., CD8+ T and partially CD4+ T cells (3, 42, 50).

The protective function of cDC1s is mostly demonstrated via sustaining Tregs. For examples, cDC1s can drive the recruitment of IL-10-expressing CD25+Foxp3+ Tregs in nephrotoxic AKD (17), liver IRI (18), crescent glomerulonephritis (20), as well as atherosclerosis (43). The cytokine IL-22 is a member of the IL-10 family and can directly stimulate TEC regeneration following kidney injury (5, 50, 51). Consistent with previous reports, our study shows that lack of cDC1s decreased the number of Foxp3+ Tregs and IL-10+ Tregs as well as the mRNA expression of Il-10 and Il-22 after AKI/AKD. For their recruitment, Tregs require the chemokine receptor CCR6 and the production of CCL-20, a known CCR6 ligand (52–54). However, we did not find changes in the gene expression of Ccl-20 in Irf8-deficient mice after post-ischemic AKI/AKD. Adversely, Irf8-deficient mice had a profound TH1 immune response, which promoted the conversion of naïve T into TH1 cells (55). Activated TH1 cells can also secrete CXCL8 to recruit neutrophils or IFN-γ to induce necroinflammation (55). This enhanced pro-inflammatory TH1 immune response was probably due to the missing immunosuppressive response of Tregs in mice (45). cDC1s excel at cross-presentation of antigens to cytotoxic CD8+ T cells and promote a pro-inflammatory response in lung and skin virus studies (56, 57) or adriamycin nephropathy (46). Our results showed that a reduced accumulation of kidney CD8+ T cells may counterbalance the interaction with protective Tregs. However, further studies are needed to address the contribution of cDC1s on Tregs and CD8+ T cell function.

cDCs can restrain innate immune responses (58–61). For example, DNGR-1 (encoded by gene Clec9a) deficiency increases neutrophilia and CXCL2 production, and consequently aggravates caerulein-induced sterile necrotizing pancreatitis during the acute phase (60). Consistently, depletion of kidney cDC1s displayed enhanced neutrophil recruitment, pro-inflammatory cytokine release, and moderate cell death, implying a role for cDC1s to regulate neutrophil-related inflammatory responses in post-ischemic AKI/AKD.

One should mention that similar to that observed in macrophage biology (61, 62), the microenvironment determines the phenotype of cDCs and the outcomes in AKI/AKD. For example, during different phases of nephrotoxic or post-ischemic AKI, MHCIIhighF4/80high cells differentiate into MHCIInegF4/80high cells, in which both may originate from DC precursor but are transcriptionally comparable to anti-inflammatory macrophages (25, 63). In post-ischemic AKI/AKD, cDC1s could contribute to an anti-inflammatory response, whereas monocyte-derived DCs differentiate into inflammatory cDC2s during infection (29). As we show herein, cDC1s comprise a small cell subset as compared to other DCs. It is possible that these cell subsets collaboratively contribute to the observed outcomes after AKI/AKD. Thus, further studies are needed to dissect the functional role of other cDC subsets and to characterize the crosstalk between cDC1s and other DC subpopulations in AKI/AKD. Meanwhile, different local microenvironment also determines the function of cDC1s. In lung and skin virus studies or adriamycin nephropathy, cDC1s dominated the MHC class I-restricted cross-presentation of both viral and self-antigens (35, 36, 46, 56, 57). In sterile kidney diseases including crescent nephritis, cDC1s most likely regulate Tregs to induce anti-inflammatory response (17, 18, 20, 21). We showed that the cDC1s-related immune response has protective effects on the outcomes after AKI/AKD. Further studies are needed to investigate the direct mechanism between cDC1s and related immune responses in vivo, e.g., by applying interventional studies.

In conclusion, we found that kidney cDC1s protect against post-ischemic AKI/AKD, because 1) cDC1s prime protective Tregs; 2) cDC1s enhance the expression of reparative cytokines such as IL-10 and IL-22; 3) cDC1s can antagonize the pro-inflammatory TH1 immune response, recruitment of neutrophils, and necroinflammation, thus leading to less kidney injury; and 4) kidney cDC1s recruit cytotoxic CD8+ T cells, an effect that might be counterbalanced by other anti-inflammatory cells. These findings would help to identify a functional role for intrarenal cDC1s upon AKI/AKD onset. Boosting the accumulation of cDC1s may not only potentially improve the long-term outcomes in AKI/AKD but also in other inflammatory conditions.
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Conjunctival epithelium forms a barrier between the ocular surface microbial flora and the ocular mucosa. In addition to secreting gel-forming mucins, goblet cells, located in the conjunctival epithelium, help maintain local immune homeostasis by secreting active TGFβ2 and promoting tolerogenic phenotype of dendritic cells in the vicinity. Although dendritic cell subsets, characteristic of mucosal tissues, are found in the conjunctiva, previous studies provided limited information about their location within the tissue. In this study, we examine immunostained conjunctiva explants to determine the location of CD11c-positive dendritic cells in the context of MUC5AC-positive goblet cells. Considering that conjunctival goblet cells are responsive to signaling induced by pathogen recognition receptors, we also assess if their responses to microbial product, flagellin, can contribute to the disruption of ocular mucosal homeostasis that promotes activation of dendritic cells and results in chronic ocular surface inflammation. We find that dendritic cells in the conjunctiva with an increased microbial colonization are located adjacent to goblet cells. While their cell bodies in the stromal layer are immediately below the epithelial layer, several extensions of dendritic cells are projected across the epithelium towards the ocular surface. Such trans-epithelial dendrites are not detectable in healthy ocular mucosa. In response to topically applied flagellin, increased proportion of CD11c-positive cells in the conjunctiva strongly express MHC class II relative to the untreated conjunctiva. This change is accompanied by reduced immunoreactivity to TGFβ-activating Thrombospondin-1 in the conjunctival epithelium. These findings are supported by in vitro observations in primary cultures of goblet cells that respond to the TLR5 stimulation with an increased expression of IL-6 and reduced level of active TGFβ. The observed changes in the conjunctiva after flagellin application correspond with the development of clinical signs of chronic ocular mucosal inflammation including corneal epitheliopathy. Collectively, these findings demonstrate the ability of ocular mucosal dendritic cells to extend trans-epithelial dendrites in response to increased microbial colonization at the ocular surface. Moreover, this study provides key insight into how goblet cell responses to microbial stimuli may contribute to the disruption of ocular mucosal homeostasis and chronic ocular mucosal inflammation.
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Introduction

Ocular mucosa is persistently exposed to environmental factors including microbes. The epithelial layer of the ocular mucosa is composed of stratified columnar epithelial cells that are interspersed with goblet cells (GC) capable of secreting gel-forming mucins to form a physical barrier between the environment and host cells. At steady state, similar to other mucosal surfaces, it is critical that the ocular mucosal tissue environment supports immunologic tolerance to harmless microbes and protective immunity against pathogens to facilitate their rapid clearance. In addition to secreting mucins, conjunctival GC are found capable of contributing to maintaining a homeostatic balance between tolerogenic and protective immune responses. Several studies support such function of conjunctival GC. These include observations of GC loss in chronic ocular surface inflammatory conditions, their ability to secrete immunomodulatory factors, and loss of immunologic tolerance in mice deficient in GC (1–4). These reports and evidence from other mucosal surfaces suggest GC to be multi-faceted players in mucosal immunity (5).

In colonic mucosa, microbial sensing by GC is reported to limit the exposure of the colonic mucosal immune system to harmful antigens (6). Conjunctival GC are also known to be responsive to microbial products. Studies have reported their ability to secrete pro-inflammatory IL-1β in response to stimulation by toxigenic S. aureus (7) and anti-inflammatory TGFβ2 in response to LPS-mediated stimulation (8). Although these studies implicate their ability to modulate the tissue environment, it is not known if their responses can contribute to chronic ocular surface inflammation.

Previously, we have reported that conjunctival GC predominantly express TGFβ2 isoform and mediate its activation by their endogenously expressed thrombospondin-1 (TSP-1) (8). Consistently, TSP-1 deficiency in mice results in the spontaneous development of chronic ocular surface inflammation as seen in patients with Sjögren’s syndrome (9). In these mice as well as in Sjögren’s syndrome patients, increased microbial colonization is detected at the ocular surface (10, 11). Together, these studies point to TSP-1-mediated mechanisms as potential contributors to ocular mucosal homeostasis. In this study, we examine if GC responses to microbial products can alter the ocular mucosal tissue environment to disruption of homeostasis and whether such disruption can lead to the development of chronic ocular surface inflammation.

Under steady-state conditions, professional antigen-presenting cells like dendritic cells (DC) located in tissues are maintained in an immature tolerogenic phenotype characterized by low expression of MHC class II and co-stimulatory molecules. These cells function as sentinels capable of transporting captured antigens to draining lymph nodes to initiate an antigen-specific adaptive immune response. While in our previous studies we demonstrated the ability of GC-derived TGFβ2 to maintain immature DC phenotype in vitro (8), in this study, we examine if GC–microbial interaction-driven changes in ocular mucosal homeostasis alter DC phenotype in vivo that supports the development of chronic ocular surface inflammation.

Our results demonstrate that TLR5 engagement on GC downregulates their expression of TSP-1 both in vitro and in vivo. Resultant decline in GC-derived active TGFβ along with increased expression of IL-6 contribute to a disruption of ocular mucosal homeostasis. Such altered tissue environment supports the activated phenotype of DC in the conjunctiva and subsequent development of chronic ocular surface inflammation characterized by corneal epitheliopathy and tissue infiltrates.



Materials and Methods


Mice

Wild-type (C57BL/6) mice were purchased from Charles River Laboratories (Wilmington, MA). TSP-1−/− mice were purchased from Jackson Laboratories (Bar Harbor, ME). They were then bred in-house at a pathogen-free facility at Boston University School of Medicine, Boston, MA. The experimental protocols strictly followed the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were in accordance with the institution’s guidelines.



Flagellin Treatment of Mice

Wild-type mice were treated topically with 10 ng flagellin (InvivoGen, San Diego, CA) bilaterally (5 µl/eye) for 7 days. Corneal barrier integrity was monitored for 4 weeks by fluorescein staining as described previously (12). Briefly, 1% sodium fluorescein (Sigma-Aldrich, St. Louis, MO, USA) was applied to each eye. Three minutes later, eyes were flushed with PBS to remove excess fluorescein, and corneal staining was evaluated using the slit-lamp microscope (Haag-Streit, USA) with cobalt blue light. Punctate staining was scored according to the standardized National Eye Institute grading system of 0–3 for each of the five areas of the cornea (13).



Immunostaining and Microscopy

To prepare frozen sections of conjunctiva, eyes were enucleated with the lids intact, fixed in 4% formaldehyde in phosphate buffered saline (PBS) for 48 h, followed by cryoprotection in 10%–30% sucrose for 72 h before embedding in OCT. Tissue sections 7 µm in thickness were cut using a microtome and placed on slides to be stored at – 20°C until ready to use. Conjunctival explants were fixed in 4% formaldehyde before staining. Tissue sections and explants were blocked by PBS that contained normal goat, hamster, or donkey serum, 0.3%–1% Triton X-100 at RT for 1 h, and incubated overnight at RT with primary specific antibodies for CD11c (Biolegend, Dedham, MA), MUC5AC (Abcam, Cambridge, MA), MHC class II (BD Biosciences, San Jose, CA), or TSP-1 (Santa Cruz Biotech, Santa Cruz, CA). After a PBS rinse, fluorescence-conjugated secondary antibodies (Invitrogen, Thermo Fisher Scientific, Waltham, MA) were applied for 1 h in RT. Cell nuclei were counterstained with DAPI dye. Fluorescent staining in tissue sections was visualized using the FSX100 Olympus fluorescence microscope. Staining in conjunctival explants was visualized using a Zeiss LSM 700 confocal microscope equipped with a 63× oil objective. Images (z-stacks) were captured using the Zeiss ZEN software. Microscopic images were analyzed using NIH ImageJ software (14).



Primary Cultures of Conjunctival Goblet Cells

Goblet cells were obtained from mouse conjunctival pieces and grown in an organ culture as described previously (15). Briefly, conjunctival tissues were removed from 4- to 12-week-old male mice and kept in Hank’s based salt solution (Lonza, Walkersville, MD). Small pieces of conjunctival tissue were anchored onto a scratch at the bottom of a well in a 24-well plate. Culture medium (RPMI-1640) supplemented with 10% heat-inactivated fetal bovine serum, 10 mM HEPES, 100 µg/ml penicillin/streptomycin, 1 mM sodium pyruvate, and 1× nonessential amino acid mixture (Lonza, Walkersville, MD) was added to submerge the tissue pieces. These explants were fed every other day with RPMI-1640 medium and grown for 2 weeks at 37°C and 5% CO2 to reach 85% confluence. Explants were later discarded, and goblet cell phenotype was confirmed by positive immunostaining for cytokeratin-7 and MUC5AC and negative staining for cytokeratin-4 (15). Goblet cells were cultured with heat-killed pathogenic Pseudomonas aeruginosa strain PA14 (kindly provided by Dr. Mihaela Gadjeva, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA) at a MOI of 60 or flagellin-PA (InvivoGen, San Diego, CA) at different concentrations (0–10 µg/ml) for a period of 24 h. No significant effect on cell viability was detected as determined using CCK-8 kit (Dojindo Molecular Technologies, Inc., Rockville, MD). Culture supernatants were collected to determine cytokine content and cells were used to harvest RNA.



Flow Cytometry

Cultured goblet cells were stained with Fixable viability dye (eBioscience, San Diego, CA) and cells were immunostained with Alexa-647-conjugated anti-TLR5 antibody (Clone ACT5, Biolegend, Dedham, MA). Specificity of TLR5 staining was validated by confirming negative staining in RAW 264.7 cell line consistent with their minimal TLR5 transcript levels and functional responses to TLR5 agonist (16, 17). Fluorescence-labeled cells were analyzed using BD LSRII Flow Cytometer (BD Bioscience, San Jose, CA) at Boston University Flow Cytometry Core Facility. Further analysis of the data was performed using FlowJo software (Tree Star, Inc., Ashland, OR).



TGFβ Bioassay

Active TGFβ content of culture supernatants was determined using fibroblast cell line, MFB-11, derived from TGFβ knockout mice and stably transfected with SBE-SEAP reporter (18). Cells in complete DMEM were seeded into flat-bottomed 96-well plates (3 × 104 per well) and incubated overnight at 37°C, 5% CO2. Cells were then washed twice with PBS and incubated with 50 µl of serum-free DMEM for 2 h before adding culture supernatants. Standard curve was set up using recombinant TGFβ2 (R&D Systems, Minneapolis, MN). After 24 h incubation, culture supernatants from each well were tested for SEAP activity using Great EscApe SEAP Reporter system 3 (Clontech, Mountain View, CA) according to the manufacturer’s instructions. Absorbance was measured using a Synergy H1 microplate reader (Biotek, Winooski, VT). Each sample was analyzed in triplicate.



Real-Time PCR

Total RNA was isolated using TRIzol Reagent (Life Technologies, Carlsbad, CA) according to the manufacturer’s directions and reverse transcribed to generate cDNA using the Superscript VILO cDNA kit (Life Technologies, Carlsbad, CA). Real-time PCR was performed to determine relative quantitative expression levels of TSP-1, TGFβ2, and IL-6 on 7200 Real-Time System (Applied Biosystems, Carlsbad, CA) using SYBR Green PCR Master Mix (Life Technologies, Carlsbad, CA). Amplification reactions were set up in quadruplicate using specific primer sets with the thermal profile of 95°C for 3 min, 40 cycles of 95°C for 20 s, 55°C for 30 s, and 72°C for 40 s. A melting curve analysis was performed to verify the specificity of amplification reactions. Analysis of fluorescence signal generated at each cycle with system software generated threshold cycle values, and quantification of gene expression was determined relative to that of the reference gene Glyceraldehyde-3-phosphate dehydrogenase. Primer sequences used were TGFβ2 (F-5’-AGGCGAGATTTGCAGGTATTGA-3’ and R-5’-GTAGGAGGGCAACAACATTAGCAG-3’), TSP-1 (F-5’-AAG AGG ACC GGG CTC AAC TCT ACA and R-5’-CTC CGC GCT CTC CAT CTT ATC AC), IL-6 (F-5’-AGT CAA TTC CAG AAA CCG CTA TGA and R-5’-TAG GGA AGG CCG TGG TTG T), and GAPDH (F-5’-CGA GAA TGG GAA GCT TGT CA and R-5’-AGA CAC CAG TAG ACT CCA CGA CAT).



Statistical Analysis

Differences between mean values were compared using Student’s t-test. A difference with p < 0.05 is considered statistically significant. The standard error of the mean is represented with error bars in figures. For corneal fluorescein staining scores, normal distribution of the pooled data for independent groups from a series of experiments was confirmed using D’Agostino and Pearson test supporting the assumption that data in this study are drawn from a normally distributed population. Homogeneity of variances among experimental and control groups are confirmed using F-test. Data analysis was performed using Excel (Microsoft Office) and GraphPad Prism software (GraphPad software Inc., San Diego, CA).




Results


Dendritic Cells in the Conjunctiva With Increased Microbial Frequency Are Located in Close Proximity of Goblet Cells and Extend Dendrites to Access Ocular Surface

Similar to other mucosal surfaces, the presence of CD11c+ DC subsets have been reported in mouse ocular mucosa (19). These were identified by flow cytometry. In the intestinal mucosa, DC in the lamina propria extend trans-epithelial dendrites in response to epithelial cell TLR engagement (20). To evaluate the location and morphology of DC in the context of GC in the ocular mucosa, we evaluated conjunctiva explants from TSP-1−/− mice, previously reported to harbor increased microbial frequency at the ocular surface (11), and from C57BL/6 mice as controls. A representative 3D reconstruction of confocal images of immunostained conjunctiva from TSP-1−/− mice is shown in Figure 1. Positively stained cell bodies of DC were detected below the epithelial layer containing MUC5AC+ GC (Figure 1A). While several DC were located in close proximity of GC, many DC extensions were visible on the ocular surface side of the tissue (Figure 1B). Some of these extensions had globular structure at the tip similar to that described by others in trans-epithelial dendrites (TEDs) of DC subsets in intestinal mucosa (20–22). In C57BL/6 conjunctiva, very few positively stained DC were located in the subepithelial region without clearly detectable trans-epithelial projections (Supplemental Figure 1). The presence of TEDs in TSP-1−/−, but not C57BL/6, conjunctiva correlates with the known increased microbial colonization of the ocular surface in TSP-1−/− mice. These results demonstrate that DC in ocular mucosa can be located in close proximity of GC and extend trans-epithelial dendrites towards the ocular surface presumably to sample microbes.




Figure 1 | Dendritic cells are located in close proximity of conjunctival goblet cells and extend trans-epithelial dendrites towards the ocular surface. Confocal microscopy images of the conjunctival explant from TSP-1−/− mice with increased microbial frequency at the ocular surface. Tissue was stained for MUC5AC (red) to label GCs and CD11c (green) to label DCs. Images show three-dimensional view of 63 z-stack images captured using laser-scanning confocal microscope. (A) Bottom view of the explant shows sub-epithelial location of some DCs (green), (B) In the top view, extensions of DCs (arrows) and their proximity of GCs (red) can be observed. Digital magnification of the boxed region in the top panel is shown to better illustrate DC extension with a globular tip protruding towards the ocular surface.





Goblet Cells Express Functional TLR5, Which Mediates Reduced Secretion of Active TGFβ

Microbial keratitis caused by P. aeruginosa is the most common vision-threatening infection among contact lens wearers (23) and a relatively common but potentially serious cause of conjunctivitis in hospitalized preterm infants with significant morbidity and in some cases death due to systemic complications (24). Potential complications of keratitis include chronic inflammation and corneal scarring. To determine if GC responses may contribute to these complications, we examined their responses to pathogenic strain of P. aeruginosa (PA14). We stimulated primary GC cultures, derived from C57BL/6 conjunctiva explants, with heat-inactivated PA14 and detected significantly increased levels of IL-6 in culture supernatants (Figure 2A). As GC respond to LPS (TLR4 ligand) by increasing their secretion of active TGFβ, we determined if PA14 induces a similar response in GC. As shown in Figure 2B, GC stimulated with PA14 produced significantly reduced levels of active TGFβ as detected in a bioassay described in Materials and Methods.




Figure 2 | Goblet cells express functional TLR5 and respond to pathogenic strain of P. aeruginosa by reducing active TGFβ secretion. Levels of (A) IL-6 and (B) active TGFβ in culture supernatants of GCs stimulated with heat-inactivated PA14 for 24 h. ND, Not Detected. Data are expressed as mean ± SEM, n = 4, *p < 0.05. (C) Flow cytometric detection of surface expression of TLR5 in primary cultures of GCs. Filled histogram shows positively stained GCs and empty histogram represents isotype staining control.



Conjunctival GC are known to respond to TLR2- and TLR4-mediated signals (7, 8). To determine their TLR5 expression, cells from primary GC cultures were stained with anti-TLR5 antibody and analyzed by flow cytometry. Consistent with reported expression of TLR5 in human conjunctival epithelial cells (25, 26), GC expressed TLR5 (Figure 2C). To determine if reduced TGFβ secretion induced by PA14 resulted from combined TLR4/5 signaling or if it can be attributed to TLR5-mediated signaling in GC, we stimulated these cells with different concentrations of TLR5 ligand, flagellin derived from P. aeruginosa. As shown in Figure 3, we detected dose-dependent increased expression of IL-6 message by real-time PCR (Figure 3A) in flagellin-stimulated GC that was accompanied by increased IL-6 protein detected in culture supernatants by ELISA (Figure 3B). Similarly, flagellin also reduced secretion of active TGFβ by GC in a dose-dependent manner (Figure 3C). Together, these results confirm the expression of functional TLR5 on conjunctival GC that, in contrast to TLR4-mediated signals, reduces GC-derived active TGFβ.




Figure 3 | Flagellin, a TLR5 ligand, reduces GC secretion of active TGFβ. Cultures of GCs were stimulated with indicated concentrations of flagellin for 24 h. The expression of IL-6 message (A) was detected by real-time PCR and IL-6 protein levels were determined by ELISA (B) in culture supernatants of GCs stimulated with 1 µg/ml flagellin. Culture supernatants were also evaluated for their content of active TGFβ (C) in a bioassay. The dotted line represents assay limit of detection. Data are expressed as mean ± SEM, n = 4, *p < 0.05.





Flagellin-Mediated Modulation of Goblet Cell TGFβ Secretion Contributes to the Development of Chronic Ocular Surface Inflammation

The ability of GC to secrete TGFβ and modulate DC phenotype implicates a potential role of GC in maintenance of immune homeostasis (8). To determine if flagellin-mediated reduced secretion of active TGFβ and increased secretion of IL-6 by GC disrupt ocular mucosal homeostasis and lead to the development of chronic ocular surface inflammation, we topically administered flagellin (10 ng/mouse) in mice daily for 1 week. Chronic inflammation of the conjunctiva is associated with the development of corneal epitheliopathy resulting from a disrupted corneal barrier. Therefore, we assessed corneal barrier integrity by determining corneal fluorescein staining score before initiating flagellin application (baseline) and comparing it to scores determined up to 4 weeks post-flagellin application. As shown in Figure 4A, a gradual increase in corneal fluorescein score led to a significant increase by 4 weeks after completion of flagellin application as compared to the baseline score. Consistent with this result, clinical signs of conjunctival inflammation were noted in mice. These included edema and hair loss around the eye caused by excessive grooming (Figure 4B). Figure 4C shows representative corneal fluorescein staining in untreated and flagellin-treated mice. These clinical signs correlated with inflammatory infiltrates observed in histological evaluation of conjunctiva from flagellin-treated mice (Figure 4D). Also, GC density appeared to be lower in flagellin-treated conjunctiva relative to that seen in untreated tissue. Together, these findings indicate development of chronic ocular surface inflammation in mice treated with topical application of flagellin.




Figure 4 | Topical application of flagellin results in chronic ocular surface inflammation. Flagellin (10 ng/day) was applied topically in C57BL/6 mice for 7 days. Development of ocular surface inflammation was monitored by assessing corneal barrier integrity, clinical signs, and conjunctiva histology. Corneas were evaluated for punctate epitheliopathy before and up to 4 weeks post-flagellin application using 1% sodium fluorescein application followed by slit lamp exam using cobalt blue light. Staining was scored according to standardized NEI grading system (A). Representative photographs of untreated and flagellin-treated mice (B); their corneal fluorescein staining (C); and H&E-stained sections of conjunctiva at 4 weeks. (D) Epithelium (Epi), Stroma (S), and Goblet cells (GC) are marked, and arrows in the conjunctiva from flagellin-treated mouse point to inflammatory infiltrates. Data expressed as mean ± SEM, n = 4, *p < 0.05 wk4 vs. baseline.





Flagellin Stimulation of Goblet Cells Is Associated With Reduced Expression of TGFβ-Activator TSP-1 and Altered Ocular Mucosal Homeostasis

We have reported previously that GC depend on their endogenously expressed TSP-1 to activate their latent TGFβ (8). Moreover, TSP-1 deficiency in mice results in spontaneous development of chronic ocular surface inflammation (9). Therefore, we evaluated change in TSP-1 expression in primary cultures of GC exposed to different concentrations of flagellin. As shown in Figure 5A, significantly reduced levels of TSP-1 message were detected by real-time PCR in flagellin-treated GC. This in vitro finding was also confirmed in vivo, by assessing TSP-1 immunostaining in conjunctiva from flagellin-treated mice. Figure 5B shows reduced TSP-1 immunoreactivity in conjunctival epithelium after flagellin application.




Figure 5 | Flagellin stimulation is associated with reduced expression of TGFβ-activator TSP-1. (A) The expression of TSP-1 in GC cultures stimulated with indicated concentrations of flagellin was determined by real-time PCR. Data are expressed as mean ± SEM, n = 4, *p < 0.05. (B) Immunostaining of TSP-1 (magenta) in frozen sections of conjunctiva tissue harvested from C57BL/6 mice 4 weeks after topical application of flagellin (10 ng/day for 7 days). Nuclei were stained with DAPI (blue). Magnification ×20.



Immature or tolerogenic state of DCs in tissues under steady-state homeostatic conditions is characterized by their low expression of MHC class II. To determine if flagellin-induced reduced TSP-1 and active TGFβ expression by GC alter ocular mucosal homeostasis, we examined MHC class II expression of CD11c+ DC in flagellin-treated conjunctiva. As seen in Figure 6, while CD11c+ DC are detectable in untreated conjunctiva, MHC class II expression of these cells was stronger in flagellin-treated conjunctiva. These results indicate loss of homeostasis in flagellin-exposed conjunctiva is consistent with reduced TSP-1 expression in this tissue.




Figure 6 | Topically applied flagellin increases proportion of MHC class II expressing DCs in the conjunctiva. Frozen sections of conjunctiva harvested from either untreated or flagellin-treated mice (10 ng/day for 7 days) were immunostained for dendritic cell marker CD11c and their activation marker MHC class II. Nuclei were stained with DAPI (blue). White arrows indicate positively stained cells. Magnification ×20.






Discussion

As a mucosal surface persistently exposed to microbes, the steady-state homeostasis in the conjunctiva is central to ensuring immunologic tolerance induction while preventing excessive inflammatory damage to the tissue. Our results in this study demonstrate that DC in the conjunctiva can be located in close proximity of GC and can extend TEDs similar to those observed in other mucosal surfaces. Considering the location of DC, responses of GC to microbial stimuli have the potential to directly influence their functional phenotype. Notably, GC responses to the pathogenic strain of P. aeruginosa or TLR5-mediated signaling included altered balance in the expression of immunomodulatory TGFβ and pro-inflammatory IL-6. The decline in GC-derived active TGFβ induced by TLR5 stimulation correlated with their reduced expression of TGFβ-activator TSP-1. In mice, TLR5 agonist-induced altered tissue environment led to activated phenotype of DC indicated by their increased MHC class II expression and chronic ocular surface inflammation with corneal epitheliopathy.

Our results highlight the significance of GC–microbial interactions in maintaining homeostasis in the ocular mucosa. These findings implicate GC responses in altering tissue microenvironment in a way that promotes development of chronic inflammation. Although expression of TLR5 is reported in conjunctival epithelial cells (26), our data not only demonstrate its specific expression on GC but confirm flagellin-induced inflammatory IL-6 secretion in GC. In mice, macrophages and bone marrow-derived DC do not express TLR5, ruling out chronic inflammation resulting from systemic stimulation of DC (27). However, CD11c+ DC in intestinal mucosa express high levels of TLR5 in addition to intestinal epithelial cells. While normal conjunctiva in mice harbors CD11c+ DC, it is not known if these cells express TLR5 (19). Due to its size (>10 kDa), topically applied flagellin in our in vivo experiments is not expected to have crossed the epithelium through paracellular leak or GC-associated passages (GAPs), limiting the possibility of direct activation of conjunctival DC. Also, in normal conjunctiva, we did not observe TED formation (Supplementary Figure 1) in DC that could give them direct access to topically applied flagellin. However, TED formation induced by flagellin-stimulated GC or stratified epithelial cells cannot be ruled out. Regardless of cells targeted in vivo by flagellin, our experiments clearly support its ability to disrupt ocular mucosal homeostasis. Furthermore, the detection of corneal epitheliopathy over a prolonged period after stopping topical flagellin administration highlights the chronic nature of the ocular surface inflammation.

Conjunctival epithelium and GC predominantly express TGFβ2 isoform (8). The integral role of TGFβ in regulating immune response is well-documented and activation of its latent form is known to provide a crucial layer of regulation that controls TGFβ function (28). Conjunctival GC depend on TSP-1 to activate their latent TGFβ2 as, unlike other isoforms, latency-associated peptide (LAP) of TGFβ2 does not contain RGD sequence and therefore cannot be activated by integrins (8, 28, 29). In our experiment, flagellin stimulation of GC did not result in significant change in TGFβ2 message at lower concentrations tested with only increase detected at the highest concentration (Supplementary Figure 2). However, flagellin stimulation resulted in reduced expression of TSP-1 both in vitro and in vivo that is consistent with reduced levels of active TGFβ detected in culture supernatants of flagellin-stimulated GC. Moreover, the observed correlation of the reduced expression of TSP-1 in conjunctival epithelium with the development of chronic ocular surface inflammation in this study is consistent with our previously reported observations in human subjects (1). In individuals carrying single-nucleotide polymorphism in TSP-1-encoding gene, TSP-1 expression in conjunctival epithelial cells is reduced and correlates with their developing chronic ocular surface inflammation. Together, these findings confirm the significance of TSP-1 mediated TGFβ activation in maintaining homeostasis in ocular mucosa.

Environmental factors are considered possible contributors to the induction of autoimmunity. The relevance of microbes to chronic ocular surface inflammation associated with Sjögren’s syndrome is supported by reports of altered microbial colonization at the ocular surface in patients as well as in the mouse model of the disease (10, 11). However, it is not known how ocular surface microbes may contribute to chronic inflammation. Our study provides the first evidence of TEDs in ocular mucosa that has been described as a mechanism of microbial sampling in intestinal and respiratory mucosa (5, 30). Considering that TEDs are observed in conjunctiva with increased microbial colonization, they are likely regulated by epithelial responses to microbial stimuli as noted in intestinal mucosa (20). Our focus on GC in this study is based on their previously reported immunomodulatory function (8) and critical role in induction of immune tolerance related to the ocular mucosa (2). However, responses of stratified epithelial cells to microbes and their contribution to overall tissue homeostasis and TED formation need further investigation. The proximity of DC to GC in our study does suggest a potential role of GC responses to microbial stimulation in inducing TED formation. Furthermore, our failure to detect TEDs in normal conjunctiva tissue indicates their relevance to inflammation. Particularly, pre-existing TSP-1 deficiency in the conjunctiva with increased microbial colonization suggests that altered tissue homeostasis may drive TED formation in DC. Therefore, it is quite possible that DC in the ocular mucosa capture ocular surface antigens via TED formation to induce an inflammatory adaptive immune response. Their ability to migrate to draining lymph nodes and characterization of inflammatory effectors induced remain to be determined in future studies.

Our findings may appear to contradict the previously reported protective effect of topically applied flagellin on the development of microbial keratitis (31). However, there are several differences between the two studies. A major difference being that microbial keratitis represents acute inflammation, while our study addresses development of chronic ocular surface inflammation. Moreover, induction of microbial keratitis involves prior disruption of corneal barrier and much higher concentration of flagellin (500 ng vs. 10 ng in our study) was applied to the corneal barrier disrupted with needle injury. Thus, while the microbial keratitis study focuses on responses of damaged corneal epithelial cells typically targeted by the causative pathogen, our study highlights responses of healthy conjunctival epithelial cells.

In conclusion, we demonstrate in this report that conjunctival GC express functional TLR5 that mediates signaling leading to disrupted ocular mucosal homeostasis. The TLR5-mediated changes to the tissue environment activate local antigen-presenting cells and result in the development of chronic ocular surface inflammation. Thus, GC response to ocular surface microbes represents an important regulator in the maintenance of ocular mucosal homeostasis.
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Supplementary Figure 1 | Trans-epithelial dendrites are not detected in mice with normal or low microbial frequency at the ocular surface. Confocal microscopy images of the conjunctival explant from WT (C57BL/6) mice stained for MUC5AC (red) to label GCs and CD11c (green) to label DCs. Images show three-dimensional view of 63 z-stack images captured using laser-scanning confocal microscope. (A) Bottom view of the explant shows sub-epithelial location of some DCs (green), (B) In the top view extensions of DCs (green) and their proximity of GCs (red) is not observed. Digital magnification of the boxed region in the top panel is shown to better illustrate the absence of a DC extension.

Supplementary Figure 2 | Changes in TGFb2 transcript levels after flagellin stimulation of GC cultures. The expression of TGFb2 after stimulation with indicated concentrations of flagellin was determined by real-time PCR, Data are expressed as Mean + SEM, n=4, *p < 0.05.



References

1. Contreras-Ruiz, L, Ryan, DS, Sia, RK, Bower, KS, Dartt, DA, and Masli, S. Polymorphism in THBS1 Gene Is Associated With Post-Refractive Surgery Chronic Ocular Surface Inflammation. Ophthalmology (2014) 121(7):1389–97. doi: 10.1016/j.ophtha.2014.01.033

2. Ko, BY, Xiao, Y, Barbosa, FL, de Paiva, CS, and Pflugfelder, SC. Goblet Cell Loss Abrogates Ocular Surface Immune Tolerance. JCI Insight (2018) 3(3):e98222. doi: 10.1172/jci.insight.98222

3. Pflugfelder, SC, De Paiva, CS, Moore, QL, Volpe, EA, Li, DQ, Gumus, K, et al. Aqueous Tear Deficiency Increases Conjunctival Interferon-Gamma (IFN-Gamma) Expression and Goblet Cell Loss. Invest Ophthalmol Vis Sci (2015) 56(12):7545–50. doi: 10.1167/iovs.15-17627

4. Xiao, Y, de Paiva, CS, Yu, Z, de Souza, RG, Li, DQ, and Pflugfelder, SC. Goblet Cell-Produced Retinoic Acid Suppresses CD86 Expression and IL-12 Production in Bone Marrow-Derived Cells. Int Immunol (2018) 30(10):457–70. doi: 10.1093/intimm/dxy045

5. Knoop, KA, and Newberry, RD. Goblet Cells: Multifaceted Players in Immunity at Mucosal Surfaces. Mucosal Immunol (2018) 11(6):1551–7. doi: 10.1038/s41385-018-0039-y

6. Knoop, KA, McDonald, KG, McCrate, S, McDole, JR, and Newberry, RD. Microbial Sensing by Goblet Cells Controls Immune Surveillance of Luminal Antigens in the Colon. Mucosal Immunol (2015) 8(1):198–210. doi: 10.1038/mi.2014.58

7. Li, D, Hodges, RR, Bispo, P, Gilmore, MS, Gregory-Ksander, M, and Dartt, DA. Neither Non-Toxigenic Staphylococcus Aureus Nor Commensal S. epidermidi Activates NLRP3 Inflammasomes in Human Conjunctival Goblet Cells. BMJ Open Ophthalmol (2017) 2(1):e000101. doi: 10.1136/bmjophth-2017-000101

8. Contreras-Ruiz, L, and Masli, S. Immunomodulatory Cross-Talk Between Conjunctival Goblet Cells and Dendritic Cells. PLoS One (2015) 10(3):e0120284. doi: 10.1371/journal.pone.0120284

9. Contreras-Ruiz, L, Regenfuss, B, Mir, FA, Kearns, J, and Masli, S. Conjunctival Inflammation in Thrombospondin-1 Deficient Mouse Model of Sjogren’s Syndrome. PLoS One (2013) 8(9):e75937. doi: 10.1371/journal.pone.0075937

10. Hori, Y, Maeda, N, Sakamoto, M, Koh, S, Inoue, T, and Tano, Y. Bacteriologic Profile of the Conjunctiva in the Patients With Dry Eye. Am J Ophthalmol (2008) 146(5):729–34. doi: 10.1016/j.ajo.2008.06.003

11. Terzulli, M, Contreras-Ruiz, L, Kugadas, A, Masli, S, and Gadjeva, M. TSP-1 Deficiency Alters Ocular Microbiota: Implications for Sjogren’s Syndrome Pathogenesis. J Ocul Pharmacol Ther (2015) 31(7):413–8. doi: 10.1089/jop.2015.0017

12. Turpie, B, Yoshimura, T, Gulati, A, Rios, JD, Dartt, DA, and Masli, S. Sjogren’s Syndrome-Like Ocular Surface Disease in Thrombospondin-1 Deficient Mice. Am J Pathol (2009) 175(3):1136–47. doi: 10.2353/ajpath.2009.081058

13. Lemp, MA. Report of the National Eye Institute/Industry Workshop on Clinical Trials in Dry Eyes. CLAO J (1995) 21(4):221–32.

14. Schneider, CA, Rasband, WS, and Eliceiri, KW. NIH Image to ImageJ: 25 Years of Image Analysis. Nat Methods (2012) 9(7):671–5. doi: 10.1038/nmeth.2089

15. Contreras-Ruiz, L, Ghosh-Mitra, A, Shatos, MA, Dartt, DA, and Masli, S. Modulation of Conjunctival Goblet Cell Function by Inflammatory Cytokines. Mediators Inflamm (2013) 2013:636812. doi: 10.1155/2013/636812

16. Applequist, SE, Wallin, RP, and Ljunggren, HG. Variable Expression of Toll-Like Receptor in Murine Innate and Adaptive Immune Cell Lines. Int Immunol (2002) 14(9):1065–74. doi: 10.1093/intimm/dxf069

17. Sigola, LB, Fuentes, AL, Millis, LM, Vapenik, J, and Murira, A. Effects of Toll-Like Receptor Ligands on RAW 264.7 Macrophage Morphology and Zymosan Phagocytosis. Tissue Cell (2016) 48(4):389–96. doi: 10.1016/j.tice.2016.04.002

18. Tesseur, I, Zou, K, Berber, E, Zhang, H, and Wyss-Coray, T. Highly Sensitive and Specific Bioassay for Measuring Bioactive TGF-Beta. BMC Cell Biol (2006) 7:15. doi: 10.1186/1471-2121-7-15

19. Khandelwal, P, Blanco-Mezquita, T, Emami, P, Lee, HS, Reyes, NJ, Mathew, R, et al. Ocular Mucosal CD11b+ and CD103+ Mouse Dendritic Cells Under Normal Conditions and in Allergic Immune Responses. PLoS One (2013) 8(5):e64193. doi: 10.1371/journal.pone.0064193

20. Chieppa, M, Rescigno, M, Huang, AY, and Germain, RN. Dynamic Imaging of Dendritic Cell Extension Into the Small Bowel Lumen in Response to Epithelial Cell TLR Engagement. J Exp Med (2006) 203(13):2841–52. doi: 10.1084/jem.20061884

21. Niess, JH, Brand, S, Gu, X, Landsman, L, Jung, S, McCormick, BA, et al. CX3CR1-Mediated Dendritic Cell Access to the Intestinal Lumen and Bacterial Clearance. Science (2005) 307(5707):254–8. doi: 10.1126/science.1102901

22. Vallon-Eberhard, A, Landsman, L, Yogev, N, Verrier, B, and Jung, S. Transepithelial Pathogen Uptake Into the Small Intestinal Lamina Propria. J Immunol (2006) 176(4):2465–9. doi: 10.4049/jimmunol.176.4.2465

23. Willcox, MD, and Holden, BA. Contact Lens Related Corneal Infections. Biosci Rep (2001) 21(4):445–61. doi: 10.1023/a:1017991709846

24. Shah, SS, Gloor, P, and Gallagher, PG. Bacteremia, Meningitis, and Brain Abscesses in a Hospitalized Infant: Complications of Pseudomonas Aeruginosa Conjunctivitis. J Perinatol (1999) 19(6 Pt 1):462–5. doi: 10.1038/sj.jp.7200247

25. Li, J, Shen, J, and Beuerman, RW. Expression of Toll-Like Receptors in Human Limbal and Conjunctival Epithelial Cells. Mol Vis (2007) 13:813–22.

26. Redfern, RL, Barabino, S, Baxter, J, Lema, C, and McDermott, AM. Dry Eye Modulates the Expression of Toll-Like Receptors on the Ocular Surface. Exp Eye Res (2015) 134:80–9. doi: 10.1016/j.exer.2015.03.018

27. Uematsu, S, Jang, MH, Chevrier, N, Guo, Z, Kumagai, Y, Yamamoto, M, et al. Detection of Pathogenic Intestinal Bacteria by Toll-Like Receptor 5 on Intestinal CD11c+ Lamina Propria Cells. Nat Immunol (2006) 7(8):868–74. doi: 10.1038/ni1362

28. Travis, MA, and Sheppard, D. TGF-Beta Activation and Function in Immunity. Annu Rev Immunol (2014) 32:51–82. doi: 10.1146/annurev-immunol-032713-120257

29. Annes, JP, Munger, JS, and Rifkin, DB. Making Sense of Latent TGFbeta Activation. J Cell Sci (2003) 116(Pt 2):217–24. doi: 10.1242/jcs.00229

30. Denney, L, and Ho, LP. The Role of Respiratory Epithelium in Host Defence Against Influenza Virus Infection. BioMed J (2018) 41(4):218–33. doi: 10.1016/j.bj.2018.08.004

31. Kumar, A, Gao, N, Standiford, TJ, Gallo, RL, and Yu, FS. Topical Flagellin Protects the Injured Corneas From Pseudomonas Aeruginosa Infection. Microbes Infect (2010) 12(12-13):978–89. doi: 10.1016/j.micinf.2010.06.007




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


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

Copyright © 2021 Logeswaran, Contreras-Ruiz and Masli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 13 August 2021

doi: 10.3389/fimmu.2021.718841

[image: image2]


Interleukin 23 Produced by Hepatic Monocyte-Derived Macrophages Is Essential for the Development of Murine Primary Biliary Cholangitis


Debby Reuveni 1,2, Miriam R. Brezis 1,2, Eli Brazowski 2,3, Philip Vinestock 1, Patrick S. C. Leung 4, Paresh Thakker 5, M. Eric Gershwin 4 and Ehud Zigmond 1,2,6*


1 The Research Center for Digestive Tract and Liver Diseases, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel, 2 Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel, 3 Department of Pathology, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel, 4 Division of Rheumatology, Allergy and Clinical Immunology, University of California, Davis, Davis, CA, United States, 5 Regeneron Pharmaceuticals, Inc., Tarrytown, NY, United States, 6 Center for Autoimmune Liver Diseases, Tel Aviv Sourasky Medical Center, Tel Aviv, Israel




Edited by: 

Daniel Saban, Duke University, United States

Reviewed by: 

Joana Dias, Vaccine Research Center (NIAID), United States

Luc Van Kaer, Vanderbilt University, United States

*Correspondence: 

Ehud Zigmond
 zigmond@tlvmc.gov.il

Specialty section: 
 This article was submitted to Antigen Presenting Cell Biology, a section of the journal Frontiers in Immunology


Received: 01 June 2021

Accepted: 29 July 2021

Published: 13 August 2021

Citation:
Reuveni D, Brezis MR, Brazowski E, Vinestock P, Leung PSC, Thakker P, Gershwin ME and Zigmond E (2021) Interleukin 23 Produced by Hepatic Monocyte-Derived Macrophages Is Essential for the Development of Murine Primary Biliary Cholangitis. Front. Immunol. 12:718841. doi: 10.3389/fimmu.2021.718841




Background and Aims

Primary Biliary Cholangitis (PBC) is an organ-specific autoimmune liver disease. Mononuclear phagocytes (MNPs), comprise of monocyte, dendritic cells and monocyte-derived macrophages, constitute major arm of the innate immune system known to be involved in the pathogenesis of autoimmune disorders. MNPs were shown to accumulate around intra-hepatic bile ducts in livers of PBC patients. Interleukin 23 (IL-23) is a pro-inflammatory cytokine. IL-23-positive cells were detected in livers of patients with advanced stage PBC and IL-23 serum levels found to be in correlation with PBC disease severity. Our overall goal was to assess the importance of IL-23 derived from MNPs in PBC pathogenesis.



Methods

We utilized an inducible murine model of PBC and took advantage of transgenic mice targeting expression of IL-23 by specific MNP populations. Analysis included liver histology assessment, flow cytometry of hepatic immune cells and hepatic cytokine profile evaluation. Specific MNPs sub-populations were sorted and assessed for IL-23 expression levels.



Results

Flow cytometry analysis of non-parenchymal liver cells in autoimmune cholangitis revealed massive infiltration of the liver by MNPs and neutrophils and a decrease in Kupffer cells numbers. In addition, a 4-fold increase in the incidence of hepatic IL-17A producing CD4+ T cells was found to be associated with an increase in hepatic IL23-p19 and IL17A expression levels. Disease severity was significantly ameliorated in both CD11ccreP19flox/flox and CX3CR1creP19 flox/flox mice as assessed by reduced portal inflammation and decreased hepatic expression of various inflammatory cytokines. Amelioration of disease severity was associated with reduction in IL-17A producing CD4+ T cells percentages and decreased hepatic IL23-p19 and IL17A expression levels. qRT-PCR analysis of sorted hepatic MNPs demonstrated high expression levels of IL-23 mRNA specifically by CX3CR1hiCD11c+ monocyte-derived macrophages.



Conclusion

Our results indicate a major role for IL-23 produced by hepatic monocyte-derived macrophages in the pathogenesis of PBC. These results may pave the road for the development of new immune-based and cell specific therapeutic modalities for PBC patients not responding to current therapies.





Keywords: primary biliary cholangitis, monocytes, macrophages, cytokines, interleukin-23



Introduction

Primary Biliary Cholangitis (PBC) is a chronic cholestatic liver disease characterized by progressive destruction of the intrahepatic bile ducts, leading to cholestasis, portal inflammation, fibrosis and potentially cirrhosis and liver failure (1). Mononuclear phagocytes (MNPs) are myeloid immune cells comprised of monocytes, macrophages (MFs) and dendritic cells (DCs). These cells are strategically positioned throughout the body tissues where they ingest and degrade dead cells, debris, and foreign material, and orchestrate inflammatory processes (2, 3). Studies in PBC patients, demonstrated accumulation of MNPs in the liver as well as impaired function of these cells. Mononuclear cells expressing the low-density lipoprotein binding glycoprotein CD68 were detected in the biliary epithelial layer of PBC patients, whereas in viral hepatitis these cells were scattered, and in normal livers were rarely seen around bile ducts (4). We have recently revealed a major role for Ly6Chi monocytes in PBC pathogenesis and demonstrated significant amelioration of disease development by inhibiting the recruitment of these cells into the liver (5). Interleukin 23 (IL-23) is a pro-inflammatory cytokine belonging to the IL-12 family of heterodimeric cytokines (6). IL-12 and IL-23 share a common p40 chain as well as a common IL-12RB1 chain in their respective cognate receptors. IL-23 consists of two subunits, p19 and the shared p40 chain (6) and signals through a heterodimeric receptor consisting of the IL-23R chain and the shared IL- 12RB1 (6). IL-23 was shown to be essential for disease development in several models of autoimmune diseases, including psoriasis, inflammatory bowel disease and experimental autoimmune encephalomyelitis (7). The mechanism by which IL-23 exerts its pathogenic role has been mostly scrutinized in the context of Th17 cells, which were thought to mediate autoimmunity by secretion of IL-17 family cytokines. Studies in PBC patients showed higher IL-23p19 mRNA expression levels in PBMC’s from PBC patients that were correlated with PBC disease stages. Moreover, serum levels of IL-23 and IL-17 were positively correlated with serum GGT levels (8) and immunohistochemistry studies revealed expression of IL-23p19 in portal tracts of patients with advance disease (9). Mice deficient for IL-23 in all cells were found to be protected from PBC development (10), however the mechanisms involved and the cellular source of IL-23 has not been investigated. Of note, it has been suggested that IL-23 is expressed specifically by inflamed portal hepatocytes in PBC patients (9). Exposure to xenobiotics have been shown to be associated with break of immune tolerance in PBC (11). Xenobiotic modified PDC-E2 peptides mimic lipoic acid in a way that anti-PDC-E2 antibodies from PBC patients recognize them and results in higher titer reactivity than the native autoantigen. Notably, quantitative structure–activity relationship analysis identified 2-octynoic acid (2OA) as a xenobiotic candidate for antigenic modification of the PDC-E2 peptide (12–14). Thus, we have established a murine model for PBC based on immunization of mice with 2OA conjugated to bovine serum albumin (2OA-BSA) resulting in the appearance of anti-PDCE2 antibodies and histological lesions typical of autoimmune cholangitis 8 weeks following 2OA-BSA immunization (15).

By taking advantage of the 2OA-BSA inducible murine PBC model and transgenic mice that enabled targeting of IL-23 specifically in MNPs, we explored the importance of this cytokine expression uniquely by these cells, in the pathogenesis of autoimmune cholangitis.



Material and Methods


Mice

This study included the following animals: Cx3cr1-cre mice (JAX stock no. 025524, B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/J) (16), CD11c-cre mice (17), Il23-flox mice (18) and heterozygote Cx3cr1-gfp/+ reporter mice (19). Only female mice were used. Cre-negative littermates were used as controls. Animals were maintained in the animal facility of the Tel-Aviv Sourasky Medical Center. Mice had unlimited access to food and water, were kept in temperature and humidity-controlled rooms, and were maintained in a 12-h light/dark cycle. Use of animals was in accordance with the National Institutes of Health policy on the care and use of laboratory animals and was approved by the Tel-Aviv Sourasky Medical Center Animal Use and Care Committee.



Preparation of Immunogen

2-octynoic acid (2OA) was purchased from Sigma-Aldrich (St Louis, MO, USA) and was conjugated with BSA (EMD Chemicals, Gibbstown, NJ, USA), as described previously (15). Briefly, 2OA was dissolved in dry dimethyl ether.

N-hydroxysuccinimide (NHS) was then added and the solution was cooled to 0°C and stirred for 20 minutes. Dicyclohexylcarbodimide was then added and the mixture was allowed to warm to ambient temperature overnight. The solution was filtered and concentrated. The product was then purified using flash chromatography (30% ethyl acetate/hexane). NHS-activated 2OA was dissolved in dimethyl sulphoxide and then coupled to the lysine residues of BSA. The solution was allowed to react for 3 hours followed by dialysis [phosphate-buffered saline (PBS)].



Immunization

Female mice were immunized at 8 weeks of age by an intraperitoneally (i.p) injection of 2OA conjugated to BSA (2OA-BSA) at 1mg/ml per animal in the presence of complete Freund’s adjuvant (CFA) (Sigma-Aldrich) containing 10mg/ml of Mycobacterium tuberculosis strain H37Ra. Additionally, pertussis toxin (Sigma-Aldrich, 100ng/animal) was delivered i.p. on the day of immunization and 2 days after. A boost immunization was done 2 weeks following the initial immunization with 2OA-BSA in incomplete Freund’s adjuvant (Sigma-Aldrich). End of experiments were carried out 8 weeks following initial immunization.



Histopathology

Mice livers were fixed in Formaldehyde 4% buffered (ph7.2), embedded in paraffin, cut into 4-μm sections, deparaffinized and stained with hematoxylin and eosin (H&E). A liver pathologist, blinded to treatment allocation, evaluated disease severity. 4 parameters were considered and each got a score between 0-2 (normal, moderate, or severe, respectively): 1.Portal infiltrate, 2.Bile duct damage and loss, 3. Granulomas formation and 4. Lobular inflammation, reaching a maximum score of 8.



Isolation of Hepatic Non-Parenchymal Cells for Flow Cytometry

Hepatic non-parenchymal cells were isolated as previously described (20). In brief, mice were anesthetized and the livers were perfused with cold PBS. Cervical dislocation was performed and the livers were excised. Small fragments of liver were incubated (37°C, 250 rpm for 45minutes) in the presence of 5ml digestion buffer [5% FBS, 0.5 mg/ml collagenase IV (Sigma-Aldrich, Rehovot, Israel, C5138-500MG), 0.1 mg/ml Deoxyribonuclease I from bovine pancreas (Sigma-Aldrich, USA) in PBS+/+]. Following the incubation, the livers were filtered through 200μm wire mesh. To discard parenchymal cells, washings with PBS-/- at 400 rpm, 4°C for 5 minutes was done three times harvesting the supernatant and discarding the parenchymal cell pellet. Last, supernatant was centrifuged at 1500rpm, 4°C, 5 minutes followed by ACK Lysing buffer (0.15 M NH4Cl, 0.01 M KHCO3) to exclude erythrocytes and washed with PBS-/-.



Stimulation of T Cells for IL-17A Detection

Hepatic non-parenchymal cells were stimulated with 20 ng/ml PMA and 1µg/ml Ionomycin in the presence of 10µg/ml Brefeldin A in RPMI 1640 medium (supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units ml-1 penicillin and 100 mg ml-1 streptomycin) at 37°C in a humidified incubator with 5% CO2.

Following 4h of stimulation, cells were washed and stained for the T cells surface markers TCRβ, CD3, CD4 and CD8. Then, cells were washed and fixed with the Flow Cytometry Fixation and Permeabilization Buffer Kit I (R&D Systems) for 30 min in 4°C. Cells were washed with permeabilization buffer and stained for intracellular IL-17A.



Flow Cytometry Analysis and Sorting

Non-parenchymal liver cells were incubated with monoclonal antibody 2·4G2 for FcR blocking (BioLegend, San Diego, CA, USA) and then exposed at 4°C to a mixture of the following antibodies (dilutions are indicated):anti-mouse CD45 (clone 30-F11, 1:100), anti-mouse/human CD11b (clone M1/70, 1:300), anti-mouse Ly6C (clone HK1.4, 1:300), anti-mouse MHCII (clone M5/114.15.2, 1:200), anti-mouse CD11c (clone N418, 1:100), anti-mouse CD3ϵ (clone 145-2c11, 1:100), anti-mouse CD8a (clone 53-6.7, 1:100), anti-mouse CD4 (clone GK1.5, 1:100), anti-mouse TCRβ (clone 457-597, 1:100) all were purchased from BioLegend, San Diego, CA. Anti-mouse F4/80 (clone REA 126, 1:100) and anti-mouse Tim4 (clone REA999, 1:100) were purchased from Miltenyi Biotech.

For IL-17A staining, cells were first stained for surface markers, then the cells were fixed and permeabilized prior to intra-cellular staining with IL-17 (Clone TC11-18H10.1, 1:50, BioLegend). Cells were analyzed with BD FACS Canto™ II (BD Bioscience) or sorted with a FACSAria flow cytometer (BD Bioscience). Flow cytometry analysis was performed using FlowJo software (TreeStar, Ashland, OR).



Quantitative Real-Time PCR

RNeasy Micro kit (QIAGEN) was used to isolate RNA from the liver. cDNA was prepared using the High-Capacity cDNA Reversed transcription kit (Applied Biosystems) according to the manufacturer’s instructions.

PCRs were performed with the SYBER green PCR Master Mix (Applied Biosystems) and with Taqman chemistry (Applied Biosystems) for IL-23p19 and IL-17A. Quantification was done with Step One software (V2.2). The Transcripts were tested, analyzed, and normalized relative to a housekeeping gene ribosomal protein, large P0 (RPLP0) and TATA-binding protein (TBP), for the genes IL-17A and IL-23p19 respectively.



Statistical Analysis

The results are presented as mean ± SEM. Statistical analysis was performed using Two-tailed Student t test; p values < 0.05 were considered as significant.




Results


Monocyte and Monocyte-Derived Macrophages Become the Dominant Subsets of MNPs in the Liver Following Induction of Autoimmune Cholangitis

The healthy liver harbors a large population of immune cells, however, under inflammatory conditions, the cellular composition of this hepatic immune compartment changes rapidly and dramatically (5, 20, 21). The hepatic mononuclear phagocytes (MNPs) comprise of monocyte, dendritic cells (DCs) and monocyte derived macrophages (MoMF). We have recently demonstrated that infiltration of Ly6Chi monocytes to the liver is crucial to the pathogenesis of PBC and inhibition of the recruitment of these cells ameliorated all aspects of the disease (5). To examine the dynamics in the distribution of hepatic immune cells during autoimmune cholangitis, we performed multiparameter flow cytometry analyses on purified non-parenchymal liver cells from 2OA-BSA immunized mice. As shown in Figure 1A and Supplementary Figure 1, we have detected six major populations: Kupffer cells (P1) defined as CD11bintF4/80hiTim-4pos, infiltrating classical monocytes (P2) defined as CD11bposLy6chiMHC-IIneg, Neutrophils (P3) defined as CD11bhiLy6cintMHC-IIneg, and another population we termed myeloid-APC (antigen presenting cells) (P4) defined as CD11bposLy6clowMHC-IIposTim-4neg CD11cposCX3CR1pos cells. Taking advantage of the Cx3cr1-gfp reporter mice (19), the P4 population can be further segregated into CD11chiCX3CR1int (P5) and CD11cintCX3CR1hi (P6) sub-populations, that represent myeloid dendritic cells and monocyte-derived macrophages (MoMF), respectively. During murine autoimmune cholangitis, a significant increase in neutrophils, Ly6Chi monocytes and myeloid-APCs population was found, whereas the KC population was significantly reduced (Figures 1A, B). Interestingly, focusing on myeloid-APCs (P4 population) under autoimmune cholangitis conditions, the CD11cintCX3CR1hi MoMF became the dominant subset (Figure 1C).




Figure 1 | Monocyte and monocyte-derived macrophages become the dominant subset of MNPs in the liver following induction of autoimmune cholangitis. (A) Representative flow cytometry analyses of purified non-parenchymal liver cells from naïve mice (upper panel) and 2OA-BSA immunized mice 8 weeks following immunization (lower panel). (B) Graphical summary of flow cytometry analysis of non-parenchymal liver cells; left graph summarizes the percentages of CD45-positive cells out of total cells and the right graph summarizes the percentages of each cell population out of CD45-positive cells. (C) Graphical summary of cells numbers normalized for liver tissue mass for CD45-positive cells and P1-P4 cell subsets. (D) Graphical summary of flow cytometry analysis showing the percentages of P5 and P6 cell populations out of CD45-positive cells (left panel), absolute cell numbers of P5 and P6 cell populations normalized for liver tissue mass (middle panel), and P6/P5 ratio (right panel), in naïve mice vs. 2OA-BSA immunized mice 8 weeks post immunization. Results presented as mean ± SEM (n≥5) for each group. Results are representative of two independent experiments. p values < 0.05 were considered as significant (unpaired Student’s t-test).





The IL-23-TH-17 Pathway Is Activated in the 2OA-BSA Murine PBC Model

To address the involvement of IL-23-TH-17 signaling pathway in experimental autoimmune cholangitis, we isolated non-parenchymal liver cells from naïve and 2OA-BSA immunized mice 8 weeks following immunization. Cells were stimulated with PMA and Ionomycin, as described in materials and methods, for detection of the intra-cellular cytokine IL-17A.

First, we looked at the T cell population in the liver and found that the percentage of T cells present in the liver following 2OA-BSA immunization were elevated and that the CD4/CD8 ratio was significantly decreased in the immunized mice, indicating massive infiltration of CD8 T cells (Figures 2B, C, respectively).




Figure 2 | IL-23-TH-17 pathway is activated in the 2OA-BSA autoimmune cholangitis model. 2OA-BSA immunized mice and match-aged naïve mice were evaluated for: (A) Flow cytometry analyses of purified non-parenchymal liver cells, with a focus on intra hepatic T cells, from naïve mice (upper panel) and 2OA-BSA immunized mice (lower panel). (B) Graphical summary of the percentages of T cells out of CD45-positive cells. (C) Graphical summery of the CD4/CD8 T cell ratio. (D). Graphical summery of the percentages of IL-17 CD4-positive producing cells. (E) Relative expression of hepatic IL-17A and IL-23p19 assessed by qPCR. Results presented as mean ± SEM (n≥5) for each group. Results are representative of two independent experiments. p values < 0.05 were considered as significant (unpaired Student’s t-test).



Flow cytometry analyses revealed a 4-fold increase in the incidence of hepatic IL-17A producing CD4+ T cells in autoimmune cholangitis (Figures 2A, D). Moreover, these results were accompanied by a 3-fold and a 300-fold increase in IL23-p19 and IL17A expression levels in autoimmune cholangitis versus healthy controls, respectively (Figure 2E), as evaluated in the whole liver tissue by qPCR.



MNPs-Restricted IL-23 Deficient Mice Display Attenuated Disease Severity in the 2OA-BSA Autoimmune Cholangitis Model

To evaluate the impact of MNPs restricted IL-23 deficiency on autoimmune cholangitis development we immunized CD11ccreP19fl/fl, CX3CR1creP19fl/fl and their P19fl/fl littermates control mice with 2OA-BSA. A pronounced periportal infiltration of lymphocytes and mononuclear cells and bile ducts destruction was observed in P19fl/fl mice, whereas, in both MNPs restricted IL-23 deficient mice almost no irregularities were detected (Figure 3A). Histology score given by a blinded pathologist revealed a significant attenuation in disease severity in both MNPs restricted IL-23 deficient mice (Figure 3B).




Figure 3 | MNPs-restricted IL-23 deficient mice display attenuated disease severity in the 2OA-BSA autoimmune cholangitis model. MNPs-restricted IL-23 deficient and littermate controls mice were immunized with 2OA-BSA. Disease severity was evaluated 8 weeks following immunization by histological assessment of liver sections stained for hematoxylin &eosin, original magnification 40X (A), accompanied by graphical summary of histological severity score (B). Graphical summary depicting expression levels of hepatic cytokines of indicated mice (C). All data presented as mean ± SEM (n≥10) for each group. Results are representative of two independent experiments. p values < 0.05 were considered as significant (unpaired Student’s t-test).



To further investigate the effect of MNPs restricted IL-23 deficiency on liver inflammation, expression of pro-inflammatory cytokines and chemokines in liver tissue were examined by quantitative real time PCR. The levels of Ifnγ, Tnfα, Il1β, Il6, Il12p40 and Ccl2 were significantly increased in P19fl/fl mice but not in CD11ccreP19fl/fl and/or CX3CR1creP19fl/fl mice immunized with 2OA-BSA. These results indicate that IL-23 derived from MNPs profoundly contributes to the development of pro-inflammatory response in experimental autoimmune cholangitis (Figure 3C).



MNPs Restricted IL-23 Deficient Mice Display a Significant Reduction in the Frequency of Hepatic IL-17A Producing CD4+ T Cells and Diminished Activity of the IL-23-IL17 Axis in the Liver

We next attempted to determine the impact of specific MNPs-restricted IL-23 on the prevalence of hepatic IL-17A producing CD4+ T cells and the overall activity of IL-23 and IL-17 in the liver. Thus, 8 weeks following 2OA-BSA immunization, non-parenchymal cells were isolated from MNPs restricted IL-23 deficiency mice and from P19fl/fl littermate controls and subjected to flow cytometry analysis. We have found a notable and significant elevation in the CD4/CD8 ratio in both MNPs restricted IL-23 deficient mice, implying reduced infiltration of CD8 T cells to the liver (Figure 4B). In the CX3CR1creP19fl/l mice, a significant reduction in hepatic IL-17A producing CD4+ T cells as compared to P19fl/fl littermate controls was detected (Figures 4A, C). Moreover, qPCR analyses showed that the hepatic expression levels of IL-17A and IL-23p19 were significantly lower in CX3CR1creP19fl/l mice whereas only hepatic levels of IL-23p19 were decreased in CD11ccreP19fl/fl (Figure 4D). These could be due to a more robust protection from autoimmune induced cholangitis in CX3CR1creP19fl/l mice, as was found also by liver histology assessment (Figures 3A, B).




Figure 4 | MNPs restricted IL-23 deficient mice display a significant diminished activity of the IL-23-IL17 axis in the liver. (A) Flow cytometry analyses of purified non-parenchymal liver cells from indicated groups of mice, 8 weeks following 2OA-BSA immunization. (B) Graphical summary of the percentages of CD4/CD8 T cells ratio from CD11ccreP19fl/fl and CX3CR1creP19fl/fl immunized mice compared to their littermates’ controls. (C) Graphical summary of the percentages of IL-17 CD4+ producing cells in CX3CR1creP19fl/fl immunized mice vs. P19fl/fl littermate controls. (D) Relative expression of hepatic IL-17A and IL-23p19 assessed by qPCR from indicated groups of mice, 8 weeks following 2OA-BSA immunization. Results presented as mean ± SEM (n≥10) for each group. Results are representative of two independent experiments p values < 0.05 were considered as significant (unpaired Student’s t-test).





High Expression Levels of IL-23 mRNA by Hepatic MNPs Population Expressing Both CD11c and CX3CR1

To specifically identify the subset of cells responsible for IL-23 secretion in the liver during autoimmune cholangitis, we sorted 4 populations of non-parenchymal cells from 2OA-BSA immunized mice: Kupffer cells (P1), Ly6Chi Monocytes (P2) and the two subpopulations of myeloid APCs, P5 and P6 (see details in Figures 1 and 5A). This time, the sorting strategy to distinguish between myeloid DCs (P5) and MoMF (P6), was not based on CX3CR1 expression (as depicted in Figure 1A) rather by CD11c and MHCII. To validate our sorted populations, we performed qPCR analysis of sorted cells first for Ly6C and confirmed that it is specifically expressed by classical monocyte-P2 as expected. Increased Ly6C expression levels were detected also in P5 and P6 subsets, supporting their origin from infiltrating monocytes (Figure 5B). Next, we performed qPCR analysis of sorted cells for CX3CR1 expression levels and demonstrated higher levels in population P2 and P6, as expected from the flow cytometry analysis and strengthen P6 as the MoMF population (as described in Figure 1A). Of note, qPCR analysis of sorted cells from autoimmune cholangitis mice demonstrated unique high expression levels of IL-23 mRNA by P6 sub-population (Figure 5C), a CX3CR1hi monocyte-derived macrophage that accumulate in the livers of animals with chronic autoimmune cholangitis (Figure 1).




Figure 5 | High expression levels of IL-23 mRNA by hepatic MNPs population expressing both CD11c and CX3CR1. (A) Flow cytometry sorting strategy of hepatic MNPs sub-populations from autoimmune cholangitis mice, 8 weeks following 2OA-BSA immunization (upper panel, and post-sorted cell populations (lower panel). (B) Graphical summary of qPCR analysis showing fold mRNA expression of CX3CR1, Ly6C (B) and IL-23p19 (C) in sorted cell populations. Graph depicts means (SEM) of two independent experiments; each experiment comprised of pooled RNA from 5 mice.






Discussion

In the current study we explored the importance of IL-23 expression by mononuclear phagocytes (MNPs) for the development of experimental autoimmune cholangitis. We showed that MNPs become the dominant cell subset in the liver during autoimmune cholangitis and that the IL-23-TH-17 pathway is activated. MNPs-restricted IL-23 deficient mice displayed attenuated disease severity, that was accompanied by a significant decrease in the percentage of hepatic IL-17 producing CD4 T cells. Sorting of hepatic APCs sub-populations revealed high expression levels of IL-23p19 mRNA specifically by CX3CR1hi monocyte-derived macrophages, suggesting that IL-23 produced by these cells have a major role in the pathogenesis of PBC.

Interleukin 23 (IL-23) is a key pro-inflammatory cytokine important for the development of chronic inflammatory diseases. It is reported to be produced by various cellular sources including antigen-presenting cells as well as neutrophils, eosinophils and even non-immune cells (22–25). To specifically address the critical cell subset responsible for IL-23 production in experimental autoimmune cholangitis, we took advantage of two complementary conditional murine models. The CD11ccre strain targets classical dendritic cells and plasmacytoid DCs, as well as monocyte-derived cells. However, expression of CD11c has been demonstrated in other lineages including NK cells, NKT cells, IgA+ plasma cells as well as some CD11c+ B and T cells (26–29). The Cx3cr1cre strain is more specific to monocytes-derived cells, however resident tissue macrophages (e.g., hepatic Kupffer cells) and subsets of mast cells and DCs were shown to be targeted as well (16, 30). Our results demonstrating decrease in disease severity in both CD11ccreIL-23p19fl/fl and Cx3cr1creIL-23p19fl/fl mice, overcome this limitation of non-specific targeting and prove that MNPs are the critical cellular source of IL-23 in autoimmune cholangitis. It should be noted that although both strains showed amelioration of disease severity, a more robust improvement in disease severity accompanied by decrease in IL-23-IL17A signaling was found in Cx3cr1creIL-23p19fl/fl mice (Figures 3, 4), implying monocyte derived macrophages as the major source of IL-23 in this pathology. This was corroborated by the remarkable elevated expression levels of IL-23 mRNA found in CX3CR1hi monocyte-derived macrophages sorted from the livers of affected mice.

An important role of IL-23 in human PBC has been suggested as IL-23-positive cells were detected in livers of patients with advanced stage PBC and IL-23 serum levels were found to be in correlation with PBC disease severity (8, 9). Of note, Ustekinumab, an anti-IL-12/23 monoclonal antibody, has failed to achieve the alkaline phosphatase biochemistry endpoint in a phase 2 clinical trial (31). Nevertheless, modulation of the IL-12/23-related pathways was observed in a subset of patients with a decrease in alkaline phosphatase (31). Thus, assessment of other parameters, beside cholestatic liver enzymes is probably needed when evaluating response to biological treatments in PBC. Interestingly, in a transgenic murine model of PBC (dominant-negative form of transforming growth factor beta receptor type II) deletion of the p40 subunit, but not the p35 subunit resulted in amelioration of disease severity (32, 33), suggesting an important role for IL-23, but not IL-12 in this pathology. Moreover, it has been shown in other autoimmune disorders that IL-12 inhibition may even have a negative effect on disease course, a finding that has been attributed to a regulatory function of IL-12 via several mechanisms (34). Thus, specific IL-23 inhibition in a selected population of PBC patients with excessive inflammatory activity is worth an evaluation in a well-designed clinical trial.

In conclusion, we have recently revealed the critical role of hepatic monocyte infiltration for the development of experimental PBC; here, we have found that IL-23 production by these monocyte-derived cells drive this pathology. Our results support further evaluation of cell and cytokine specific therapeutic approaches in PBC patients not responding to current therapies.
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The ocular tissue microenvironment is immune privileged and uses several  mechanisms of immunosuppression to prevent the induction of inflammation. Besides being a blood-barrier and source of photoreceptor nutrients, the retinal pigment epithelial cells (RPE) regulate the activity of immune cells within the retina. These mechanisms involve the expression of immunomodulating molecules that make macrophages and microglial cells suppress inflammation and promote immune tolerance. The RPE have an important role in ocular immune privilege to regulate the behavior of immune cells within the retina. Reviewed is the current understanding of how RPE mediate this regulation and the changes seen under pathological conditions.
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Introduction


Ocular Immune Privilege

The eye is called immune privileged from the original observations of prolonged allograft survival within the anterior chamber even following immunization to alloantigens (1). This now includes immune regulation and immune tolerance to antigens and pathogens within the eye (2–4). The ocular microenvironment is delineated by blood barriers and the lack of direct lymphatic drainage. Within this microenvironment immune cells differentiate into cells that suppress inflammation and promote immune tolerance (5). The mediators of ocular immune regulation and tolerance are soluble, and membrane bound molecules. An important membrane bound molecule is membrane FasL (6, 7). Its expression by cells of the ocular blood-barriers, including the retinal pigment epithelial cells (RPE), mediates a contact dependent induction of apoptosis in monocytes and lymphocytes preventing their accumulation and infiltration. Also, the RPE release extracellular membranes expressing membrane-FasL that also induce apoptosis in macrophages potentially away from the RPE monolayer (8). Many of the soluble mediators of ocular immunosuppression can be found in aqueous humor and in the supernatant of cultured RPE. These mediators include a wide range immunoregulating cytokines, neuropeptides, and soluble ligands. These include Transforming Growth Factor-beta2 (TGF-β2) and alpha-Melanocyte Stimulating Hormone (α-MSH), which are highly conserved and potent regulators of immune cell activity and suppressors of inflammation (9–12). The current picture of ocular immune privilege is a tissue microenvironment that actively manipulates immune cells to promote the health of the visual axis, and to prevent the activation of inflammation. These mechanisms of ocular immune privilege are for most of us highly effective in preventing inflammation, and the mediators of immune privilege have potential to be therapeutically adapted to suppress inflammation within the eye and in other tissues.

One of the experimental examples of ocular immune privilege is the phenomena of anterior chamber associated immune deviation (ACAID) (13, 14). ACAID is induced by placing foreign antigen within the anterior chamber of the eye. The antigen is picked up and processed for presentation by F4/80 positive macrophages that migrate to the spleen (15, 16). In the spleen with the help of recruited B-cells and NK T cells, there is an antigen-specific activation and expansion of both CD8 and CD4 regulatory T cells (17–20). This brings about systemic tolerance to the foreign antigen. Placing foreign antigen in the subretinal space (the temporary pocket that forms when the photoreceptors are detached from the RPE) also induces an ACAID-like response (21). This has defined immune privilege to include the retina.



RPE Regulation of Immune Activity

The placement of neonatal-retinal allografts into the retina are not immunologically rejected and moreover they differentiate (22). Also, there is induced tolerance to the alloantigen through an ACAID-like response. The induction of the ACAID-like response is mediated by TGF-β2 like in ACAID; however, it requires the expression of Thrombospondin-1 (TSP-1) (23). The TSP-1 is a known activator of latent TGF-β2 (24). In mice with TSP-1 knocked out the ACAID-like response cannot be induced; moreover, TSP-1 knock-out mice with experimental autoimmune disease (EAU) cannot self-resolve EAU like wild-type mice. The ACAID-like response cannot be induced when the integrity of the RPE monolayer is compromised through chemical or laser wounding (21, 25, 26). In addition, laser wounding not only causes the loss of immune privilege in the affected eye but also causes a loss of immune privilege in the untouched contralateral eye. This may be mediated by the release of Substance P by the retina (26). Together the results demonstrate the need for an intact RPE monolayer to maintain ocular immune privilege.

The ACAID-like response shows that the RPE directly affect the functionality of immune cells by maintaining the anti-inflammatory retinal microenvironment. One of the interesting findings is that the RPE soluble molecules induce and enhance regulatory activity in Treg cells (27–29). Also, the RPE release soluble factors that suppress the activation of effector T cells (23, 30). Of interest in this review is the ability of the RPE to regulate potential antigen presenting cells, the immune cells that sit at the interface of innate and adaptive immune response. The RPE have been found to suppress the activation of dendritic cells (31, 32), which would prevent naive T cell activation to antigen carried from the retina to a regional lymph node. In addition, the RPE promote the development and activation of myeloid suppressor cells from bone-marrow progenitor cells (33). These suppressor cells are highly capable of preventing and inhibiting adaptive immune responses. Interestingly, the RPE induction of these suppressor cells is mediated by IL-6, which is usually considered a proinflammatory cytokine and an anti-ACAID cytokine (34).

Using a technique of in situ RPE eyecup cultures, treating endotoxin-stimulated macrophages with the RPE eyecup conditioned culture-media suppresses proinflammatory cytokine production, while promoting anti-inflammatory activity (35–37). Moreover, the treatment of macrophages with the RPE soluble factors induces anti-inflammatory cytokine production and characteristics of myeloid suppressor cells (37). The mediators of this activity are the neuropeptides α-MSH, and Neuropeptide Y (NPY) produced by the RPE. The collective action of the soluble factors, constitutively produced by the RPE, induce macrophages, and resident microglial cells to be themselves mediators of anti-inflammatory activity and activators of Treg cells. These findings demonstrate the importance of the RPE monolayer in maintaining immune privilege.




RPE Physiology


RPE Function

The health and integrity of the RPE monolayer may very well be required for maintaining immune regulation along with maintaining a functional retina. The RPE is a cuboidal monolayer of hexagonal cells that lies between the photoreceptors and Bruch’s membrane (38). On the apical side, the RPE has microvilli that envelop the distal-ends of the photoreceptors with each RPE cell projecting towards 20-55 photoreceptors (39–41). On the basal side lies Bruch’s membrane a pentalaminar structure, which separates the RPE from the eye’s fenestrated choroidal capillaries (42). The RPE maintains this polarity through a complex network of tight junctions near the apical side that create a barrier to paracellular diffusion (43). The tight junctions include occludins and claudins both of which play essential regulatory roles in maintenance of the function of the tight junctions. The composition of claudins expressed in the RPE varies by species (44). In the human RPE, claudin 19 is the most predominant and mutations of CLDN10 gene that encodes it can lead to dysfunction of the tight junctions along with severe ocular abnormalities (43, 45).

The RPE plays a variety of critical roles in maintaining the function of the retina including acting as the outer blood-retina barrier and regulating the transport of waste and nutrients (46, 47). In order to accomplish these functions, the RPE exhibits polarity with an asymmetric distribution of organelles, proteins, and functionality allowing it to create a unique microenvironment for the retina (48). For example, melanosomes are preferentially located near the apical cell membrane with Golgi and mitochondria preferentially localize to basal cytoplasm (38). The visual cycle is dependent on the conversion of 11-cis-retinol to 11-trans-retinol and the RPE plays a key role in re-isomerizing 11-cis-retinol from 11-trans-retinol (39, 49, 50). Many of the key metabolic enzymes involved in this re-isomerization process are expressed in the RPE (39). The photoreceptors have a delicate equilibrium between nutrient renewal and damaged component disposal which sheds up to 10% of their volume. The RPE phagocytizes the end-processes allowing new end-processes to take their place (39).



RPE and the Retinal Blood Barrier

In the healthy retina, the RPE separates the choroidal blood supply from photoreceptors and manages the microenvironment of the retina by regulating the flow of water and ions between the two spaces (51). The RPE contains tight junctions that play a role in its ability to act as the outer part of the blood-retina barrier (47). In studies on chicken RPE, it was shown that the tight junctions of the RPE have increased complexities with P-face-associated tight junctions vs the tight junctions in choroid vessels (52). This increased complexity may be necessary for the formation of an effective blood-retina barrier. However, in vitro studies have indicated that the functional barrier for macromolecules, specifically serum albumin, is similar between the RPE and the iris pigment epithelium (53). This suggests that at the very least the general barrier function of the RPE is like other tight-junction epithelial layers. The regulation of what can enter the retina is apparent as the outer blood-retinal barrier formed by the RPE sometimes poses a problem in the use of some systemic drugs for the treatment of retinal diseases (54). However, even with the blood-retina barrier of the RPE and its tight junctions, the retina is still susceptible to damage, as in the case of some systemic medications lead to retinal dysfunction and degeneration (21, 55).

In disease states like AMD and Alzheimer’s, the accumulation of Aβ in the RPE via RAGE/p38 MAPK-mediated endocytosis can lead to attenuation and disorganization of the tight junctions, and in some cases breakdown of the tight junctions (56, 57). In AMD the leading cause of visual impairment in western countries of people over 50 (58), damage to the RPE and RPE dysfunction are thought to be the initial insult in the atrophic variant which accounts for 85-90% of cases (40, 59). In the wet variant, while the choriocapillaris complex is thought to be the initial site of dysfunction, damage to the RPE soon follows and plays a key role in visual loss (59).

The breakdown of the blood-retina barrier created by the RPE has been shown to be one of the earliest pathologic changes that can be detected in some diseases like diabetes (60). In diabetic retinopathy, previous work has noted that the involvement of the inner blood-retina barrier due to endothelial cell dysfunction can lead to diabetic macular oedema and retinopathy (47). The dysfunction of the outer blood-retina barrier at the RPE may play a role in diabetic retinopathy in that the presence of cytokines, such as IL-6, have been shown to disrupt the outer blood-retina barrier through amplified recruitment of microglial cells and increased production of TNF- α (61). Additionally, high glucose states have been shown to lead to RPE cells downregulating GLUT-1 and a reduction in the levels of antioxidants potentially leading to retinal tissue damage (62). In some rodent studies the breakdown of the tight junctions in the RPE results in vascular leakage as visualized in diabetic and ischemic rodents (63). When the blood-retina barrier is compromised, it can lead to additional disease processes such as uveitic macular edema (64). Abnormal regulation of the RPE in mice lacking ATP-binding cassette transporters (ABCA1 and ABCG1) leads to discontinuities of the RPE and degeneration of the overlying photoreceptors (65). In some disease states like AMD and diabetic retinopathy the transplantation of RPE has even been explored as treatment options with some trials showing preliminary signs of success (66, 67). Interestingly in mice with degenerating photoreceptors, retinal microglia cells migrate from the inner retina to the subretinal space and undergo a transcriptional change to express homeostatic checkpoint and wound-responsive genes that protect the RPE (68). While it is not clear as to the signals that induced the migration, this does suggest that there is an initial attempt by the ocular microenvironment to preserve the functionality of the RPE and its blood-barrier under disease conditions. Therapeutic interventions that can maintain or restore RPE health could also maintain and restore immune privilege that would reduce the potential contribution of inflammation to many retinal degenerative diseases.




Changes in the RPE Experimentally Induced Disease


Laser Injury

The growing use of lasers in the military, healthcare, laboratories, and academia causes an increased in ocular injury by misdirected lasers (69). In general, lasers are classified as I, II, IIIa, IIIb and IV. The first two Classes of Class II and Class IIIa are relatively safe while the last two are hazardous. Laser light is visible between 400 and 700 nm, and other sources are infrared and ultraviolet lasers. Usually, transient exposure to Class II or Class IIIa laser may not result in eye injury. Handheld laser pointers are usually Class IIIa and have comparatively low energy that is insufficient to cause injury at the ocular surface, but the focusing power of the eye causes a powerful amplification of irradiance that makes the retina susceptible to laser injury. The prolonged exposure to this laser may cause severe, permanent, and irreversible damage accompanied with vision loss (70, 71).

The coagulative irradiation of laser causes an initial destruction and secondary tissue responses (Figure 1). The initial destruction occurs from the thermal degradation of the incident energy absorbed by RPE pigment and changes are seen almost immediately (72–75). Coagulation necrosis of the RPE and the photoreceptor cells happens at this acute stage. The inner-nuclear-layer (INL) is usually unharmed. The RPE barrier breaks down and cell debris is found within and between disrupted RPE and in the outer retina. Three days after laser burn, Bruch membrane is disrupted and the subretinal space and the inner retina are infiltrated with macrophages. The RPE and photoreceptors become necrotic (Figure 1B). Five days after laser burn, all photoreceptor cells around the burn area are gone, but most of the INL cells are still intact (Figure 1C). There is vacuoling of cells in the IP and the retinal ganglion cell (RGC) layers are seen. By day 14, the RPE show placoid and are found to cover the laser injury site partially. There were many clusters of pigment-filled macrophages around the injury site including in the INL (Figure 1D). By day 120, the RPE covers the injury site (75).




Figure 1 | Micrographs show the pathological changes of retina and choroid from day 0 to day 14 after laser injury. (A) shows a healthy naive retina. The RPE is a single cell layer. (B) shows the retina on day 3 after laser injury. Bruch’s membrane is disrupted and RPE cells and most ONL cells are lost at the laser injury site. Also, arrangement of pigmented cells in the choroid is disrupted. (C) Similar histological structures are seen on day 5 after retinal laser-injury. Solid arrow points to the discontinued RPE cells. (D) shows the retina 14 days after laser injury. A large capillary (broken arrows) forms in the choroid adjacent to the laser injury site. Macrophages filled with pigment are found in the ONL and some RPE (solid arrow) are found covering the injured site with a disrupted Bruch’s membrane. The size bar is 50 microns in length.



The RPE is not only a physical barrier but is also an important source of immune-suppressive molecules that contribute to the immune privileged status of the eye. In naive retinas, microglia are in the inner and outer plexiform layer and after laser injury they accumulate with macrophages and granulocytes at the site of the laser burn in the retina and choroid (76). Changes in retinal microglial cells can be seen 1 day after the laser injury with expression of MHC class II (75). In addition, co-stimulatory factors of CD40 and CD86 are found on these activated microglia. The condition media of cultured RPE eyecups from laser-wounded eyes contain significantly lower amounts of α-MSH (37). In the normal retina the microglia co-express NOS2 and Arginase1, but in laser wounded retinas co-expression of the two enzymes is not seen (37). Moreover, infiltrating the laser wound site are Arginase1-positive macrophages that are a source of VEGF to initiate choroidal neovascularization (37, 77). This corresponds with the loss of ACAID in both the eye with the laser injury and the unwounded counter-lateral eye (25, 26). This appears be mediated by the release of another neuropeptide Substance P. How this affects RPE regulation of immunity in the non-lasered eye is not understood; however, the laser wounded RPE monolayer does not induce the co-expression of NOS2 and Arginase 1 in macrophages (37). This further indicates the importance of an intact RPE monolayer for the RPE to regulate immune cells.

After the laser injury, the damage of the RPE and the surrounding neural retina and the underlying choroid, the retinal microglia and the choroidal inflammatory cells may mediate release of proinflammatory cytokines (78–80). These cytokines may exacerbate neuronal damage. Pro-angiogenic VEGF is the primary factor made and pro-inflammatory cytokines including IL-1β, IL-3, IL-6 and TNF-α would be necessary as a wound repair process following laser photocoagulation. In addition, production of chemokines including MCP-1 and MIP-2 are increased (75, 81). These show that physical damage of the RPE monolayer promotes the infiltration of immune cells and the induction of an inflammatory response. This has implications not only on laser wounding, but also on retinal degenerative diseases like age related macular degeneration as RPE cells die.



Experimental Autoimmune Uveitis

Autoimmune uveitis is one of the leading causes of blindness in developed countries. The retina is usually the target, but the RPE cells may also be killed as collateral damage due to inflammation (82, 83). The common rodent models of experimental autoimmune uveitis (EAU) are induced with inter-photoreceptor retinoid-binding protein (IRBP) emulsified in adjuvant, and other models use retinal arrestin, rhodopsin and RPE-65 (84–86). The IRBP-model has a prodromal phase till day 14 and usually reaches a score of 1 on the clinical grading system and peaks on day 21 with a clinical score of 3. Then the disease progresses into a chronic phase of sustained clinical scores of 3 until day 70 where the disease begins to self-resolve (87, 88).

Histological evaluation of the eyes from rodents immunized to induce EAU show that the loss of the RPE monolayer is progressive along with the chronic nature of EAU (Figure 2) (89–91). Very little damage to the RPE is seen in the early stages of EAU (Figures 2A–C); however, As the disease progresses through the chronic phase, there is severe damage of both INL cells and photoreceptor cells, with the RPE shows damage with pigment-laden macrophages near the damaged RPE (Figure 2D).




Figure 2 | Micrographs show the pathological changes of retina from mice with EAU clinical score ranging from 1 to 3. (A) shows a retina with EAU clinical score 1. The RPE is intact and there are no noted changes in the retina except for some inflammatory cells in the vitreous. (B) shows the retina with EAU clinical score 2. There are more infiltrating cells in the vitreous and the subretinal space. Both the retina and RPE are intact, with minor lesions found in the INL. (C) is the retina at early stage of chronic EAU, clinical score 3. The RPE is intact, and infiltration of inflammatory cells are found in the vitreous and in the retina with disruption of the INL and IPL with loss of the ONL cells. (D) shows the retina at a late stage of chronic EAU, sustained clinical score of 3. The RPE monolayer is disrupted and fused with the ONL and adjacent outer/inner segments of the photoreceptors gone. There are pigment-filled macrophages around sites of RPE cell loss. The size bar is 50 microns in length.



The pathogenesis of inflammatory disorders of EAU is associated with autoreactive effector CD4+ T cells. In the early stages of IRBP-induced EAU the effector T cells are polarized to the Th1 phenotype and produce IFNγ (92, 93). These effector Th1 cells are highly active and mediate EAU in naive recipient animals. However, neutralizing IFNγ does not suppress EAU but worsen the disease because of the activation of Th17 cells (94–97). The Th17 cells target the RPE, and the disruption of the blood-retinal barrier causes the influx of serum antibodies, which exacerbate EAU (98). Mice with TSP-1 knocked-out also suffer with severe and prolonged EAU. To initiate a T cell response there needs to be present an APC expressing MHC class II. Normally the expression of MHC along with co-stimulatory molecules within the eye is low to undetectable, and while initially the microglia do not express MHC, they increase in MHC expression as EAU progresses (93, 99). In addition, there is need for the microglia in a non-MHC dependent manner to recruit effector T cells and MHC-expressing monocytes into the retina (99).

Since the course of EAU is self-limiting, it has suggested that while the RPE may be targeted and affected by the retinal inflammation there is still some immunosuppressive activity. It was found that EAU resolution is associated with the emergence of a specific type of APC within the spleen that in an antigen-specific manner counter-converts effector T cells into inducible Treg cells (88, 100). This process is dependent on the expression of the melanocortin 5-receptor (MC5r), one of the receptors of α-MSH. Moreover, expression of MC5r is necessary to modulate the severity of EAU and the functions of APC (91). The RPE is important to maintain the health of the retina not only by phagocytosis of photoreceptor outer segments, recycling retinol and maintaining the blood-retinal barrier, it also provides support to maintain immune privilege within the eye.




RPE and Regulation of Immunity


RPE Influenced Activity of Macrophages

ACAID demonstrates that macrophages with the potential of becoming antigen presenting cells (APC) are influenced by the ocular microenvironment to promote Treg cell activation. This has suggested that within the retina a similar influence should be seen with resident microglial cells. When assayed it is found that microglial cells are very much suppressed in immune activity; moreover, they co-express Nitric Oxide Synthase 2 (NOS2) with Arginase 1 (37). This co-expression of a M1 marker of inflammation-mediating cells and a M2 tissue repair/suppressor-mediating cells is characteristic of tumor associated myeloid cells that suppress immune attack of tumors (101, 102). Co-expression of NOS2 and Arginase 1 is induced by treating macrophages with the soluble factors of RPE. Specifically, it was found that the neuropeptides α-MSH and NPY produced by the RPE mediate this unique characterization of macrophages, which can enhance apoptosis in activated effector T cells (37). The soluble RPE factors also induce macrophages to produce anti-inflammatory cytokines even when the macrophages are treated with a pro-inflammatory signal such as endotoxin (35, 36, 103). This alternative activation of macrophages is mediated by α-MSH and provides for an anti-inflammatory response when there is an immune challenge within the ocular microenvironment (35). This potential for the retina to be a site of generating alternatively activated macrophages and myeloid-like suppressor cells makes the environment nor only anti-inflammatory but a site where immune cells are made to regulate other immune cells.

Phagocytizing materials is central for an APC to process antigen for presentation on MHC class II molecules (104). Recently we have found that the process of phagocytosis is also altered by the RPE through its release of α-MSH and NPY (105, 106). The neuropeptides mediate a differential regulation of phagocytic uptake of gram-negative and gram-positive bacteria (107). There is suppression in the number of gram-negative bacteria taken up and a suppression of the number of macrophages taking-up gram-positive bacteria. There is no change in the expression of scavenger receptors on the macrophages suggesting that this may be a change in how Toll-like receptor stimulation in the macrophages is suppressed (108, 109). If the bacteria are opsonized, there is no effect of the neuropeptide treatment on the up-take of opsonized-gram-negative and positive bacteria (107). However, activation of the phagolysosome is suppressed. The suppression is in part due to both downregulation of LAMP1, which is needed for phagolysosome acidification, and a blockade of the phagosome maturation pathway preventing the transition of phagosomes from early to intermediate (110). The suppression of phagocytosis and phagosome maturation by the RPE through the neuropeptides α-MSH and NPY would either prevent the processing of antigen within the retina or at least alter the processing of the antigen to unrecognizable amino-acid sequences that could be presented by APC in the retina (110). The RPE from eyes with autoimmune uveitis do not suppress the phagocytic pathway, and this may be associated with high levels of IL-6 expression (105). The regulation of phagolysosome activation is dependent also on the RPE maintaining an intact monolayer (106). Therefore, one potential contribution of the RPE to immune privilege is its suppression of the processing and presentation of self-antigens by retinal APC that would prevent the activation of autoimmune disease-mediating effector T cells. This importance of the RPE to mediate immune regulation and prevent induction of autoimmune disease indicates that changes to the RPE will have a corresponding change in the regulation of immune cells within the retina.



Recovery of RPE Mediated Immune Regulation

A key reason for understanding the molecular mechanisms of ocular immune privilege is to see whether these molecules that are normally regulating immune cell activity can be used to suppress uveitis and restore immune privilege. Since the neuropeptide α-MSH has its own immune regulating/anti-inflammatory properties as well as contributing to the mechanism of ocular immune privilege there is a strong potential of using α-MSH as a therapeutic approach to uveitis (111, 112). The neuropeptide is 13 amino acids long and is easily injected. When mice with EAU are treated with α-MSH at the beginning of the chronic phase the retinal inflammation begins to resolve within a week of the treatment (84, 91, 100). After 2 to 3 weeks EAU is fully resolved in comparison to another 8 weeks in the untreated EAU mice. In the spleen of the α-MSH-treated EAU mice are Treg cells specific for retinal autoantigen. These Treg cells provide the mice with protection from a memory immune response to the autoantigen. The same induction of Treg cell is found in the spleen of mice that have resolved EAU on their own (88, 113, 114). These Treg cells are derived from the population of effector T cells that are converted by APC into antigen-specific inducible Treg cells (88, 100). Under conditions of uveitis the RPE cannot suppress phagosome maturation and phagolysosome activation, and after α-MSH therapy the RPE recover their ability to suppress phagosome maturation and phagolysosome activation (91, 105). Therapeutic use of α-MSH in EAU suppresses uveitis, induces Treg cells to retinal autoantigen, and may very well reestablish RPE regulation of immune cell activity within the retina.

There is a dependency on MC5r for some of the EAU recovery. While MC5r-knockout mice recover on their own from EAU, like wild type mice, they lack the presence of the suppressor APC and the antigen-specific Treg cells within their spleens (100, 114, 115). While α-MSH treatment suppressed EAU in the knockout mice it does not protect the retina from the damage of inflammation, not did it promote recovery of RPE mediated suppression of phagolysosome activation (91). These results suggest that while the use of α-MSH in therapy to suppress inflammation is possible through its other receptors, it appears that the recovery of immune privilege is dependent on α-MSH working through MC5r. Also, by tailoring the therapy to specific melanocortin receptors different aspects of an immune response can be targeted for regulation (116). The experimental therapeutic use of α-MSH in EAU demonstrates that it is possible to use the mechanisms of ocular immune privilege, and potentially other RPE generated molecules, to suppress inflammation and reestablish ocular immune privilege and tolerance (117, 118).




Conclusion

The RPE holds an important role in the maintenance of ocular immune privilege in being a blood-barrier and a producer of immune regulatory molecules. These molecules are not just anti-inflammatory, they promote immune regulatory and suppressive behaviors within immune cells they target. It makes these different for other forms of therapy that either suppress all immune activity or block specific key cytokines. The change in immune cells behavior by the RPE allows for immune cell activity to be supportive of the retina while immune cells regulate themselves and other immune cells that may migrate into the retina. While it is not fully understood as to whether in retinal diseases the change is first in the retina or in the RPE, but once the RPE layer is injured it is difficult for the retina to function and to prevent the activation of damaging immune activity.
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Dendritic cells (DCs) are composed of multiple lineages of hematopoietic cells and orchestrate immune responses upon detecting the danger and inflammatory signals associated with pathogen and damaged tissues. Under steady-state, DCs are maintained at limited numbers and the functionally quiescent status. While it is known that a fine balance in the DC homeostasis and activation status is also important to prevent autoimmune diseases and hyperinflammation, mechanisms that control DC development and activation under stead-state remain not fully understood. Here we show that DC-specific ablation of CBL and CBL-B (CBL-/-CBL-B-/-) leads to spontaneous liver inflammation and fibrosis and early death of the mice. The mutant mice have a marked expansion of classic CD8α+/CD103+ DCs (cDC1s) in peripheral lymphoid organs and the liver. These DCs exhibit atypical activation phenotypes characterized by an increased production of inflammatory cytokines and chemokines but not the cell surface MHC-II and costimulatory ligands. While the mutant mice also have massive T cell activation, lymphocytes are not required for the disease development. The CBL-/-CBL-B-/- mutation enhances FLT3-mTOR signaling, due to defective FLT3 ubiquitination and degradation. Blockade of FLT3-mTOR signaling normalizes the homeostasis of cDC1s and attenuates liver inflammation. Our result thus reveals a critical role of CBLs in the maintenance of DC homeostasis and immune quiescence. This regulation could be relevant to liver inflammatory diseases and fibrosis in humans.
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Introduction

Dendritic cells (DCs) are not only special sentinels that orchestrate immune responses against various pathogens but also important regulators to control immune tolerance and inflammation (1–3). DCs detect pathogens and inflammation cues via pattern recognition receptors such as Toll-like (TLRs), NOD-like, and TNF family of receptors (4–7). In the absence of infectious and inflammatory stimuli, DCs are either maintained at the quiescent status or function as regulatory DCs that actively induce immune tolerance (8, 9). However, since the ligands for the pattern recognition receptors, such as commensal microbes and host metabolic or tissue damage products, are constantly present under steady-state, there must be mechanisms that refrain DCs from provoking unwanted immune responses (10, 11). The functional quiescence of DCs is known to depend on intracellular negative regulators for pattern recognition receptor signaling (12, 13). In addition, it has been reported that increased lifespan of DCs or depletion of DCs may exhibit a profound effect on the immune quiescence and the development of autoimmune and myeloid proliferative diseases (14, 15). These findings thus suggest that control of a fine balance in DC homeostasis can be another important dimension to maintain DC functional quiescence under steady-state.

DCs are composed of multiple lineages, including classical or conventional DC (cDC) and plasmacytoid DCs (pDC), and the former are further divided into the subsets of CD8α+ cDC (cDC1), CD11b+ cDC (cDC2), and tissue CD103+ cDC1 (16, 17). CD8α+ and CD103+ cDC1s are functionally unique because they present antigens not only to CD4+ but also to CD8+ T cells by a mechanism termed cross presentation (18–20). Lineage specification of cDC1s is controlled by the transcription factor IRF8, which may coordinate with BATF family members (21–23). In addition, Notch signaling has been shown to be necessary for optimizing cDC1 genesis (24). Moreover, while development of both cDC1s and cDC2s requires FLT3 signaling, enhanced activity of PI3 kinase that acts at the downstream of FLT3 may selectively expand cDC1s (25). However, given that FLT3L is constantly present in periphery it is not fully understood how the homeostasis of cDC subsets in the periphery is maintained under steady state.

Chronic liver inflammation is a major cause for liver fibrosis and cirrhosis, a devastating disease that often leads to cancer or death. The pathologic process is usually associated with chronic liver injury as a result of virus infection, toxin stress, alcoholic, nonalcoholic steatohepatitis and fatty liver diseases, and autoimmune diseases (26). While inflammation developed following liver injury is complicated due to the diverse causes, it can be attributed mainly to the activation of liver macrophages, including Kupffer cells and migratory macrophages (27, 28). Activated macrophages may recruit other immune cells to the damage site and activate hepatic stellate cells which then initiate a cascade of extracellular matrix secretion and deposition (26). Although it is well known that DCs are the first line of players to detect the inflammatory alarm and danger signals, the role of DCs in liver inflammation and fibrosis remains largely unclear (29).

CBL and CBL-B (CBLs), two members of the CBL family of E3 ubiquitin ligases, are important in the prevention of autoimmune diseases mediated by T and B cells (30, 31). They regulate T and B cell development, tolerance, and function by modulating the signals delivered by the T and B cell antigen receptors and coreceptors (31, 32). However, in contrast to T and B cells we still know little about the roles of CBLs in DC biology, in particular in the context of inflammation and immune tolerance. In this report, we show that conditional ablation of CBLs, but not CBL nor CBL-B alone, in DCs is detrimental to mice, as the mutant mice manifest severe spontaneous inflammation predominantly in the liver and liver fibrosis. Although most CD4+ and CD8+ T cells in the mutant mice are activated, lymphocytes are not required for the development of the disease. The mutation significantly alters DC homeostasis, as the mutant mice possess markedly more CD8+ cDC1s but not CD11b+ cDC2s in peripheral lymphoid organs and CD103+ DC1s in the liver. In addition, the mutant DCs exhibit a phenotype of atypical hyperactivation, characterized by high levels of IL-6 and inflammatory chemokines, but normal cell surface costimulatory molecules and MHC-II. Moreover, we show that ablation of CBLs impairs FLT3 ubiquitination, resulting in enhanced FLT3-AKT-mTOR signaling. Blockade of mTOR signaling in the mutant mice rebalances the homeostasis of cDC1s and attenuates the liver inflammation and fibrosis. Thus, our data demonstrate that CBL-mediated protein ubiquitination acts as a critical DC intrinsic regulatory mode to maintain the homeostasis and immune quiescence of peripheral cDCs under steady-state. These results also suggest a potential role of cDCs in human liver inflammation and fibrosis and that modulation of DC homeostasis could be an effective treatment for liver inflammation and fibrosis.



Methods


Animals

C57BL/6 mice, B6.SJL mice, RAG1-/- mice were from The Jackson Laboratory. CBLflox/flox and CBL-B-/- mice were described previously (33, 34). CBL-/- CBL-B-/- mice were generated by crossing Cblflox/flox and Cbl-b-/- mice to CD11c-Cre transgenic mice (24). RAG1.CBL tko mice were generated by breeding CBL-/- CBL-B-/- mice to RAG1-/- mice. CBL-BC373A/C373A mice were described previously (35). All animal experiments were performed in accordance with the Canadian Council of Animal Care and approved by The Institut de Recherches Cliniques de Montréal (IRCM) Animal Care Committee.



Antibodies and Flow Cytometry

Total splenic cells, bone marrow cells, or liver infiltrating cells were resuspended in FACS buffer [5% BSA in PBS (PH=7.2)] and stained with the corresponding antibodies on ice for 30 min. Cells were washed twice with FACS buffer and then subjected to analysis on a BD Fortessa or Cyan or to cell sorter purification on a FACS Aria or Moflo. The following antibodies were used for the staining: anti-B220, anti-CD11c, anti-MHCII, anti-CD11b, anti-CD8α, anti-CD4, anti-CD44, anti-CD62L, anti-CD3ε, anti-F4/80, anti-Gr1, anti-CD86, anti-CD80, anti-CD40, and anti-PD-L1 (eBioscience). For BrdU incorporation analysis, mice were injected intravenously with 1 mg of BrdU (BD PharMingen) in DPBS. Cells were then surface stained with corresponding antibodies, and BrdU labeled cells were stained using an anti-BrdU kit according to the manufacturer’s protocols (BD PharMingen).



Pathological Analysis

Tissues were harvested, fixed in paraffin, cut into 8 µM sections and then stained with Hematoxilin and Eosin (H&E). For liver fibrosis, collagenous components were revealed by Masson’s trichrome staining.



Bone Marrow DC Culture

FLT3L conditioned medium was collected as the supernatant of FLT3L-secreting B16 melanoma cell culture. BM cells (106 cells/ml) were cultured in different doses of FLT3L conditioned medium at 37°C for 7-9 days, before being harvested for FACS analysis or subjected to cell sorting.



DC Activation and Cytokine Analysis

Purified DC (106 cells/ml) were cultured in 48-well plate in the presence or absence of 10 µg/ml LPS (Sigma) or 10 µM/ml CpG (Invivogen). After 1-3 days, DCs were harvested and subjected for flow cytometric analysis. Culture supernatants were collected, and cytokines in the supernatants were detected by Enzyme-Linked Immunosorbent Assay (ELISA) using a Ready-Set-Go ELISA kit (eBioscience). In brief, supernatant or serum samples were diluted and incubated in 96-well plates pre-coated with different capture antibodies at 4°C overnight. Plates were washed three times and incubated with horseradish peroxidase (HRP)-conjugated detection antibodies for at 37°C for one hour. After washing with PBS, HRP activity in each well was developed in tetramethylbenzidine (TMB) substrate solution.



Antigen Presentation and T Cell Proliferation Assay

OVA-specific CD8+ (OT-I) or CD4+ (OT-II) splenic T cells were purified by EasySepTM Mouse CD8+ or CD4+ T cell enrichment kit as described in manufacturer’s manual (StemCell Technologies). Purified T cells were labeled with CFSE (ThermoFisher), cocultured with OVA (40 µg/ml) and graded ratios of purified splenic DC subsets in a 96-well plate for 3 days or 4 days. OT-I and OT-II T cells were stained with anti-TCR Vα2, and cell proliferation was determined based on the dilution of CFSE.



Biochemical Analysis

For FLT3, AKT, and ERK signaling, purified DC subsets were incubated at 37°C without serum and FLT3L for at least one hour. Cells were then stimulated with FLT3L at 37°C for the indicated time, lysed in TNE buffer (50 mM Tris; 140 mM NaCl; 5mM EDTA; 0.5% SDS), and immunoblotting was performed following standard procedures. For immunoprecipitation, proteins were immunoprecipitated by incubating cell lysate with the appropriate antibodies (1-2 µg/1 ml) at 4°C overnight, followed by precipitation of the protein-antibody complexes using protein G agarose (Cell Signaling) for another 1 hour at 4°C. Immunoprecipitates were washed four times with TNE buffer, boiled in 40 µl loading buffer and immunoblotted to a PVDF membrane for western blot analysis. The following antibodies were used for biochemical study: anti-CBL (SantaCruz); anti-CBL-B (Cell Signaling); anti-β Actin (abcam); anti-FLT3 (abcam); anti-pFLT3 (Cell Signaling); anti-pAKT (Cell Signaling); anti-pEKR1/2 (Cell Signaling); anti-HA, anti-IRF8, anti-IRF4, anti-ID2 (Santa Crutz). HRP-conjugated goat anti-rabbit, goat anti-mouse or donkey anti-goat antibody was used as a secondary antibody, respectively. HRP activity was detected using an enhanced chemiluminescence detection system (GE Healthcare).

For FLT3 ubiquitination and degradation assays, 2 µg pcDNA-FLT3 and pcDNA-Ub-HA was co-transfected with 2 µg pcDNA empty vector, pcDNA-CBL or pcDNA-CBL-B to HEK-293 cells by calcium transfection, respectively. Forty-eight hours later, transfected cells were treated with or without FLT3L (100 ng/ml) at 37°C for two hours. For protein degradation assay, new protein synthesis was blocked by Cycloheximide (100 µg/ml) (Cell Signaling). For ubiquitination assay, protein degradation was blocked with chloroquine (40 µg/ml) or MG132 (20 µg/ml) for 15 min before stimulation with FLT3L. FLT3 ubiquitination and expression were then analyzed by Imunoprecipitation and Western blot analysis.



RNAseq and qPCR

To study the gene expression profiling, CD11b+ cDC2 and CD8α+ cDC1 from WT and CBL-/-CBL-B-/- mice were purified by FACS sorting. Total RNAs from sorted cells (pooled from six mice) was extracted using an RNEasy Mini Kit (QIAGEN), and reversely transcribed into cDNA using a Reverse-Transcription kit (Invitrogen) according to manufacturer’s instructions, respectively. RNA-seq was performed using the Illumina TruSeq Stranded mRNA Kit according to manufacturer’s instructions on an Illumia HiSeq 2000 sequencer. Read quality was confirmed using FastQC v0.10.1. Read alignment was performed using TopHat v2.010 on the mouse GRCm38/mm10 genome. Differential expression analysis was performed with DESeq2 from the raw alignment counts calculated with featureCounts. For qPCR analysis, a SYBR Green PCR mix (Thermo Scientific) and gene-specific primers were used for quantitative RT-PCR analysis (20-50 ng cDNA per reaction). All reactions were done in triplicates with ViiA7-96 Real Time PCR System (Applied Biosystems). Results were analyzed by the change-in-threshold method, with β-Actin or GAPDH as ‘housekeeping’ reference genes.



Rapamycin Blockade Assay

For in vitro rapamycin blocking assay, BM FLT3L culture (1:10 dilution of FLT3 conditional medium) was treated with different doses of rapamycin (LC Laboratories) starting at day 3. Generations of DC subsets were analyzed at day 7. For short-term in vivo rapamycin blockage, 10-week-old WT and CBL-/-CBL-B-/- mice were injected i.p. with rapamycin (30 mg/day) for seven consecutive days. Mice were then sacrificed and splenic cDC subsets were examined by FACS. For long-term in vivo rapamycin blockade assay, 3-month-old RAG1.CBL tko mice were injected i.p. with PBS or rapamycin (100 mg/2 days). Mice were then monitored for the manifestation of inflammatory diseases.



Statistical Analysis

Statistical analyses were performed with a two-tailed, unpaired Student’s t test or Fisher’s exact t test, with GraphPad Prism V7 software. A P value < 0.05 was considered statistically significant. For survival curve analysis, log-rank test was performed. A P value < 0.05 was considered statistically significant.




Results


The CBL-/-CBL-B-/- Mutation Alters the Homeostasis of Peripheral CD8α+ cDC1

In steady-state, peripheral DCs include cDC1s, cDC2s, and pDCs. To study the role of CBLs in DC development and function we generated DC specific CBL and CBL-B double null mutant mice by crossing Cblflox/flox and Cbl-b-/- mice to CD11c-Cre transgenic (tg) mice in which DCs carried the Cbl-/- and Cbl-b-/- alleles (termed the CBL-/- CBL-B-/- mutation), whereas all other lineages of cells harbored the germline Cbl-b-/- mutation (33, 34). Deletion of CBL and CBL-B in DCs was confirmed by Western blot analysis (Supplementary Figures 1A, B). Flow cytometry analysis revealed that the percentage of CD11c+ MHC-II+ cDCs in the spleen was increased approximately two folds in CBL-/- CBL-B-/- mice compared to WT, CBL-/- or CBL-B-/- mice (Figure 1A). While the subset of CD11b+ cDC2s remained unaltered, the total number of CD8α+ cDC1s increased fivefold in CBL-/-CBL-B-/- mice relative to other control groups (Figure 1A). Splenic cDC1s in the mutant mice phenotypically resembled the canonic CD8α+ cDC1 rather than the alternative lineage of CD8α+ DC, as they expressed similar levels of cell surface CD8α, CD86 and PD-L1 (Supplementary Figures 2A, B) (36, 37). In addition, they were functionally consistent with the canonic cDC1s because they secreted a higher amount of IL-12 upon TLR stimulation and were able to cross-present soluble ovalbumin (Ova) antigen to OT-I TCR transgenic CD8+ T cells as efficiently as WT cDC1s (Figures 1B, C) (19). The total number of CD11clow PDCA1+ pDCs was not affected by the CBL-/-CBL-B-/- mutation in the bone marrow; however, they were significantly reduced in the spleen (Supplementary Figures 2C, D). The mutant pDCs failed to downmodulate chemokine receptor CXCR4 and upregulate CCR5, thus suggesting that CBLs may promote pDC migration to the periphery (Supplementary Figure 2E) (38, 39). Together these results demonstrate that CBLs selectively control the homeostasis of peripheral cDC1s and pDCs. Given that the development of cDC1s and pDCs was neither significantly altered in CBL-/- nor in CBL-B-/- mice, we conclude that it is a redundant function between CBL and CBL-B.




Figure 1 | Analyses of the DC development in WT and CBL-/-CBLB-/- mice. (A) Flow cytometry and statistical analyses of splenic cDCs. CD11c vs MHC-II staining of total splenic cDCs (Top panel), CD8α vs CD11b staining of CD8α+ cDC1 and CD11b+ cDC2 (bottom panel), and statistics (right bars) (n = 5). (B) IL-12 production by WT and CBL-/-CBL-B-/- cDC1 upon CpG stimulation (n = 3). (C) Antigen cross presentation to CD8+ T cells by WT and CBL-/-CBL-B-/- CD8α+ cDC1. Histograms of OT-I CD8+ T cell proliferation (left). Statistics of OT-I CD8+ T cell proliferation (right) (n = 3). (D) RNAseq analyses of cytokine and chemokine profiles of CD8α+ cDC1s and CD11b+ cDC2s. (E) Comparison of the antigen presentation efficiency of WT and CBL-/-CBL-B-/- cDC1s to CD4+ T cells (n=3). Data are mean ± SEM. of at least two independent experiments (A–E). N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.





CBL-/-CBL-B-/- cDCs Exhibit an Altered Profile of Cytokine and Chemokine Expression

To study whether the CBL-/-CBL-B-/- mutation affected the activation status of cDCs, we examined activation markers and gene transcription profiles of cDC1 and cDC2 subsets in young CBL-/-CBL-B-/- mice before the onset of the inflammation. Both cDC1 and cDC2 from the mutant mice expressed similar amounts of MHC-II and conventional costimulatory ligands CD80, CD86, CD40 and PD-L1 compared to the corresponding subsets from WT, CBL-/- and CBL-B-/- mice (Supplementary Figure 2B). However, RNAseq analysis revealed that the mutant cDC1s constitutively produced higher amounts of IL-6, IL-18, and IL-21, and chemokines CCL2 and CXCL9, whereas mutant cDC2s expressed higher levels of IL-10, IL-12β, and IL-21 and chemokine CXCL9 relative to WT counterparts (Figure 1D, and Supplementary Figure 3A). The increased expression of IL-6 and CCL2 was further confirmed by the qPCR assay (Supplementary Figure 3B). To test whether mutant cDC1s were more potent at priming T cells, we co-cultured CFSE labeled OT-II CD4+ T cells with WT or CBL-/-CBL-B-/- cDC1s in the presence of Ova antigen and then measured the proliferation of OT-II CD4+ T cells by FACS. The mutant cDC1s induced more vigorous proliferation of OT-II CD4+ T cells compared to WT cDC1s (Figure 1E). Together these results show that ablation of CBLs in DCs leads to the loss of the immune quiescent status of cDCs. However, the hyperactivation of the mutant cDCs appears to be atypical because it is not accompanied by the increased expression of conventional costimulatory ligands, but rather involves only the overexpression of several inflammatory cytokines and chemokines.



The CBL-/-CBL-B-/- Mutation Enhances the Proliferation but Differentially Affects the Survival of cDC1s and cDC2s

Homeostasis of cDC1s is influenced by lineage commitment of DC precursors as well as proliferation and survival of peripheral mature cDC1s. Since CD11c-Cre was mainly expressed in committed and mature DCs, we hypothesized that the CBL-/-CBL-B-/- mutation affected proliferation and survival rather than lineage commitment of cDC1s. To test this hypothesis, we first examined the rate of DC proliferation based on the cell proliferation marker Ki67. We found that approximately 60-70% of splenic CBL-/-CBL-B-/- cDC1s and cDC2s expressed a high amount of Ki67 (Ki67hi). In contrast, WT cDC1s and cDC2s contained only 40% of Ki67hi cells (Figure 2A). The enhanced proliferation of the mutant cDC1s and cDC2s was confirmed by BrdU labeling as the mutant mice had approximately 50% more BrdU+ cDC1s and cDC2s relative to WT mice after overnight BrdU labeling (Figure 2B). In contrast to the increased proliferation, cDC1s in CBL-/-CBL-B-/- mice appeared to have a slightly reduced population of cells expressing the active form of Caspase (Caspasehi) compared to WT counterparts (Figure 2C). In contrast, the mutant mice contained more Caspasehi cDC2s relative to WT mice (Figure 2C), suggesting that the CBL-/-CBL-B-/- mutation leads to a more profound apoptosis of cDC2s relative to cDC1s. Thus, the altered homeostasis of cDC1s but not cDC2s in CBL-/-CBL-B-/- mice could be explained by a combined effect of enhanced proliferation of both mutant cDC1s and cDC2s and increased apoptosis of cDC2s.




Figure 2 | Proliferation, death, and lineage commitment of WT and CBL-/-CBL-B-/- cDCs. (A–C) Flow cytometry (top panels) and statistics (bottom panels) of splenic proliferating (A, B) and apoptotic (C) CD8α+ cDC1s and CD11b+ cDC2s, as determined respectively by anti-Ki67 (n = 3) (A), BrdU (n = 6) (B), and anti-Active Caspase (n = 3) (C) staining. (D) Comparison of WT and CBL-/-CBL-B-/- CD24+ (CD8α+-like) cDC1s and CD11b+ cDC2s in FLT3 dependent BM cell culture. Shown are the contour maps (left) and statistics (right) of CD24 vs CD11b staining of the gated CD11c+ cells (n = 3). (E) Proliferation of WT and CBL-/-CBL-B-/- cDC generated in FLT3 dependent BM cell culture. Shown are FACS analyses (left) and statistics (right) of BrdU+ CD24hiCD11blo and CD24loCD11bhi cells (n = 3). Data are mean ± SEM. of at least two independent experiments. N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.



Development of cDCs is driven by FLT3 signaling as well as the balanced action of transcription factors IRF8, IRF4, and ID2 (23). To examine whether these molecules were involved in the altered homeostasis of cDC1s in CBL-/-CBL-B-/- mice, we analyzed DC development in FLT3-dependent bone marrow (BM) cell culture (40). CD8α+ cDC1-like cells and CD11b+ cDC2s were identified as MHC-II+ CD11c+ CD24hi (CD24hi) and MHC-II+ CD11c+ CD11b+ CD24low (CD11b+) cells, respectively. In the presence of a low concentration (0.8%) of FLT3L there were 50% more CD24hi cDC1s derived from the CBL-/-CBL-B-/- BM culture as compared to WT controls (Figure 2D). In contrast, the numbers of CD11b+ cDC2 generated in the mutant and WT BM cultures were comparable. The high concentration (20%) of FLT3L led to a more profound increase in CD24hi DC1s in WT relative to the mutant BM cell culture, suggesting that the enhanced FLT3 signaling in WT cells may override the difference caused by the CBL-/-CBL-B-/- mutation (Figure 2D). The increased generation of CD24hi cDC1s in the mutant BM cell culture was likely a result of enhanced proliferation, because BrdU labeling analysis revealed more BrdU+ CD24hi cDC1s and CD11b+ cDC2s in CBL-/-CBL-B-/- BM culture compared to WT controls (Figure 2E). To examine whether the CBL-/-CBL-B-/- mutation affected the expression of cDC1 lineage commitment genes, we purified CD24hi cDC1s and CD11b+ cDC2s from BM cell FLT3L culture and examined IRF4 and IRF8 expression by Western blot analysis. Consistent with RNAseq data, the expression of these transcription factors was comparable between the WT and mutant cDC subsets (Supplementary Figures 3A, C). These results together support that CBLs regulate the homeostasis of cDC1s by controlling the proliferation rather than the lineage commitment of cDC1s through modulating FLT3 signaling.



CBLs Control FLT3-AKT Signaling by Promoting FLT3 Ubiquitination

FLT3 is a receptor tyrosine kinase that transduces signals through both the MAP kinase and PI3 kinase pathways, the latter activating AKT-mTOR signaling. We therefore examined whether the CBL-/-CBL-B-/- mutation enhanced PI3 kinase and MAP kinase signaling. Since we could not obtain enough splenic cDCs for a biochemical study, we used BM cell derived CD24hi cDC1s and CD11b+ cDC2s in our experiments. In unstimulated WT CD24hi cDC1s, the AKT activity was minimal and stimulation of FLT3 significantly increased AKT activity (Figure 3A). In contrast, CBL-/-CBL-B-/- CD24hi cDC1s showed a very high level of constitutive AKT activity that may be maximal since FLT3 stimulation did not further enhances the signal. Similar to AKT activation, unstimulated CBL-/-CBL-B-/- CD24hi cDC1s contained elevated active forms of ERK1/2 and stimulation of FLT3 elicited even greater ERK1/2 activity in the mutant cells compared to WT controls (Figure 3B). In CD11b+ cDC2s, FLT3L stimulation elicited a comparable level of AKT activity between WT and the mutant cells, suggesting that CBLs exert little effect on FLT3 signaling in these cells (Figure 3A). These findings thus suggest that CBLs directly target FLT3 in CD24hi cDC1s.




Figure 3 | Analyses of FLT3 ubiquitination and signaling by CBLs. (A) Western blot analysis of AKT activation in WT and CBL-/-CBL-B-/- cDC1s and cDC2s (n = 2). (B) Western blot analysis of ERK1/2 activation in WT and CBL-/-CBL-B-/- cDC1s (n = 2). (C) Cell surface expression of FLT3 in WT and CBL-/-CBL-B-/- cDC1s and cDC2s (n = 3). (D) Association of FLT3 with CBL and CBL-B in BM derived CD11c+CD24hi cDC1s (n = 2). (E) Western blot analysis of FLT3 activation. pFLT3 (Tyr589/591): active form of FLT3 (n = 2). (F) Western blot analysis of FLT3 ubiquitination (n = 2). (G) Western blot analysis of phosphorylated FLT3 (pFLT3) (n = 2). (H) Dependence of CD8α+ cDC1 and pDC homeostasis on CBL ubiquitin ligase activity. Shown are contour maps (left) and statistics (right) of splenic cDC1s and cDC2s (top) and pDC (bottom) in WT and CBL-/-CBL-BC373A/C373A mice (n = 3-4). Data are mean ± SEM. of at least two independent experiments (A, B, D–H), and one experiment for (C) N.S., not significant; **p < 0.01; ***p < 0.001.



Since CBLs are E3 ubiquitin ligases, we next examined whether CBLs negatively regulate FLT3 signaling by promoting FLT3 ubiquitination and degradation. Flow cytometric analysis revealed that FLT3 expression was higher on WT CD24hi cDC1s compared to that on cDC2s (Figure 3C). In CD24hi cDC1s, both CBL and CBL-B were associated with FLT3 (Figure 3D). Ablation of CBLs markedly increased the active form of FLT3 (pFLT3 Tyr589/591) in CD24hi cDC1s (Figure 3E), supporting the idea that CBLs promote the clearance of the active form of FLT3. To determine whether CBLs promote FLT3 ubiquitination, we co-expressed FLT3 with CBL or CBL-B in 293T cells and examined FLT3 ubiquitination with or without FLT3L stimulation. Expression of either CBL or CBL-B promoted FLT3 ubiquitination upon FLT3L stimulation (Figure 3F). Consistent with this finding the expression of either CBL or CBL-B in 293T cells removed the active form of FLT3 (Figure 3G).

To determine whether the altered homeostasis of CD8α+ cDC1 was related to CBL mediated ubiquitination, we examined CD8α+ cDC1 and CD11b+ cDC2 development in DC specific CBL-/- CBL-BC373A/C373A mice. The mutant CBL-BC373A/C373A mice carried a cysteine (373) to alanine mutation in CBL-B that inactivates only the ubiquitin ligase activity but does not affect the scaffolding function of CBL-B (35). Compared to WT mice, CBL-/- CBL-BC373A/C373A mice possessed a similarly increased number of cDC1s and a reduced number of pDCs as that found in CBL-/-CBL-B-/- mice (Figure 3H). This finding indicates that inactivation of the ubiquitin ligase activity of CBLs is fully responsible for the altered DC homeostasis in CBL-/-CBL-B-/- mice.

Together we propose that CBLs control the strength of FLT3 signaling by promoting FLT3 ubiquitination. The preferential expression of FLT3 in CD8α+ cDC1s as compared to CD11b+ cDC2s could explain why the CBL-/-CBL-B-/- mutation exerts a more profound effect on the homeostasis of cDC1s relative to cDC2s.



Ablation of CBLs in DCs Leads to Manifestation of Severe Liver Inflammatory Disease and Early Fatality

Increased numbers and hyperactivation status of cDCs in CBL dko mice prompted us to examine whether the CBL-/-CBL-B-/- mutation impaired immune tolerance and caused autoimmune diseases. Our inspection revealed that CBL-/-CBL-B-/- mice were healthy at birth; however, they gradually lost bodyweight and became moribund before six months of age (Figures 4A, B). Pathological studies revealed that the mutant mice developed exclusively severe liver inflammatory diseases, characterized by serum and skin jaundice, massive liver infiltration of leukocytes, and liver infarct and fibrosis (Figure 4C). In a small number of mutant mice, widespread infiltration of leukocytes was also found in other tissues such as the lung and kidney (Supplementary Figure 4A). While spleen architecture of the mutant mice was significantly distorted, we did not detect serum auto-antibodies against double-strained DNA or nuclear antigens, suggesting that B cells are probably not involved in the manifestation of the tissue inflammation.




Figure 4 | CBL-/-CBL-B-/- mice have a reduced lifespan and severe inflammation. (A) Body weight comparison between 12-week-old WT and CBL-/-CBL-B-/- mice (n = 5). (B) Kaplan-Meier survival analysis of WT (n = 20) and CBL-/-CBL-B-/- (n = 20) mice. (C) Pathological analysis WT and CBL-/-CBL-B-/- mice. Shown are H-E staining and Masson staining of the liver. Infiltrating leukocytes and liver fibrosis are indicated by arrows. (D) Flow cytometric analysis of liver leukocyte subsets. Shown are the statistics of infiltrated cell subsets of the gated CD45+ cells in livers from WT and CBL-/-CBL-B-/- mice (n = 5). DC: CD11c+MHC-IIhi; CD103+ DC: CD11c+MHC-IIhiCD103+CD8α+; CD11b+ DC: CD11c+MHC-IIhiCD11b+; CD4+ T: TCRβ+CD4+; CD8+ T: TCRβ+CD8+; Ly6G+ Gr: CD11b+Ly6G+; F4/80+ MΦ: CD11b+F4/80+. (E) Cytokine IL-6 and TNF-α secretion in serum (n = 5-6). (F) qPCR analysis of cytokine IL-6 and TNF-α expression in the liver (n = 3). Data are mean ± SEM. of at least two independent experiments (C–F). N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.



Given that the mutant mice developed severe liver inflammation, we examined the cellularity of liver infiltrating cells by flow cytometry and cytokine production by qPCR and ELISA. We found that livers from the diseased mutant mice contained markedly increased numbers of CD103+ cDC1s, CD4+ and CD8+ T cells, and Ly6G+ granulocytes (Figure 4D). Consistent with the severe liver inflammation, the mutant mice produced significantly higher amounts of serum cytokines IL-6, TNFα and inflammatory chemokines relative to WT controls (Figure 4E). Compared to WT counterparts the mutant liver also produced high levels of IL-6 and TNF-α, indicating that the liver has hyper inflammation (Figure 4F). In contrast, the total number of liver F4/80+ macrophages was not increased (Figure 4D), suggesting that Kupffer cells and recruited macrophages are not the major players responsible for the disease.



DC Intrinsic CBLs Are Required for the Maintenance of T Cell Immune Quiescence in Steady-State

Development of spontaneous liver inflammation prompted us to examine whether CBL-/-CBL-B-/- DCs elicited systemic hyperactivation of the immune system. We found that before the disease development CBL-/-CBL-B-/- mice possessed similar numbers of splenic CD4+ and CD8+ T cells, Ly6G+ granulocytes, and Ly6C+ monocytes as compared to WT mice (Figures 5A, B). However, compared to WT mice, significantly increased numbers of CD4+ and CD8+ T cells in the mutant mice exhibited the phenotype of effector/memory T cells as they expressed a higher amount of CD44 and reduced CD62L (Figure 5C). In addition, a large proportion of activated CD4+ T cells in the mutant mice adopted the TH1 cell fate as they secreted a higher amount of IFN-γ but not IL-4 nor IL-17 upon activation (Figure 5D). This finding thus indicates that under steady-state CBLs in CD11c+ cells including cDCs are responsible for the maintenance of immune quiescence of CD4+ and CD8+ T cells.




Figure 5 | Impaired immune quiescence in CBL-/-CBL-B-/- mice. (A, B) Flow cytometry and statistical analyses of the spleen cellularity (n = 5). (C) Activation status of splenic CD4+ and CD8+ T cells. Shown are contour maps of CD44 vs CD62L staining of naïve (CD44loCD62Lhi), memory/effector (CD44hiCD62Lhi), effector (CD44hiCD62lo) T cells (n = 5). (D) T effector T cell subsets in the spleen. Th1, Th2, and Th17 cell subsets were stained by anti-TCRβ, CD4, and intracellular IFN-γ, IL-4, and IL-17, respectively (n = 3). Data are mean ± SEM. of at least two independent experiments (A–D). N.S., not significant; **p < 0.01; ***p < 0.001.





Manifestation of Liver Inflammation in CBL -/-CBL-B-/- Mice Is Independent of T and B Cells

Hyperactivation of T cells in CBL-/-CBL-B-/- mice suggested that the observed liver inflammation was caused by T cells activated by CBL-/-CBL-B-/- DCs. To assess the contribution of T cells and CBL-/-CBL-B-/- DCs in disease development we monitored RAG1-/-CBL-/-CBL-B-/- triple knockout (RAG1.CBL tko) mice that lack T and B cells. The RAG1.CBL tko mice quickly lost body weight relative to RAG1-/- littermates and had a shorter lifespan even compared to CBL-/-CBL-B-/- mice (Figures 6A, B). Analyses of cytokine and chemokine profiles showed that RAG1.CBL tko mice produced higher amounts of serum IL-6 and TNF-α and inflammatory chemokines such as CCL2, CXCL1, CXCL10, and CXCL13 compared to RAG1-/- controls (Figures 6C, D, and Supplementary Figure 4B). RAG1.CBL tko mice also manifested exclusively liver inflammation, characterized by skin jaundice, massive liver infiltration of leukocytes and fibrosis (Figure 6E), similar to that found in CBL-/-CBL-B-/- mice. Flow cytometric analysis of liver infiltrating cells showed a ten-fold increase in CD103+ cDC1s, whereas numbers of liver infiltrating NK1.1+ cells and F4/80 macrophages+ were not increased or slightly reduced (Supplementary Figure 4C). Thus, in CBL-/-CBL-B-/- mice while T cells are massively activated, manifestation of liver inflammation is positively correlated with the increased CD103+ cDC1s but is not dependent on T and B cells.




Figure 6 | Development of liver inflammation and fibrosis in CBL-/-CBL-B-/- mice is independent of lymphocytes. (A) Body weight comparison between 12-week-old RAG1-/- and RAG1.CBL tko mice (n = 5). (B) Kaplan-Meier survival analysis of RAG1-/-, CBL-/-CBL-B-/-, and RAG1-/-CBL tko mice (n = 20). (C) Serum Cytokines IL-6 and TNF-α production in RAG1-/- and RAG1.CBL tko mice by ELISA (n = 3-4). (D) Serum inflammatory cytokines and chemokines in RAG1.CBL tko mice. (E) Images of skin jaundice (left) and histology analysis of liver fibrosis revealed by H-E staining (right panel) and Masson staining (right panel). Data are mean ± SEM. of at least two independent experiments (C–E). N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.





Blockade of mTOR Signaling in CBL-/-CBL-B-/- Mice Restores the Homeostasis of cDC1s and Immune Quiescence and Attenuates Liver Inflammation

Enhanced FLT3-AKT signaling in CBL-/- CBL-B-/- cDC1s suggests that attenuation of FLT3-AKT signaling may normalize cDC1 homeostasis and cure liver inflammatory disease in CBL-/-CBL-B-/- mice. Since AKT activates mTORs, we examined whether blockade of mTOR signaling reduced the number of cDC1s to normality and restored immune quiescence in CBL-/-CBL-B-/- mice. To do so, we pharmacologically blocked mTOR signaling using rapamycin both in vitro and in mice and then analyzed cDC development by flow cytometry. We found that rapamycin treatment significantly diminished the number of CD24hi cDC1s in CBL-/-CBL-B-/- BM cell FLT3L culture compared to WT controls (Figure 7A). Consistent with this finding, in vivo rapamycin treatment significantly reduced the number of cDC1s in CBL-/-CBL-B-/- mice (Figure 7B). In contrast, the same rapamycin treatment exhibited little effect on the numbers of CD11b+ cDC2s in both BM cell FLT3L culture and mice, indicating that mTOR signaling selectively regulates the development of cDC1s. To examine whether blockade of mTOR signaling influenced immune quiescence and liver inflammation, we monitored the survival and pathological changes of rapamycin treated CBL-/-CBL-B-/- mice. Compared to PBS treated CBL-/- CBL-B-/- mice, rapamycin treated mutant mice had significant longer lifespans (Figure 7C). In addition, they had markedly reduced levels of TNF-α in the liver and absence of liver inflammation and fibrosis compared to the PBS treated cohort, possibly due to reduced infiltration of inflammatory cells (Figures 7D, E). These results thus support the notion that enhanced FLT3-mTOR signaling in CBL-/-CBL-B-/- DCs is responsible for the altered homeostasis of cDC1s. In addition, they provide evidence that this signaling axis is at least partly responsible for the loss of immune quiescence and the development of lethal liver inflammation and fibrosis in the mutant mice.




Figure 7 | Homeostasis of cDC1s and liver inflammation in mTOR treated CBL-/-CBL-B-/- mice. (A) Flow cytometry analysis of CD24hiCD11blo and CD24loCD11bhi cDCs in FLT3-dependent BM culture treated with rapamycin (n = 3). (B) Flow cytometry analysis of CD8α+ cDC1s and CD11b+ cDC2s in WT and CBL-/- CBL-B-/- mice with or without rapamycin treatment (n = 3). (C) Kaplan-Meier survival analysis of CBL-/-CBL-B-/- mice treated with rapamycin or vehicle (n = 6-7). (D) qPCR analysis of liver IL-6 and TNF-α in rapamycin treated CBL-/-CBL-B-/- mice (n = 5). (E) Pathology analysis of CBL-/-CBL-B-/- mice with rapamycin or vehicle treatment. Left: Image of skin jaundice. Right: H-E staining of liver sections. Data are mean ± SEM. of at least two independent experiments (A, B, D, E). N.S., not significant; *p < 0.05; **p < 0.01.






Discussion

Under steady-state, DC function is maintained quiescent. However, since microbial and immune danger signals are constantly present, there must be mechanisms that restrain DCs from overreaction. Loss of DC immune quiescence has been found in the mutant mouse models such as those deficient in the negative regulators for TLRs, NFκB, and PI3 kinases (12, 13, 25). In addition, it has been shown that depletion of DCs or increase in DC lifespan leads to myeloid lineage expansion or autoimmunity (14, 15), suggesting that the homeostasis of DCs also influences the functional quiescence of DCs. In this report, we show that ablation of CBLs in DCs alters DC homeostasis, with a marked increase in the number of CD8α+ and liver CD103+ cDC1s, and a reduction in peripheral pDCs. CBL-/-CBL-B-/- mice manifest spontaneous liver inflammatory diseases and fibrosis. Treatment of the mutant mice with rapamycin reduces the number of cDC1s and attenuates the liver inflammation. Our finding thus identifies CBLs as critical regulators to maintain peripheral DC homeostasis and supports that altered DC homeostasis may breakdown immune quiescence under steady-state. In addition, we also provide evidence that modulation of DC homeostasis can be an effective approach to treat liver inflammation.

How do CBLs in DCs regulate immune quiescence and prevent liver inflammation at steady-state? Our results reveal that CBL-/-CBL-B-/- mice have a great expansion of the cDC1 population. While the mutant cDCs do not exhibit typical activation phenotypes, such as upregulation of cell surface costimulatory ligands CD80, CD86, and MHC-II, freshly isolated mutant cCD1s and cDC2s produce slightly more IL-6 and significantly higher levels of inflammatory chemokines, even in the absence of stimulation. Since CD103+ cDC1s are significantly increased in the liver, we propose that the increased number of cDC1s, and the amount of inflammatory cytokines and chemokines therein, create an inflammatory environment that recruits granulocytes and other inflammatory cells to the liver, leading to the development of liver inflammation. At present, it is not clear whether microbial and other danger signals such as those released by dead cells contribute to the activation of the liver CD103+ cDC1s. However, since CpG stimulation enhances the production of IL-6 and chemokines in CBL-/-CBL-B-/- cDCs relative to WT counterparts, we speculate that microbial products or self danger cues in the liver might also be involved in disease development by triggering DC activation de novo via TLRs. Consistent with this prediction, we have found that CBL-/-CBL-B-/- mice deficient in MyD88 (termed as MyD88-/-.CBL tko mice), while still have a similarly increased number of CD8α+ cDC1s, exhibit much longer lifespan and less severe liver inflammation relative to CBL-/-CBL-B-/- mice (Supplementary Figures 5A, B). Thus, in addition to the homeostasis of cDC1s, the CBL-/-CBL-B-/- mutation might also alter MyD88 dependent signaling. It will be interesting to further elucidate which TLRs are regulated by CBLs. It will also be important to determine whether blockade of both mTOR and MyD88 completely prevents development liver inflammation.

The development of cDCs depends on FLT3 signaling and our finding that CBLs negatively regulate FLT3 signaling by promoting FLT3 ubiquitination and degradation is in agreement with the previous finding that enhanced FLT3-PI3K activity in DCs leads to increased number of cDC1s (25, 36). However, we have shown that the total number of cDC2 is not increased and the number of splenic pDCs is even reduced in the mutant mice, suggesting that other regulations may also exert a role in DC subset homeostasis. Indeed, our data shows that while cDC2s from CBL-/-CBL-B-/- mice also proliferate more vigorously relative to WT counterparts, they are more prone to apoptosis than the mutant cDC1s. The reason behind such an alteration is not yet clear. One plausible explanation is that cDC2s are less competitive to access the limited amount of FLT3L available in periphery, because they express relatively lower amount of FLT3 as compared to cDC1s. As for the reduced number of pDCs, our data indicates that they are generated normally in the BM, however, markedly reduced in the periphery. Gene expression profile reveals that CBL-/-CBL-B-/- pDCs fail to downmodulate CXCR4 and upregulate CCR5. Given that CXCR4 downmodulation and CCR5 upregulation have been linked to pDC migration from the BM to periphery (39), our finding thus suggests that CBLs regulate the exit of pDCs to periphery rather than the overall development of pDC in the BM.

Currently, cellular mechanisms leading to liver fibrosis are not fully understood. Inflammation following liver damage is considered to be one of the main causes triggering the cascade of hepatic stellate cell activation and liver fibrosis (26). Kupffer cells and recruited macrophages have been shown to play a major role in liver inflammation (29). While evidence implicates that Th17 cells could also be involved in promoting liver inflammation and fibrosis by stimulating Kupffer cells and macrophages to produce inflammatory cytokines and hepatic stellate cells to produce collagen type-I and differentiate to fibrogenic myofibroblasts (41, 42), liver DCs are generally considered tolerogenic and their role in the pathology of liver inflammation and fibrosis has not been extensively explored, despite the fact that extrahepatic DCs have been shown to affect liver inflammation (26, 43). While our data cannot completely exclude the possibility that CBLs were deleted in some macrophages/Kupffer cells or NK cells due to the potential leakiness of CD11c-Cre tg expression, the CBL mutant macrophages are less likely a major cause to induce liver inflammation because we have found that the number of liver macrophages is not increased and cytokine production of BM-derived CBL macrophages from CBL-/-CBL-B-/- mice is not altered. In addition, ablation of CBL and CBL-B in monocytes and macrophages using the Lys-Cre allele does not cause liver inflammation in mice (44). In contrast, our data reveal a close correlation between the number and inflammatory cytokine and chemokine production of liver CD103+ cDC1s and inflammation and fibrosis. Blockade of mTOR signaling by rapamycin in CBL-/- CBL-B-/- mice concomitantly reduces the number of liver CD103+ cDC1s and the incidence of liver inflammation and fibrosis. In this regard, data from our mutant mice supports a further study to elucidate whether DCs are also involved in the liver inflammation and fibrosis in humans.
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Supplementary Figure 1 | Expression of CBL and CBL-B in DC and lymphocyte subsets and pathological analysis of CBL-/-CBL-B-/- mice (A) FACS sorting strategy for purifying splenic pDCs, cDCs, T and B cells. (B) Western blot analysis of CBL and CBL-B expression in pDCs, cDCs, T and B cells. Data represents one of two experiments.

Supplementary Figure 2 | Characterization of CD8a+ cDC1s and pDCs (A) CD8a vs CD11b staining of gated CD11c+ MHC-II+ splenic cDCs in WT and CBL-/-CBL-B-/- mice. The experiment was repeated for more than three times. (B) Expression of costimulatory ligands on CD8a+ cDC1s and CD11b+ cDC2s. The experiment was repeated for more than three times. (C, D) FACS analysis of the bone marrow (BM) and splenic (SP) pDCs. Shown are PDCA-1 vs CD11c staining of BM and spleen cells (C) and statistics (D). (n = 5). (E) qPCR analysis of CXCR4 and CCR5 expression in WT and CBL-/-CBL-B-/- pDCs. (n = 3). Data are means ± SEM of at least five mice or three independent experiments. *p < 0.01; **p < 0.001.

Supplementary Figure 3 | Gene and protein expression profiles in WT and CBL-/-CBL-B-/- cDC1s and cDC2s (A) Heatmap analysis of the chemokines, cytokines and genes related to DC development and function. Data represent pooled RNA samples from 6x WT and 6x CBL-/-CBL-B-/- mice.  (B) qPCR analysis of TNF-a, IL-6 and CCL2 expression in WT and CBL-/-CBL-B-/- CD8a+ cDC1s. Shown are fold increases of the corresponding gene transcripts in the mutant cells relative to WT cells. (n = 3). Data are means ± SEM of at least three independent experiments. *p < 0.01. (C) Western blot analyses of IRF4 and IRF8 in WT and CBL-/-CBL-B-/- CD24hi cDCs.

Supplementary Figure 4 | Pathological analyses of CBL-/-CBL-B-/- mice and RAG1.CBL tko mice (A) H&E staining of lung and kidney sections of WT and sick CBL-/-CBL-B-/- mice. Data are from one of five mice. (B) Serum cytokine and chemokine titers. Shown are dot blot hybridization of serum cytokine and chemokine titers of pooled serum samples from WT RAG1-/- and sick RAG1.CBL tko mice. (n = 3). (C) Total numbers of inflammatory cell subsets in liver infiltrating leukocytes of RAG1-/- and sick RAG1.CBL tko mice. (n = 5). Data are means ± SEM of at least five mice. *p < 0.01; **p < 0.001.

Supplementary Figure 5 | Flow cytometric analysis of cDC subsets in and lifespan analysis of MyD88.CBL tko mice (A) FACS analysis (left) and statistics (right) of cDCs and CD8a+ cDC1s and CD11b+ cDC2s in WT (C57BL/6 or MyD88-/-) and MyD88.CBL tko mice. (n = 6). (B) Kaplan Meier survival analysis of WT (MyD88-/-), CBL-/-CBL-B-/- and MyD88.CBL tko mice. (n=10). Data are mean ± SEM of two independent experiments. *P <  0.01; **p < 0.001.
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Classical dendritic cells (cDCs) in mice have been divided into 2 major subsets based on the expression of nuclear transcription factors: a CD8+Irf8+Batf3 dependent (DC1) subset, and a CD8-Irf4+ (DC2) subset. We found that the CD8+DC1 subset can be further divided into CD8+DC1a and CD8+DC1b subsets by differences in surface receptors, gene expression, and function. Whereas all 3 DC subsets can act alone to induce potent Th1 cytokine responses to class I and II MHC restricted peptides derived from ovalbumin (OVA) by OT-I and OT-II transgenic T cells, only the DC1b subset could effectively present glycolipid antigens to natural killer T (NKT) cells. Vaccination with OVA protein pulsed DC1b and DC2 cells were more effective in reducing the growth of the B16-OVA melanoma as compared to pulsed DC1a cells in wild type mice. In conclusion, the Batf3-/- dependent DC1 cells can be further divided into two subsets with different immune functional profiles in vitro and in vivo.
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Highlights

Two subsets of DC1 dendritic cells differ by surface phenotype, gene expression, and function.



Introduction

The subset of CD8+dendritic cells (DCs) that is dependent on the Batf3 and Irf8 nuclear transcription factors for development and maturation in mouse lymphoid tissues has been extensively studied (1–5). This subset, that has been identified as DC1 by Murphy and co-workers (6, 7) plays a required role in the induction of CD8+ T cell immunity to tumors and viruses (8–15). DC1 cells express the surface markers CD11c and MHCII associated with all classical myeloid DCs, and express high levels of CD24 and XCR1 and low levels of CD172 (SIRPα) surface markers (5–16). This surface phenotype has been used to distinguish the DC1 subset from the CD8- DC2 subset that expresses low levels of CD24 and XCR1 and high levels of CD172a (6, 7). Inactivation of the gene encoding Batf-3 results in the selective elimination of CD8+ and CD103+ DC1 DCs (17, 18). Both subsets express high levels of XCR1, low levels of CD172, and can stimulate CD8+ T cell immunity (19–21). In contrast to the DC1 subset, the DC2 subset is dependent on the Irf4 nuclear transcription factor and has been subdivided further into Notch2-dependent and KIf4-dependent populations (22, 23). Batf3 is expressed in both the Irf8+ and Irf4+ DCs (5). Nevertheless, the DC2 cells are predominantly Batf3 independent (20).

It is not clear whether the CD8+ Batf-3 dependent DC1 subset is homogeneous or whether it can be divided further into additional subsets. Phenotypic and functional heterogeneity of the subset has been described previously with regard to the expression of CD103 in the spleen, skin draining lymph nodes, tumors, and intestines (24–28). DC1 cells in the skin draining lymph nodes, tumors, and intestines express high levels of CD103 whereas DC1 cells in the spleen have low or undetectable levels (24–28). The CD8+ subset of DCs has been reported to be more potent than the CD8- subset in cross-presenting cell associated protein antigens to conventional CD8+ T cells, and selective depletion of the CD8+ subset markedly attenuates CD8+ T cell immunity to tumors and viruses by virtue of cross antigen presentation (29–32). CD8+ DCs take up proteins from exogenous cell sources that are the source of the antigens, such as tumor cells and viral infected cells, process the proteins such that the derived peptides are cross-presented to CD8+ T cells after association with MHC receptors on the cell surface (1–11). In accordance with these observations, the ability of radiation therapy to induce T cell mediated durable complete remissions of solid and lymphoid tumors was dependent on the presence of CD8+Batf3 dependent DCs, since remissions observed in wild type mice were abrogated in Batf3-/- mice (33, 34). Remissions were restored by injecting CD8+ DCs into the tumors (33, 34).

Previous studies showed that after uptake of the soluble ovalbumin protein injected in vivo, the CD8+ DCs were effective at presenting the antigen to ovalbumin specific TCR transgenic CD8+T cells but not CD4+ T cells, and CD8-DCs were effective at presenting to transgenic CD4+T cell (32). These observations are consistent with the dominant role of CD8+DCs in the induction of CD8+T cell immunity to cell bound viral and tumor antigens. However, vaccination with soluble ovalbumin protein linked to antibodies directed to the DCIR2 surface receptor of the CD8- subset of DCs induced effective CD8+T cell immunity against the B16-OVA melanoma tumor after injection of the conjugate in vivo (35). Thus, CD8-DC2 cells can also induce CD8+T cell immunity to an ovalbumin tumor antigen depending on the nature of the vaccination. However, it was not determined whether CD8+DCs in the tumor microenvironment were also required for the CD8+ T cell anti-tumor effect in addition to the systemic immune response induced by the DCIR2 targeted CD8- DCs.

The CD8+DC1 and CD8-DC2 subsets have also been compared for their efficacy in presenting glycolipid antigens to NKT cells (36, 37). The latter T cells recognize glycolipids in association with the CD1d antigen presenting molecule (38–40). The DC1 subset was effective and the DC2 subset was ineffective in the induction of NKT cell anti-glycolipid immune responses. It is not clear whether the ability of the CD8+ DC1 subset to present soluble and cell associated protein antigens to CD8+ T cells, on one hand, and glycolipid antigens to NKT cells, on the other, is a function of a single subset or of at least two subsets of CD8+ DC1 cells.

The current study identified two major subsets of Batf3 dependent CD8+ DCs (DC1a and DC1b) that differ from each other and from the CD8-DC2 subset on the basis of clear differences in their surface receptors, and gene expression. The ability of all of the latter subsets to induce T cell immune responses to a variety of antigens was compared, and key differences were elucidated.



Results


Identification of 2 Subsets of CD8+ Batf3 Dependent DCs

Single cells were harvested from the spleen of adult wild type (WT) C57BL/6 mice, stained for surface receptors, and CD3-CD56-CD3-CD19-Gr-1- (Lin-) cells were analyzed by flow cytometry for CD11c vs MHC class II expression. As shown in (Figure 1A), 4.5% were contained in the box enclosing a discrete population of CD11c+MHCII+ cells that were identified as dendritic cells (DCs). Further study of the gated DCs in the spleen of WT mice for expression of CD8 vs CD172a showed that 3 populations of cells with discrete concentric contours were present (enclosed in ellipses in Figure 1A). Population 1 (identified as the DC1a subset in all subsequent Figures and Tables) contained CD8hiCD172lo cells, population 2 (identified as the DC1b subset) contained CD8intCD172int cells, and population 3 (identified as DC2 subset) contained CD8-CD172hi cells. In order to determine whether populations 1 and 2 expressed the Irf8+/Irf4- nuclear factor expression pattern that characterizes DC1cells, all three populations were gated separately, and stained for intracellular Irf8 and Irf4. As shown in the histograms in Figure 1A, both the DC1a and DC1b populations expressed the Irf8+/Irf4- pattern. In contrast, the DC2 population, expressed the Irf8-Irf4+ pattern that has been shown previously to characterize the DC2 subset. The mean percentages of the 3 populations among gated CD11c+MHC+ cells enclosed in the ellipses in the spleen of C57BL/6 WT mice are shown in the panel of Figure 1B. DC1a, DC1b, and DC2 subsets made up about 12%,48%, and 40% of total DCs respectively. In additional experiments, the mean percentages of the 3 subsets among splenic DCs in C57BL/6 and BALB/c WT mice were compared. The DC1b cells represented the majority of DCs in both strains, and the mean percentage of DC2 cells was significantly higher in the BALB/c mice.




Figure 1 | Identification of 2 subsets of CD8+ Batf3 dependent DCs. Spleen cells from untreated wild-type (WT) C57BL/6 or BALB/c mice were stained and analyzed by flow cytometry for DC susbsets. (A) Show representative two color FACS gating strategy to identify MHCII(I-A/I-E)+ CD11+ total DCs after gating on lineage negative (CD3, B220, CD19, CD56, Gr-1) spleen cells. Boxes in panels show the percentages of cells enclosed. Gated total DCs cells were further analyzed for CD8 versus CD172a, and 3 discrete populations were observed; populations 1 (DC1a), 2 (DC1b), and 3 (DC2) (indicated by blue, red, and black ovals) respectively. The 3 populations were analyzed for intracellular staining of the Irf8 and Irf4 nuclear factors compared to isotype control staining. Representative histograms are shown as well as the mean (MFI) for Irf8 and Irf4 staining intensity among the gated DC populations (n = 8-10). One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, NS-not significant (p > 0.05). (B) Compares the mean (± SEM) percentages of populations 1 (DC1a), 2 (DC1b), and 3 (DC2) among total DCs from the spleens of untreated (UNT) WT C57BL/6 and BALB/c mice (n =18-20). (C) Shows staining for CD8α versus CD172 on gated CD11c+MHCII+ draining lymph node cells from WT BALB/c mice. The 3 gated populations of DCs were stained for Irf8 and Irf4, and representative histograms are shown. The bar graphs compare the mean percentages of DC1a, DC1b, and DC2 cells from draining lymph nodes of WT BALB/c and C57BL/6 mice (D) Shows representative two color FACS patterns of CD11c+ MHCII+ cells among spleen cells from Batf3-/- BALB/c mice. Gated cells from each box were further analyzed for CD8 versus CD172a. Too few populations 1 and 2 cells were available to stain for nuclear factors, and expression of Irf4 by population 3 is shown in a representative histogram. The mean percentages of the 3 DC populations are compared from WT versus Batf3-/- BALB/c mice in the bar graphs.



The mean fluorescence intensity (MFI) of staining for Irf8 and Irf4 among the 3 populations of gated splenic DCs is shown in Figure 1A. Mean intensity for Irf8 was highest in the DC1a cells, intermediate in DC1b cells and at background levels in DC2 cells. Differences in means were statistically significant for all 3 populations (p<0.001). As expected, the staining pattern for Irf4 showed the opposite pattern with the mean for Irf4 significantly increased (p<0.001) as compared to background staining levels for DC1a and DC1b cells.

Similar analysis of expression of CD8 vs CD172 on gated DCs from the draining lymph nodes of WT BALB/c mice showed that the same discrete contours for 3 populations was observed, and histograms of Irf8 and Irf4 staining followed the pattern observed in the spleen (Figure 1C). Although the mean percentage of DC1b cells in the draining nodes of BALB/c mice was about 70%, the DC2 cells constituted the majority of DCs in the draining nodes of C57BL/6 mice (Figure 1C).

Additional analysis of gated DCs from the spleen of Batf3-/- BALB/c mice showed a dramatic reduction of the DC1a and DC1b cells in representative histograms, and the DC2 cells with the Irf8-Irf4+ pattern accounted for about 93% of total DCs (Figure 1D). The DC1a and DC1b population each made up means of less than 3% of the gated DCs, and the DC2 cells made up a mean of over 90% (of Figure 1D). Mean percentages of each subset are compared for BALB/c WT versus Batf3-/- mice in the bar graph in Figure 1D. Mean percentages for DC1a and DC1b cells in the latter mice were below 2% and the mean for DC2 cells was above 90%. The loss of DC1a and DC1b subsets indicated that these were CD8+Batf3 dependent DCs that have been previously identified as DC1 cells (6, 7). The DC2 subset was similar to the CD8-CD172hi subset previously identified as the DC2 subset (6, 7).



DC1a, DC1b and DC2 Cells Differ in Their Expression of Multiple Surface Markers

In an effort to further distinguish the DC populations from one another, we stained the 3 gated subsets of DCs in the WT BALB/c spleen for a variety of additional surface receptors including those previously shown to identify DC1 cells such as XCR1 and CD24 (5–7). Figure 2A shows that XCR1, CD24, DEC205, Tim-3, Clec9A, BTLA, MHCII, and CD8 were highly expressed on DC1a cells as compared to other DC populations (MFI vs DC1b and DC2 cells p<0.001). In contrast, the MFI for CD1d, CD103, and Tim4 on DC1b cells was significantly increased as compared to that of DC1a and DC2 cells (Figure 2B). Surface receptors highly expressed on DC2 cells as compared to DC1a and DC1b cells were CD11b, CD40, CD172, and CD4 (p<0.001) (Figure 2C). Figure 2D summarizes the patterns of high levels of receptor expression that distinguishes each of the 3DC populations.




Figure 2 | DC1a and DC1b cells in the spleen differ in their expression of multiple surface markers that also distinguish them from DC2 cells. (A) Shows individual and mean (MFI) levels of staining intensity of receptors that are most highly expressed on gated population 1(DC1a) cells including CD8a, XCR1, CD24, DEC205, Clec9A, TIM-3, MHCII, and BTLA (CD272) in WT BALB/c spleen cell samples. (B) Shows MFI levels of receptors most highly expressed on population 2 (DC1b) cells including CD1d, CD103, (DNGR1), and TIM-4. (C) Shows MFI levels of receptors most highly expressed on population 3 (DC2) cells including CD11b, CD172a (SIRP), CD40, and CD4. (D) Table shows the summary patterns of high expression of surface receptors on 3 DC subsets in the spleen. Receptors in red are those with MFIs that were significantly increased as compared to that of the two other DC populations. (N = 10-20). One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant (p > 0.05). MFI, mean fluorescence intensity.





DC1a, DC1b and DC2 Cells Differ in Their Tissue Distributions

In further studies, we elucidated the distribution of the DC populations in the mesenteric lymph nodes (msLNs), intestines (gut), liver, and peripheral blood. Mononuclear cells were collected from the four tissue sources from WT BALB/c mice, and the percentages of these cells among total DCs were determined and compared to that in the spleen and draining lymph nodes. MHCII+CD11c+ total DCs from each tissue were gated as before and analyzed for the expression of CD8 versus CD172 as shown in Figure 3A. Three DC populations were clearly identified among the the msLN cells and peripheral blood mononuclear cells (PBMC) as shown in the representative two color stainings. In contrast, only one population of DCs that had the staining characteristics of DC1b cells was found among the gut mononuclear cells, and neither the DC1a nor the DC2 populations were identified (Figure 3A). Two DC populations with characteristics of the DC1a and DC1b cells were found among liver mononuclear cells, and the DC2 population was not observed (Figure 3A).




Figure 3 | Distribution of 3 DC subsets in different tissues (mesenteric LNs, gut, liver and PBMCs). (A) Shows representative FACS staining of gated MHCII+CD11c+ total DCs from mesenteric lymph nodes (msLNs), intestines (gut), liver and PBMCs of WT BALB/c mice. Total DCs were further analyzed for CD172a versus CD8a staining, and ellipses outline populations 1,2, and 3(DC1a, DC1b, DC2). Mean (SEM) percentages of 3 DC populations among total DCs in (B) msLNs, (C) gut, (D) liver, and (E) PBMCs cells. (N = 6-10). One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis. ***p < 0.001, NS, not significant.



Figures 3B-E shows the mean percentages of each DC population among total DCs from the 4 tissues. Each population accounted for a mean of at least 10% among total DCs in the msLNs and PBMC, and the mean percentage of DC1a cells were significantly increased as compared to the other populations in these tissues (p<0.001) (Figures 3B, E). The mean percentage of DC1a and DC2 cells among total DCs in the gut accounted for less that 2%, and almost all were DC1b cells (Figure 3C). The mean percentage of DC2 cells was below 1% in the liver, and about 60% were DC1b cells and 30% DC1a (Figure 3D). In summary, three populations of DCs were found in the msLNs and PBMC as was observed in the spleen and draining lymph nodes. Whereas the dominant population in the latter two tissues was DC1b, the dominant population among the msLNs and the PBMC was DC1a. DC2 cells were not identified in the two non-lymphoid tissues (gut and liver), and were easily identified in the four lymphoid tissues.



Gene Expression Profiling Distinguishes the 3 DC Populations

In order to compare the gene expression pattern of the 3 DC populations in the spleen of WT BALB/c mice, the cells were sorted by flow cytometry according to the gates shown in Figure 1A for populations 1, 2, and 3, RNA was extracted from the sorted cells, and the gene expression profiles were compared using the RNAseq. Figure 4A shows the heat map comparison of gene expression for sorted DC1a vs DC1b cells, Figure 4B shows the comparison for DC1a vs DC2 cells, and Figure 4C shows the comparison for DC1b vs DC2 cells. The 3 heat maps clearly distinguished the gene expression patterns of the 3 sorted populations. Further quantitative analysis of differences in the immune response and signaling pathways encoded by the upregulated genes of the DC1b versus DC1a cells are shown in Supplemental Figure 1.




Figure 4 | Gene expression profiling reveals additional differences between the 3 DC subsets. (A) Heat map of genes with significantly increased or decreased expression levels (as determined by RNA-seq analysis) in sorted DC1a (Pop 1) versus DC1b (Pop 2) or (B) DC1a (Pop 1) versus DC2 (Pop 3) or (C) DC1b (Pop 2) versus DC2 (Pop 3) from the WT BALB/c spleen. Each row represents a gene identified on the right side of the map, and each column represents a result from a single sample. The color scale shown on the map shows the relative expression levels of the genes across all the samples. Red and yellow shades represent higher expression levels, while blue shades represent lower expression levels. (D–F) Representative staining intensities and MFI of upregulated receptors CD207 (langerin), CD324 (E-cadherin; Cdh1), and Ly6-D cells on DC subsets (n = 10-20). The genes of these three markers were identified by the RNAseq analysis and were stained to confirm their expression at the protein level. One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis of MFI. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant (p > 0.05).



In particular, genes encoding pro-inflammatory and allograft rejection immune response pathways including upregulation of signaling pathways for TNFalpha and IL-2 were significantly increased in the DC1b versus DC1a cells as judged by normalized enrichment scores (NES)(Supplementary Figure 1A). Similar upregulation of genes encoding pro-inflammatory response pathways and cytokine signaling including interferon alpha and gamma, TNFalpha, or IL-2 were observed as judged by NES when DC2 cells were compared to DC1a cells or when DC2 cells were compared to DC1b cells (Supplementary Figures 1B, C). In contrast, expression of gene pathways encoding Myc targets and oxidative phosphorylation were reduced when comparing DC1b versus DC1a cells, and DC2 versus DC1a cells. Principal component analysis (Supplementary Figure 1D) also showed marked differences in gene expression patterns of the 3 DC populations with variances of 40% and 29% for PC1 and PC2 respectively. Duplicate experiments for purification of each of the 3 populations showed marked concordance of gene expression patterns within each population as compared to marked differences between populations (Supplemental Figure 1E).

Analysis of the upregulated genes shown in Figures 4A-C identified three surface proteins that were predicted to be upregulated in DC1b vs DC1a cells: CD324 (E-cadherin), DC1a vs DC2 cells CD207 (langerin), and DC1b vs DC2 cells (Ly6-D). Staining of the splenic DCs showed that the MFIs of the 3 receptors were increased the appropriate cell populations as predicted by the gene expression patterns (Figures 4D–F).



All 3 DC Subsets Present Class I and II MHC Restricted OVA Peptide Antigens to OT-I CD8+ T Cells and OT-II CD4+ T Cells Respectively

We tested the ability of the 3 DC subsets to present a class I MHC restricted ovalbumin (OVA) peptide antigen to OT-1 CD8+T cells harvested from C57BL/6 mice bearing a transgenic TCR that recognizes this peptide antigen (41, 42). In addition, we tested the ability of the 3 DC subsets to present a class II MHC restricted peptide to OT-II CD4+ T cells with the appropriate transgenic TCR (42). Since the 3 DC subsets described above expressed both class I and class II MHC on their cell surfaces, we hypothesized that each DC subset would be able to present both the class I and class II restricted peptides to the OT-I and OT-II T cells respectively when the peptides were added to cultures of each DC subset with the appropriate T cells. However, the lower levels of class II MHC on DC1b cells as compared to the DC1a and DC2 cells, could reduce the activity of the former as compared to the latter subsets with regard to presentation of the class II restricted peptide.

In order to test the antigen presenting activity of the 3 DC subsets independent of the need for antigen processing, OT-1 CD8+ T cells were harvested from the spleens of C57BL/6 transgenic mice and cultured in the presence or absence of sorted C57BL/6 DC1a, DC1b, or DC2 cells in the presence or absence of the class I MHC restricted SIINFEKL peptide derived from ovalbumin. Culture supernatants were assayed for IL-4, IFN, IL-13, and IL-2. Figure 5A shows that all 3 subsets of DCs stimulated the robust secretion of IFN and IL-2 with little or no secretion of IL-4 (<100pg/ml) and modest secretion of IL-13 (<600pg/ml). The mean concentrations of IFN (about 9,000 pg/mL) in the cultures containing the combination of CD8+T cells with each DC subset, and peptide were increased (p<0.001) as compared to the means in cultures containing the combination of CD8+ T cells and peptide without the DCs. DC1a cells stimulated a mean concentration that was a few hundred pg/mL higher than that of the DC1b and DC2 cells (p<0.05). In contrast, the DC2 subset stimulated the highest secretion of IL-2 (mean about 12,5000pg/mL) that was about 10,000 pg/mL higher than that stimulated by the DC1a subset (p<0.001).




Figure 5 | All 3 DC subsets can present Class I, and II MHC restricted OVA peptide antigens, but only DC1b cells present glycolipid antigens. (A) Mean concentrations of IL-2 (Right), IL-13 (Right Middle), IL-4 (Left Middle), and IFNγ (Left) in culture supernatants of FACS-sorted DC subsets (DC1a, DC1b and DC2) (1x104 per well) from wild type untreated C57BL/6 mice that were cultured with OT-I restricted OVA257-264 peptide (1g/mL) and with CFSE-labelled OT-I CD8+ T-cells (1x105 cells per well). In control experiments, CFSE-labelled OT-I CD8+ T-cells (1x105 cells per well) were incubated with OVA257-264 peptide (1g/mL) but without DCs for 5 days. The concentrations of IL-4, IL-13, IL-2, IFN in culture supernatants was measured by Luminex. (B) Mean concentrations of IL-2 (Right), IL-13 (Right Middle), IL-4 (Left Middle), and IFNγ (Lef) in culture supernatants of FACS-sorted DC subsets (DC1a, DC1b and DC2) (1x104 per well) from wild type untreated C57BL/6 mice that were cultured with OT-II restricted OVA323-339 peptide (10g/mL) with CFSE-labelled OT-II CD4+ T-cells (1x105 cells per well). In control experiments, CFSE-labelled OT-II CD4+ T-cells (1x105 cells per well) were incubated with OVA323-339 peptide (10g/mL) without DCs for 5 days. The concentrations of IL-4, IL-13, IL-2, IFN in culture supernatants was measured by Luminex. All data are representative of three independent experiments (6 mice per experiment). (C, D) Mean concentrations of cytokines in cultures of sorted DC1a (Pop 1), DC1b (Pop 2) and DC2 (Pop 3) (15x103 cells/well) subsets incubated with sorted NKT cells (5x105 cells/well) from untreated wild type BALB/c spleen cells. AlphaGalcer (α-galactosylceramide) (100ng/mL) was added to all cultures in (C) but not in (D). Control cultures contained NKT cells with (C) or without (D) glycolipid but without DCs. Supernatants were harvested after 5 days, and concentrations were measured by Luminex. Data pooled from 2 or more independent experiments for a total of at least 10-12 mice per group, represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant (p > 0.05). One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis.



In further experiments, we tested the ability of the 3 DC subsets to present a class II MHC restricted peptide to CD4+ OT-II T cells. Figure 5B shows that all 3 DC subsets stimulated robust secretion of IFN and IL-2 at levels that were comparable to those observed with OT-I cells (2,500-12,500pg/ml), and minimal secretion (<100pg/ml) of IL-4 or IL-13 (<300/pg/ml) consistent with the Th1 pattern observed with OT-I cells. The experiments with OT-II cells were repeated using ovalbumin protein instead of ovalbumin peptide. As shown in Supplemental Figures 2A-D, the Th1 pattern of OT-II cell immune response was similar when the protein was used instead of the peptide. In particular, the 3 DC subsets stimulated robust secretion of IFN gamma and IL-22 (>2,500pg/ml), and considerably less IL-2, IL-13, TNF alpha, and IL-17 (<1,000 pg/ml). The results indicate that all 3 DC subsets can process the protein for presentation to the OT-II T cells. Stimulation of the OT-I and OT-II cells by DCs pulsed with peptide or protein as measured by proliferation (CFSE dilution), indicated that all 3 subsets were effective inducers of proliferation (data not shown).



The DC1b, but Neither the DC1a nor DC2 Subset, Presents Glycolipid to NKT Cells and Induces a TH2 Response

A previous study, showed that Batf-3 dependent CD8+ DCs were able to present a variety of glycolipids, including the potent activating Galcer glycolipid, to NKT cells in vitro and in vivo, but the Batf-3 independent DC2 cells could not (36). We hypothesized that the DC1b subset described above would be more potent than the DC1a and DC2 subsets in stimulating an immune response to the Galcer glycolipid after co-culture with purified NKT cells, since the DC1b subset expressed significantly higher levels of glycolipid antigen presenting molecule, CD1d, as compared to the DC1a and DC2 DC subsets (Figure 2).

To test this hypothesis, CD1dtetramer+ NKT cells were harvested from the spleens of BALB/c mice and cultured in the presence or absence of sorted BALB/c DC1a, DC1b, or DC2 cells in the presence of Galcer. Figure 5C compares the mean concentrations of IFN, IL-4, IL-13 and IL-2 from cultures of NKT cells and Galcer without or without the purified DC subsets. Only DC1b cells induced IL-4 (about 2,500 pg/mL) as compared to cultures lacking DCs. DC1b cells induced significantly higher levels of IL-4 as compared to DC1a and DC2 cells. DC2 cells failed to stimulate significantly increased production of IL-4 as compared to control cultures without DCs. Figure 5C shows that DC1b cells (but not DC1a) stimulated low levels of secretion of IL-13 (mean <100pg/ml) and IL-2 (mean <50pg/ml in vitro that were increased as compared to the background controls, but 25-50-fold less than IL-4.

Since, DCs are able to present constitutively expressed endogenous glycolipid antigens to NKT cells (48), the above experiments that tested the ability of DC subsets to stimulate cytokine secretion of purified NKT cells were repeated in the absence of Galcer. Figure 5D shows that the secretion of IL-4 induced by DC1b cells in the absence of Galcer was at least as robust as in the presence of Galcer. There was a highly significant increase in the mean concentration of IL-4 in NKT cell cultures with DC1b cells versus cultures with NKT cells alone (p<0.001). In addition, DC1a and DC2 cells failed to significantly increase IL-4 concentrations as compared to control cultures with NK T cells alone. A similar pattern was observed with IL-13 secretion; however, the concentrations were all below 200pg/ml. None of the 3 DC subsets induced robust NKT cell secretion of IFN or IL-2 (Figures 5C, D). In summary, only DC1b cells induced robust Th2 cytokine secretion by NKT cells that was predominantly polarized toward IL-4 in contrast to the TH1 pattern induced in OT-I and OT-II by all 3 DC subsets. The response of NKT cells induced by DC1b cells is likely due to endogenous glycolipid antigens.



Slowing the Growth of B16-OVA Melanoma After Vaccination With OVA Loaded DC Subsets

Batf3 dependent CD8+CD103+ DC1 cells, present in the microenvironment of tumors, cross-present tumor antigens to CD8+ T cells in the regional lymph nodes, and are required to initiate an immune response to the tumor (9–11). It is unclear, whether the DC1 cells are also required to initiate an anti-tumor immune response when the tumor antigens are incorporated into a subcutaneous vaccination to treat a tumor. In order to determine whether tumor antigen pulsed DC1a, DC1b, and/or DC2 cells can be used as a vaccination to initiate an immune response and slow the growth of the subcutaneous B16-OVA melanoma tumor, the purified subsets were incubated with ovalbumin whole protein and injected subcutaneously twice into wild type BALB/c mice 4 and 2 weeks before injection of the tumor cells. Figure 6 shows the growth of the subcutaneous tumors as measured by tumor volume on days 11, 15, 17 and 22 after tumor cell injection. Control wild type mice had no vaccination.




Figure 6 | Tumor antigen-pulsed DC1b and DC2 cells are more effective than tumor antigen-pulsed DC1a cells at reducing tumor growth. Bar graphs depicting mean (+/-SE) tumor volumes in wild type C57BL/6 hosts monitored for 22 days. FACS-sorted DC subsets from wild type C57BL/6 mice were pulsed with whole OVA protein (500g/mL) in vitro for 1 hour, and then injected in vivo into wild type C57BL/6 hosts twice subcutaneously with a 2-week interval between injections. Hosts were then challenged with B16F10-ova tumor cells (5x104 cells/mouse) injected subcutaneously on the flank of mouse 2 weeks after the second injection of OVA pulsed DCs, and the tumor volumes monitored over time. Control mice received tumor cells with no vaccination. Data are representative of two independent experiments. Each data point reflects data from 6-10 mice injected with FACS-sorted DC subsets pooled from 8-10 mice. One-way ANOVA (Holm-Sidak’s multiple comparison test) results are indicated as *P < 0.05, **p < 0.01, ***p < 0.001, NS, not significant (p > 0.05).



The tumor growth in control mice was rapid, and the mean tumor volume at day 22 was about 4500mm3. Experimental mice that were vaccinated with the 3 different subsets of DCs showed significant slowing of tumor growth with all 3 subsets as compared to control mice. When DC1a cells were used as the vaccination, the day 22 mean volume was reduced to 2500 mm3 (p<0.05), and when DC1b and DC2 cells were used the volumes were further reduced to about 1,200 and 1,000 mm3 respectively (p<0.001). The DC1b and DC2 cells were significantly (p<0.01) more effective in slowing tumor growth than the DC1a cells.




Discussion

Our findings show that Batf3 dependent CD8+DC1 cells, which had been previously distinguished from DC2 cells by the expression of surface markers such as CD24 and XCR1 (6, 20) and the nuclear transcription factor Irf8 (4, 5), can be further divided by their surface phenotype, gene expression profile and function into two subsets that we have designated DC1a and DC1b. Both DC1a and DC1b cells expressed CD24, XCR1, CD8, and Irf8 but the levels of expression were significantly different, and the DC1b cells expressed significantly lower levels. DC1b cells expressed significantly higher levels of CD1d, CD103, and Tim-4 as compared to the DC1a cells. In contrast, the DC2 cells failed to express CD24, XCR1, CD8, and Irf8, but did express Irf4. The DC1a, DC1b, and DC2 subsets were clearly identified by flow cytometry in the lymphoid tissues including the spleen, skin draining lymph nodes, msLNs, and PBMC when MHCII+CD11c+ total DCs were further analyzed for the expression of CD8 versus CD172.

Interestingly, only the DC1b subset was clearly identified by flow cytometry among total DCs in the intestines. The results suggest a failure of the DC1a and DC2 subsets to migrate to the gut. Our continuing studies investigate the chemokine receptors and other trafficking molecules on all three subsets, and whether sorted DC1b cells from the intestines differ in their gene expression pattern and function from the sorted DC1b cells from the lymphoid tissues. It has been previously shown that almost all CD8+DCs in the intestines express CD103 (27). The latter is consistent with the current finding that only DC1b cells are present in the intestines, since DC1b cells expressed significantly higher levels of CD103 than the DC1a or DC2 cells. E-Cadherin was also highly expressed along with CD103 on the DC1b cells, and this is likely to promote interactions between these cells since E-Cadherin binds to CD103, and the heterodimers can modulate their immune functions (48).

Sorted DC1a, DC1b and DC2 cells from the spleen were compared for their gene expression patterns using RNAseq analysis. Differences in gene expression patterns predicted that the expression of E-cadherin and Ly6-D surface receptors also could be used to distinguish the subsets, and this was confirmed by surface staining. Despite the capacity of all 3 DC subsets to present peptide and protein antigens to OT-II CD4 T cells and OT-I CD8 T cells, only the DC1b subset with the highest level of expression of the CD1d was able to effectively present the Galcer or endogenous glycolipid antigens to NKT cells. This finding is consistent with the previously reported ability of CD8+DCs to present a variety of glycolipid antigens to NKT cells in vitro, whereas the CD8-DCs were ineffective (36, 37). Interestingly, the NKT cell response elicited by the DC1b cells showed a Th2 skewing made up predominantly of IL-4 with minimal IFN or IL-2 (27). This polarization is likely due to the low level of CD40 on the DC1b subset, since blocking of the CD40/CD40L interaction has been shown to result in a Th2 polarization of NKT cells (49).

The DC2 cells were also more effective than DC1 cells in eliciting immune responses after vaccination with OVA pulsed DC subsets to control the growth of the OVA-B16 melanoma tumor cells. DC1 cells have been studied extensively for their capacity to cross-present intracellular tumor antigens and viral antigens to CD8+ T cells in local lymph nodes to subsequently induce systemic immune responses (9). However, the role of DC1 versus DC2 cells in the context of the induction of immune responses after subcutaneous vaccination with tumor or viral antigens remains to be elucidated, since the antigens in vaccines can be taken up directly by DCs in local lymph nodes without the need for cross-presentation. In addition, DCs can be pulsed in vitro with these antigens. Previous studies showed that DC2 cells can be at least as effective as DC1 cells in the induction of anti-tumor immune responses after vaccination, and can generate anti-tumor CD4+ and CD8+ memory T cells (35).

In the current study, we found that vaccination with OVA pulsed DC1b and DC2 cells were more effective than the pulsed DC1a cells in controlling the growth of the OVA-B16 melanoma. The results suggest that the DC1b cells are more effective in generating memory T cells to OVA tumor antigen than DC1a cells in the context of vaccination. However, further studies are needed to compare the efficacy of the two subsets for antigen cross-presentation of tumor antigens in the tumor microenvironment. Tumor control is likely to involve DCs in the generation of memory T cells from the vaccination as well as cross-presentation of antigen by DCs in the tumor microenvironment. In conclusion, our studies showed that CD8+Batf3 dependent DC1 cells are comprised of DC1a and DC1b subsets that differ in their surface marker phenotype, gene expression patterns, and function from each other as well as from DC2 cells.



Materials and Methods


Mice

Adult 8- to 10-week-old male Batf3-/- BALB/c (H-2Kd)1 mice, wild type C57BL/6 (H-2Kb), and (C57BL/6-Transgenic (TcraTcrb)1100Mj) OT-I (CD8+ TCR-Tag specific for ovalbumin (OVA) derived SIINFEKL peptide) mice (41) were used for the studies. Transgenic C57BL/6-OT-II mice (B6. Cg (TcraTcrb) 425Cbn/J) with a CD4+TCR-Tag specific for OVA 323-339 peptide, were used also. All mice were obtained from the Jackson Laboratory (Bar Harbor, ME) (42). Ja18-/- BALB/c mice were originally obtained through a material transfer agreement with Dr. Taniguchi of RIKEN Research, Japan. Wild type BALB/c (H-2Kd), Cd1-/- BALB/c mice and Ja18-/- BALB/c mice (39) were bred in the Department of Comparative Medicine, Stanford University (Stanford, CA), and all mice were maintained in the Department according to institutional guidelines approved by the National Institutes of Health.



Immunofluorescent Staining and Fluorescent Activated Cell Sorter Analysis

Staining procedures and flow cytometry analysis performed on FACS LSRII or Aria machines (Becton Dickinson, San Jose, CA) and have previously been described in detail (43). The Fluorochrome conjugated mAbs used for staining were purchased from Invitrogen (San Diego, CA), Biolegend (San Diego, CA), BD biosciences (San Jose, CA), Novus Biologicals (Littleton, CA), Bio-Rad (Hercules, CA) and R&D Systems, (Minneapolis, MN). The following reagents and antibodies were used for flow cytometry:

CD11c (clone: N418; HL3); CD8a (clone: 53-6.7); CD205 (DEC205)(clone: NLDC-145); MHCII (I-A/I-E)(clone: M5/144.15.2); TLR3 (clone: 40C1285.6); TLR3 (clone: 40C1285.6); TLR4 (clone: MTs510); CD16 (FcγRIIIA)(clone: 5B11); CD32B (FcγRIIB); CD11b (clone: M1/70); CD172a (SIRPa) (clone: P84); CD45R/B220 (clone: RA3-6B2); CD370 (CLEC9A, DNGR1, clone: 7H11), CD103 (clone: 2E7), Treml4 (clone: 16E5), TIM-4 (clone: RMT4-54); CD40 (3/23); Rae-1; CD69 (clone: H1.2F3); TCRb (clone: H57-597); CD24 (clone: M1/69); XCR1 (clone: ZET); TIM-3 (CD366, clone: RMT3-32); CD1d (clone: 1B1); Clec9A (DNGR1, clone: 7H11); CD4 (clone: GK1.5); CD207 (clone: 929F3.01); CD324 (E-cadherin, clone: DECMA); Ly6-D (clone: 49-H4); PDL-2 (clone: TY25) and PDL-1 (clone: MIH5). Cells were stained with monoclonal antibodies and aqua dye (Zombie Aqua, Biolegend, San Diego, CA), a dead cell exclusion dye prior to flow cytometry analysis as per the manufacturer’s protocol (eBioscience, BD biosciences). Phycoerythrin and allophycocyanin conjugated CD1d-tetramers were obtained from the National Institutes of Health (NIH) Tetramer Facility, Rockville, MD. FACS analysis used FlowJo Software.



Isolation, Purification, and Co-Culture of OT-I, and OT-II T Cells

The C57BL/6 spleen cells from either OT-I or OT-II transgenic mice (Jackson Laboratory) were harvested, and the single cell suspensions lysed with ACK lysis buffer (0.15M NH4Cl, 1mM KHCO3, and 0.1mM Na2EDTA {pH 7.4]) for 2 min at room temperature. Subsequently, cells were purified using conventional CD8+ T cell or CD4+ T cell isolation kit by negative selection on MACS LS columns, and then CFSE-labeled (labeled with 2.5μM CFSE) (Molecular Probe, Invitrogen, Eugene, OR). The DC subsets were co-cultured with enriched CFSE-labeled CD8+ T or CD4+ T cells from OT-I or OT-II mice spleen respectively with or without Ovalbumin peptides (OVA257-264 (1g/mL), OVA323-339 (10g/mL) or whole OVA protein (1g/mL) in 96-well round bottom plates at a ratio of 1:10 (DCs: T cells) at 37C, 5% CO2 in Complete (10% FCS) RPMI medium for 5 days. After co-culture the culture supernatants were collected for cytokine analysis using Luminex, and the cells were stained for OT-I or OT-II proliferation analysis by flow cytometry. OVA peptides and whole OVA protein were purchased from Sigma-Aldrich (St. Louis, MO).



Isolation and Purification of NKT Cells

Invariant NKT (iNKT) cells were isolated using a gating strategy as described in detail before (44). Briefly splenocytes from wild-type BALB/c mice were stained with glycolipid loaded PE-conjugated CD1d tetramers (National Institutes of Health, Tetramer Facility, Emory-Atlanta, GA), and PE-conjugated-Galcer loaded CD1d dimer-mouse IgG fusion protein (BD Biosciences, San Jose, CA). iNKT cells were enriched subsequently by incubating with anti-PE microbeads (Miltenyi Biotech, Auburn, CA), and passing through a magnetic column (Miltenyi Biotech). The cells were then stained with anti-TCR-FITC and sorted by FACS Aria II (Becton Dickinson). The purity of sorted iNKT cells (TCR+CD1d-tet+) was more than 97%. Sorted iNKT cells were then cocultured in vitro with DC subsets from untreated wild type BALB/c mice.



Isolation, Purification, and In Vitro Irradiation of DC Subsets

The C5BL/6 spleen cells from wild type untreated mice were cut into pieces with scalpel blades, and then digested with collagenase solution at 37C for 30 min on a shaker. The digested spleen cells were filtered with a cell strainer (70μm), and then RBCs were lysed with lysis buffer. For sorting, Miltenyi Mouse Pan-DC enrichment kit was used to enriched CD11c+ cells by magnetic beads labeling and purification on a LS column. For sorting DC cell subsets, the enriched CD11c+ cells were stained with the following monoclonal antibodies; CD11c, B220, MHCII, CD8a, and CD172a. The sorted DC subsets (DC1a (Pop 1), DC1b (Pop 2), DC2 (Pop 3) used for antigen (Ova) presentation to OT-I T cells, were irradiated (3,000 rads) from a 137Cs source (J.L. Shephard & Associates, San Fernando; CA).



Cytokine Quantification of Supernatants From Cultures of NKT Cells, OT-I and OT-II Cells

To determine cytokine production in culture supernatants, NKT cells were cultured (at 5x104 cells/well) with DC subsets (at 1x104 cells/well), or alone. In another study of antigen presentation, OT-I cells (CD8+ T cells; 1x105 cells/well), or OT-II cells or were cocultured with DC subsets (at 1.5x104 cells/well) or alone for 4 days at 37 °C under 5% CO2 in 96-well flat-bottomed plates (Falcon, Becton Dickinson, Franklin Lakes, NJ) in a volume of 0.2 ml in Complete (10% FCS) RPMI medium for 4 days. Cell-free supernatants were collected after centrifugation for protein analysis, while cell pellets were resuspended and stained for flow cytometric analysis. Supernatants were assayed for IL-4, IL-13, IL-2 and IFN protein amounts using Multiplex magnetic Bead Array kit (ThermoFisher Scientific, Waltham, MA), quantified using a MAGPIX instrument (Luminex Corporation, TX).



In Vitro Stimulation of NKT Cells by Splenic DC Subsets

To assess the efficacy of the 3 DC subsets to stimulate NKT cell cytokine production, sorted iNKT cells from untreated BALB/c mice, and sorted DC subsets (DC1a, DC1b, DC2) obtained from untreated wild type BALB/c spleen cells were cultured alone or together or in some cultures, α-galactosylceramide (100ng/mL) was added. iNKT cells (5x104 cells/well) and DC subsets (1.5x104 cells/well) were cultured at 37C, 5% CO2 in Complete (10% FCS) RPMI medium for 4 days. After culture, the supernatants were harvested, and the concentrations of cytokines in supernatants were quantified using a MAGPIX instrument (Luminex Corporation, TX).



In Vitro Stimulation OT-I CD8+ T Cells, and OT-II CD4+ T Cells by Splenic DC Subsets

To evaluate antigen presentation capabilities of sorted DCs, irradiated DC subsets (DC1a, DC1b, and DC2) were plated in a round bottom 96-well plate at concentration of 1x104 per/well. Purified OT-I CD8+ T cells, or OT-II+CD4+ T cells were mixed with DC subsets at a ratio of 1:10 and cocultured for 4 days at 37C in 5% CO2 in Complete (10% FCS) RPMI media. In some wells, MHCI restricted ovalbumin specific peptide SIINFEKL (OVA peptide 257-64), or MHCII restricted ISQAVHAAHAEINEAGR (OVA peptide 323-339, recognized by transgene encoded TCR of OT-II+CD4+ T cells), or whole OVA protein were added to the cell cultures. DC subsets were cultured either alone or with OVA or with OT-I T cells or OT-II cells. OT-I T, OT-II or were also either cultured alone or with OVA peptides or with whole OVA protein in control cultures.



In Vivo Immunization of Mice With OVA Protein Pulsed DC Subsets Prior to Tumor (B16F10-OVA Cell Line) Challenge

The ability of DC subsets to process and present antigen to naïve T cells in vivo to control OVA-specific tumor (B16F10-Ova) was compared. Sorted DC subsets were pulsed in vitro with whole OVA protein (500g/mL) for 1hr in 37C, 5%CO2 incubator. Pulsed DCs were then used to vaccinate naïve wild type C57BL/6 hosts 2 times in a 2-week interval at a dose of 2x105 cells per mouse by intravenous injection of the tail vein.

Two weeks after the last vaccination with primed DC subsets, C57BL/6 hosts were injected subcutaneously into the flank with 5x104 B16F10-OVA cells/mouse and monitored for tumor growth. B16F10-OVA cells were kindly provided by Dr. Darrell Irvine (Massachusetts Institute of Technology MIT (Cambridge, MA). The equation used to calculate tumor volume was as follows: tumor volume = length x width2 x 0.52. Mice were euthanized when the tumor diameter of the tumor mass reached 2 cm.



RNA Sequencing Analysis

Total RNA was prepared by sorting enriched CD11c+ subsets; DC1a (Pop 1), DC1b (Pop 2) and DC2 (Pop 3) from spleen cells (1,000 cells per sample) into RLT Plus lysis buffer (Qiagen) and stored at –80 °C, and then processed using RNeasy Micro Plus kit (Qiagen) per the manufacturer’s protocol. Two biological replicates were used for DC1a, DC1b and DC2 RNA-seq. The RNA quality was assessed by Agilent 2100 Bioanalyzer (Agilent Technologies). cDNA synthesis and amplification were prepared using SMARTseq v4  UltraLow Input RNA kit (Takara Inc.). The cDNA library was further processed for bulk RNASeq using a KAPA HyperPlus library kit (Roche Inc.) followed by ligation of Illumina Adaptor tags (Illumina Inc.). Library were quantified and sequenced at Human Immune monitoring Core Center and Genomics/Microarray Core Facility at Stanford University on Illumina Hiseq 4000.  

Sequencing yielded 76 bp paired-end reads with a mean sequencing depth of 24.8 million paired-end reads/sample. Trimmomatic (version 0.36) (45) was used to remove adaptors from reads. Clean reads were then aligned to the Mus musculus transcriptome (GRCm38) using histat2(version 2.1.0) (46) and gene count matrix of those mapped uniquely to known mRNAs (GRCm38.84.gtf) were generated by stringtie (version 1.3.1c, prepDE.py function) (47). DESeq2 was used to carry out  differential gene expression of pairwise comparisons between tissues with the same genotype and between genotypes in the same tissue.



Statistical Analysis

Results from independent experiments were pooled, and all data were analyzed using Prism (GraphPad Software; VERSION 7) by comparison of means using unpaired two-tailed Student’s t tests. A difference of 0.05 was accepted as statistically significant. The data in all figures represent mean ± SEM to indicate variation within each experiment. One-way ANOVA (Holm-Sidak’s multiple comparison test) was used for statistical analysis. *-p<0.05; **-p<0.01; ***-p<0.001; NS-not significant (p>0.05). Statistical analysis for RNA-seq data is described above.
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Supplementary Figure 1 | DC1a, DC1b and DC2 cells shows differences in expression of genes encoding immune response and cytokine signaling pathways. (A–C) GSEA (gene set enrichment analysis) of the most significantly (p < 0.1) upregulated and downregulated genes was compared using NES (normalized enrichment scores) of gene transcripts obtained by RNAseq analysis of sorted DC1a (Pop 1), DC1b (Pop 2) and DC2 (Pop 3) cells from WT BALB/c spleens. GSEA was used to determine NES as follows: - NES = actual ES/mean (ESs against all permutations of the data set). A small normal p value and a high FDR value indicates not significant. FDR is adjusted for gene set size and multiple hypothesis testing but not p value. (D, E). Shows the PCA of the three DC subsets, and the distance among the samples respectively. The information for gene set analysis were obtained from the following websites. GSEA website: https://www.gseamsigdb.org/gsea/doc/GSEAUserGuideTEXT.htm#_Enrichment_Score_(ES) Hallmark gene sets were downloaded from website: http://bioinf.wehi.edu.au/MSigDB/v7.1/Mm.h.all.v7.1.entrez.rds: H hallmark gene sets.

Supplementary Figure 2 | All 3 DC subsets pulsed with OVA protein stimulated robust secretion of Th1 cytokines by OT-II CD4+ T-cells. (A–D) Mean concentrations of IFN, IL-4, IL-13, IL-2, IL-22, TNF, and IL-17a in culture supernatants. FACS-sorted enriched DC subsets (DC1a, DC1b and DC2) (1x104 per well) from wild type untreated C57Bl/6 mice cultured alone or with CFSE-labelled OT-II CD4+ T-cells from (1x105 cells per well) in the presence of whole OVA protein (1g/mL). Cytokines in culture supernatants were measured by Luminex. Control cultures contained OT-II cells alone. Data was pooled from 2 or more independent experiments for a total of at least 10-12 mice per group. One-way ANOVA (Holm-Sidak’s multiple comparison test) results are indicated.
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Regulatory immunity that provides resistance to relapse emerges during resolution of experimental autoimmune uveitis (EAU). This post-EAU regulatory immunity requires a melanocortin 5 receptor (MC5r)-dependent suppressor antigen presenting cell (APC), as shown using a MC5r single knock-out mouse. The MC5r-dependent APC activates an adenosine 2A receptor (A2Ar)-dependent regulatory Treg cell, as shown using an A2Ar single knock-out mouse. Unexpectedly, when MC5r-/- post-EAU APC were used to activate A2Ar-/- post-EAU T cells the combination of cells significantly suppressed EAU, when transferred to EAU mice. In contrast, transfer of the reciprocal activation scheme did not suppress EAU. In order to explain this finding, MC5r-/-A2Ar-/- double knock-out (DKO) mice were bred. Naïve DKO mice had no differences in the APC populations, or inflammatory T cell subsets, but did have significantly more Treg cells. When we examined the number of CD4 and CD8 T cell subsets, we found significantly fewer CD8 T cells in the DKO mice compared to WT and both single knock-out mice. DKO mice also had significantly reduced EAU severity and accelerated resolution. In order to determine if the CD8 T cell deficiency contributed to the resistance to EAU in the DKO mice, we transferred naïve CD8 T cells from WT mice, that were immunized for EAU. Susceptibility to EAU was restored in DKO mice that received a CD8 T cell transfer. While the mechanism that contributed to the CD8 T cell deficiency in the DKO mice remains to be determined, these observations indicate an importance of CD8 T cells in the initiation of EAU. The involvement of CD4 and CD8 T cells suggests that both class I and class II antigen presentation can trigger an autoimmune response, suggesting a much wider range of antigens may trigger autoimmune disease.




Keywords: autoimmune uveitis, A2a adenosine receptor (A2Ar), melanocortin 5 receptor, Treg - regulatory T cell, CD8 T cell



Introduction

Ocular inflammation, uveitis, can cause permanent damage to the light-gathering structures of the eye, resulting in permanent blindness. Uveitis is the third leading cause of blindness in countries with access to cataract surgery, with an incidence between 25.6 – 122 cases per 100,000 a year, and a prevalence of 69 - 623 cases per 100,000 (1–3). Active uveitis patients experience transient or permanent vision loss occurs with an estimated 12.5% going on to develop glaucoma (4). Autoimmune uveitis patients experience relapsing and remitting inflammation, with 33% of anterior uveitis cases becoming chronic (5). A better understanding of the immunobiology that contributes to relapsing and remitting intraocular inflammation has the potential to develop novel more effective treatments for autoimmune uveitis.

Experimental autoimmune uveitis (EAU) is the most widely used mouse model of human autoimmune uveitis (6). In C57BL/6J mice, resolution of EAU occurs at 75-90 days following immunization for EAU without further relapse (7–9), and at this point (post-EAU) regulatory immunity is found in the spleen (10). This post-EAU regulatory immunity provides resistance to relapse and suppresses EAU when transferred to recipient EAU mice (10–13). A critical component of post-EAU regulatory immunity is expression of the adenosine 2A receptor (A2Ar) for activation and differentiation of Treg cells, and expression of the melanocortin 5 receptor (MC5r) on the post-EAU suppressor antigen presenting cell (APC) (11, 12). While A2Ar-expressing post-EAU Tregs and MC5r-expressing APC are not required for resolution of EAU (11, 14), it has been shown that depletion of all Foxp3+ Treg cells before resolution of EAU prevents resolution (15). Therefore, the resolution of EAU and induction of regulatory immunity that provides resistance to relapse occur independently of one another. As such, a better understanding of the melanocortin-adenosinergic pathway is needed.

It is well documented that CD8+ T cells have a role in uveitis through observations in rodent models of EAU (16–19), and analysis of aqueous humor from uveitis patients (20, 21). MC5r transcript expression has been reported in CD8+ T cells from human PBMCs (22) but protein expression was not confirmed and the role of MC5r in this cell subset has not been further examined. A2Ar has been extensively studied in the field of cancer biology, and has a suppressive role on CD8+ T cells, as tumor evasion by the immune system is observed with blockade of A2Ar on CD8+ T cells (23, 24). However, the role of MC5r and A2Ar have not been examined on CD8+ T cells in the context of autoimmune uveitis.

In this report, we demonstrate that the melanocortin-adenosinergic pathway is more nuanced than was previously understood and involves more cell types than previously reported. In addition to the involvement in the induction and activation of post-EAU regulatory immunity, the melanocortin-adenosinergic pathway has an additional role in the disease phase of EAU that requires CD8+ T cells for the induction of EAU.



Methods


Mice

All mouse procedures described in this study were approved by the University of Oklahoma Health Sciences Center Institutional Animal Care and Use Committee (OUHSC IACUC) and all mouse study methods were carried out in accordance with the relevant guidelines approved by the OUHSC IACUC. C57BL/6J mice and adenosine 2A receptor knock-out (A2Ar-/-) mice were purchased from Jackson Laboratories. Melanocortin 5 receptor knockout mice (MC5r-/-) mice on a C57BL/6J background were a generous gift from Roger D. Cone (Oregon Health Sciences, Portland, Oregon). A2Ar-/- MC5r-/- double knock-out (DKO) mice were bred in the Dean McGee Eye Institute vivarium, and the genotype was confirmed by PCR in the DMEI Genotyping Core.



Experimental Autoimmune Uveoretinitis

EAU was induced in mice according to the previously described immunization protocol (13). An emulsion of complete Freund’s adjuvant (CFA) with 5 mg/mL desiccated M. tuberculosis (Difco Laboratories, Detroit, MI) and 2 mg/ml interphotoreceptor retinoid binding protein (peptides 1-20) (IRBP) (Genscript, Piscataway, NJ) was used to immunize mice for EAU. A volume of 100 µl was injected subcutaneously at two separate sites in the lower back along with an intraperitoneal injection of 0.3 µg pertussis toxin. Fundus examinations using a slit lamp microscope occurred every 3-4 days to monitor the severity of retinal inflammation over the course of EAU. To examine the retina, the iris was dilated using 1% tropicamide, the cornea was numbed with 0.5% proparacaine, and the cornea was flattened with a glass coverslip in order to examine the retina. The severity of EAU was scored on a 5-point scale, as previously described (25), using the clinical signs of observable infiltration and vasculitis in the retina. Both eyes were scored and the higher score was taken to represent that mouse for that day, and the average score for the group was calculated.



In Vitro Stimulation

Spleens were collected into 5% FBS in RPMI supplemented with 10 μg/ml Gentamycin (Sigma), 10 mM HEPES, 1 mM Sodium Pyruvate (BioWhittaker), Nonessential Amino Acids 0.2% (BioWhittaker) and made into a single cell suspension that was depleted of red blood cells using RBC lysis buffer (Sigma, St Louis, MO). The spleen cells were resuspended in serum free media (SFM) and IRBP was added at 50 μg/mL for 48 hours at 37°C and 5% CO2 to reactivate antigen specific T cells. SFM consisted of RPMI-1640 with 1% ITS+1 solution (Sigma) and 0.1% BSA (Sigma). Following the reactivation, supernatants were collected and analyzed and/or cells were collected for adoptive transfer into recipient mice.

In some experiments antigen presenting cells (APC) and T cells were cultured from different strains. APC were collected by incubating splenocytes in SFM at 37°C and 5% CO2 for 90 minutes in tissue culture plates, washed twice, and adherent cells were scraped off of the plastic in ice cold SFM, and plated at 4 x 105 cells per well. CD3 enriched T cells were obtained from post-EAU spleens using a CD3 enrichment column (R&D Systems), added to the sorted APC at 8 x 105 cells per well with 50 μg IRBP peptide, and cultured at 37°C 5% CO2 for 48 hours. After 48 hours, T cells and APC were collected, and washed in PBS. Following the reactivation, cells were collected for adoptive transfer into recipient mice.



Adoptive Transfer

Cultured cells described above were collected under sterile conditions washed with sterile PBS, and resuspended in sterile PBS. Mice were injected with 1 x 106 activated post-EAU cells in PBS into the tail vein. Following the adoptive transfer, the mice were immunized for EAU as described above.



Cytokine Analysis

Cell culture supernatants were assayed using the mouse Th1/Th2/Th17/Th22/Treg 18-multiplex procartaplex kit, (Invitrogen, Vienna, Austria) to assay the culture supernatants. The Multiplex plate was analyzed with Bio-Rad plate reader (Bioplex system, Hercules, CA). The assay was performed according to manufacturer’s instructions.



Flow Cytometry

Mouse spleen cells were washed with PBS with 1% BSA (staining buffer), blocked with mouse IgG in staining buffer, then stained with conjugated antibodies. Antibodies used were anti-CD11b (clone M1/70, Biolegend, San Diego, CA), anti-Ly-6C (clone HK1.4, Biolegend), anti-Ly-6G (clone 1A8, Biolegend), anti-F4/80 (clone BM8, eBiosciences, San Diego, CA), anti-MHCII (clone M5/114.15.2, Biolegend), anti-CD4 (clone RM4-5, Biolegend), anti-PD-1 (clone 29F.1A12, Biolegend), anti-Foxp3 (clone FJK-16s, eBiosciences), anti-Tbet (clone 4B10, Biolegend), and anti-RORγt (clone AFKJS-9, Biolegend). Prior to anti-Foxp3, anti-Tbet, and anti-RORγt staining, the cells were fixed and permeabilized.

Stained cells were analyzed in the Oklahoma Medical Research Facility (OMRF) Flow Cytometry Core Facility on a BD LSRII (BD Biosciences) or the DMEI Ocular Immunobiology Core on a 4-laser Aurora (Cytek Biosciences, Fremont, CA). When the Aurora was used, unmixing was done using SpectroFlo Software (Cytek) and data was analyzed using FlowJo Software (Tree Star, Inc., Ashland, OR).



Statistics

Statistical significance between maximum EAU scores was determined using nonparametric Mann-Whitney U test between groups of mice. Two-way ANOVA was also used to assess significant changes in the tempo of disease between the groups of treated EAU mice with post-test Bonferroni comparison analysis. Statistical significance was determined when P ≤ 0.05 (two-sided). All statistical tests were conducted in R v3.5.1 and statistical analysis for mouse experiments were analyzed with Graphpad Prism software.




Results


The Melanocortin-Adenosinergic Pathway Is More Complicated Than Previously Observed

The aim of this study is to further understand the role of the melanocortin-adenosinergic pathway in the induction of autoimmune uveitis. We have previously reported that the melanocortin-adenosinergic pathway is necessary for the induction of post-EAU regulatory immunity that provides resistance to relapse (11, 14, 26, 27). Our previous work specifically showed that expression of the melanocortin 5 receptor (MC5r) on the post-EAU antigen presenting cell (APC) is required for activation of post-EAU regulatory T cells that express the adenosine 2A receptor (A2Ar). We therefore reasoned that a post-EAU MC5r-/- APC would be unable to activate a post-EAU A2Ar-/- T cell. However, when transferred to a recipient mouse immunized for EAU we observed a significant suppression of disease compared to EAU mice that received no cell transfer (Figure 1A). When the reciprocal activation scheme was used, we found that post-EAU A2Ar-/- APC used to activated post-EAU MC5r-/- T cells were unable to suppress disease in recipient mice (Figure 1B). These unexpected observations suggested the interplay between APC and T cells through the melanocortin-adenosinergic pathway is more complicated than previously understood. We next asked what the role of this pathway is during the induction of disease using a double knockout (DKO) mouse with the MC5r-/- A2Ar-/- genotype.




Figure 1 | Activation requirements of post-EAU regulatory macrophages and T cells in MC5r-/- and A2Ar-/- mice. APC and T cells from post-EAU MC5r-/- and A2Ar-/- mice were collected. APC and T cells were cultured in vitro with IRBP and adoptively transferred to recipient mice immunized for EAU. The solid line with closed circles are EAU control mice that did not receive an adoptive transfer of spleen cells (no cell transfer, n = 18). Post-EAU MC5r-/- APC were used to activate post-EAU A2Ar-/- T cells and transferred to a recipient mouse and immunized for EAU (A, solid line with inverted triangles, n = 6). Post-EAU A2Ar-/- APC were used to activate post-EAU MC5r-/- T cells and transferred to a recipient mouse and immunized for EAU (B, solid line with squares, n = 10). Disease was monitored every 3-4 days from the time of immunization through resolution. Each experiment consisted of 4-5 mice, and each experiment was repeated 2-4 times. Significant suppression of disease was observed compared to EAU mice that received no cell transfer (*P< 0.05), determined by two-way ANOVA with Bonferroni post-test.





The DKO Mice Have No Difference in Suppressor APCs, More Tregs, and Are Resistant to Disease

We first asked if the APC compartment is different in DKO mice compared to the single knockout (SKO) mice. Spleens from naïve WT, DKO, MC5r-/-, and A2Ar-/- were collected and stained for CD11b, F4/80, Ly6G, and Ly6C as we have done before (14). We observed a similar number of CD11b+F4/80+ macrophages between each of the four strains of mice (Figure 2A). However, we did observe significantly more CD11b+ F4/80+ Ly6G+ Ly6Clo macrophages in DKO mice compared to WT, MC5r-/-, and A2Ar-/- mice (Figure 2B), but did not observe a significant difference in the abundance of CD11b+ F4/80+ Ly6G+ MHCII+ macrophages between the WT, DKO, MC5r-/-, and A2Ar-/- mice (Supplementary Figure 1). Because the CD11b+ F4/80+ Ly6G+ Ly6Clo macrophages have previously been demonstrated to be the suppressor macrophage population at the resolution of disease that activates post-EAU Tregs (11, 14), we asked if there were more PD-1+ Foxp3+ Tregs, the Tregs we previously identified as post-EAU Tregs that suppress disease (27). Comparison of the Treg compartment between WT, DKO, MC5r-/-, and A2Ar-/- mice revealed that DKO mice had significantly more PD-1+Foxp3+ Tregs than the WT, MC5r-/-, and A2Ar-/- mice (Figure 2C).




Figure 2 | Comparison of APC and Tregs in naïve DKO with WT, MC5r-/-, and A2Ar-/- mice. Spleens from naïve WT (N=6), DKO (N=6), MC5r-/- (N= 4), and A2Ar-/- (N = 5) were collected and stained for CD11b, F4/80, Ly6G, Ly6C, CD4, PD-1, and Foxp3. Representative pseudocolor dot plots and the mean ± SEM for each mouse are shown for CD11b and F4/80 (A), Ly6G and Ly6C (B), and PD-1 and Foxp3 (C). The Ly-6G and Ly6C panels are gated on CD11b+F4/80+ cells, and PD-1 and Foxp3 panels are gated on CD4+ cells. Each experiment consisted of 1-2 mice, and each experiment was repeated 2-3 times. Significance was assessed by nonparametric Mann-Whitney U test. Statistical significance (P ≤ 0.05) is designated by *, or not significant (n.s.).



We next asked what the effect of the MC5r and A2Ar deficiency in DKO mice has on EAU. WT, DKO, MC5r-/-, and A2Ar-/-mice were immunized for EAU and monitored through the course of disease. As we previously observed, MC5r-/- and A2Ar-/- mice showed no significant change in EAU tempo and severity (Figures 3A, B, D). However, we observed a significant reduction in the severity and course of disease in DKO mice (Figures 3C, D). These observations reveal an unexpected role of these receptors on the induction of disease that is in contrast with what we have observed in relation to the induction of regulatory immunity that provides resistance to disease.




Figure 3 | The course of EAU in WT, MC5r-/-, A2Ar-/-, and DKO mice. WT mice (n = 8), MC5r-/- (n = 7), A2Ar-/- (n = 4), and DKO (n = 11) mice were immunized for EAU and evaluated from the time of immunization every 3 - 4 days for clinical signs of uveitis. The course of disease MC5r-/- (A, dashed line with triangles), A2Ar-/- (B, dashed line with squares), and DKO (C, dashed line with inverted triangles) is shown with WT mice (solid line with circles). The severity of disease is indicated by the maximum score of each mouse over the entire course of disease (D). Each experiment consisted of 1-4 mice, and each experiment was repeated 2-3 times. Significance was assessed by two-way ANOVA with Bonferroni post-test for EAU scores over the course of disease and nonparametric Mann-Whitney U test for maximum scores. Statistical significance (P ≤ 0.05) is designated by *.





DKO Mice Have More Tregs and Th1 Cells During the Disease Phase

We next sought to understand the mechanism providing resistance to disease in the DKO mice. We first asked if the APC compartment is different in DKO mice compared to the single knockout (SKO) mice at the onset of disease. Spleens from naïve WT, DKO, MC5r-/-, and A2Ar-/- were collected and stained for CD11b, F4/80, Ly6G, and Ly6C as we have done before (14). We observed a significant decrease in the abundance of CD11b+F4/80+ macrophages in MC5r-/- mice compared to DKO mice (Figures 4A–E). We also observed a significant decrease in the abundance of CD11b+ F4/80+ Ly6G+ Ly6Clo macrophages in DKO mice compared to MC5r-/- mice (Figures 4F–J). However, we did not observe a significant difference in the abundance of CD11b+ F4/80+ Ly6G+ MHCII+ macrophages between the WT, DKO, MC5r-/-, and A2Ar-/- mice (Supplementary Figure 1).




Figure 4 | Comparison of APC and Tregs at the onset of EAU in DKO with WT, MC5r-/-, and A2Ar-/- mice. Spleens from EAU onset (day 24) WT (n=6), DKO (n=7), MC5r-/- (n= 6), and A2Ar-/- (n= 5) were collected and stained for CD11b, F4/80, Ly6G, Ly6C, CD4, PD-1, and Foxp3. Representative pseudocolor dot plots and the mean ± SEM for each mouse are shown for CD11b and F4/80 (A–E), Ly6G and Ly6C (F–J), and PD-1 and Foxp3 (K–O). The Ly-6G and Ly6C panels are gated on CD11b+F4/80+ cells, and PD-1 and Foxp3 panels are gated on CD4+ cells. Each experiment consisted of 1-2 mice, and each experiment was repeated 2-3 times. Significance was assessed by nonparametric Mann-Whitney U test. Statistical significance (*P ≤ 0.05 or **P ≤ 0.01) is designated by * and **.



We next asked what the T cell response was at the onset of disease. Spleens were collected, restimulated, and assayed for Treg, Th17, and Th1 profiles. Flow cytometry staining revealed more Foxp3+PD-1+ Tregs (Figures 4K–O) and Rorγt+ T cells (Figures 5A–E) in DKO mice compared to A2Ar-/- mice in the CD4+ compartment. However, the Th17-associated cytokines, IL-17A, IL-22, and IL-6 were not significantly different between the four genotypes (Figures 5E–H). The transfer of post-EAU splenocytes to EAU mice resulted in a significant suppression of EAU in recipient mice (Supplementary Figure 2), suggesting a dominant regulatory phenotype in the DKO mice. We observed a significant increase in the number of Tbet+ T cells in DKO mice compared to WT, MC5r-/-, and A2Ar-/- mice among CD4+ T cells (Figure 5I). However, DKO mice compared to WT, MC5r-/-, and A2Ar-/- mice, produced significantly less IFN-γ and production of TNF-α was not significantly different (Figures 5J, K). These observations demonstrate that T cell polarization is disrupted in DKO mice, such that the characteristic Treg, Th1, and Th17 transcription factors are expressed, but the characteristic inflammatory cytokine is not significantly elevated.




Figure 5 | T cell response at the onset of EAU in WT, MC5r-/-, A2Ar-/-, and DKO mice. Spleens from WT (n = 4-6), DKO (n = 6-7), MC5r-/- (n = 3-6) and A2Ar-/- (n = 5) were collected, restimulated with IRBP, and assayed for Treg, Th17, and Th1 profiles from at the onset (day 24) of disease. Representative pseudocolor flow cytometry dot plots are shown for Rorgt and Tbet expression from the spleen (A–D) with the mean ± SEM for all mice. The mean ± SEM is shown for Rorgt (E) IL-17A (F), IL-22 (G), IL-6 (H), Tbet (I), IFN-g (J), and TNF-a (K). Significance was determined by Mann-Whitney U test. Statistical significance (P ≤ 0.05) is designated by *.





DKO Mice Have a Reduced CD8 T Cell Compartment

We next pursued an explanation for the observation that DKO had a significantly greater abundance of Tbet+ cells but significantly reduced IFN-γ production. Because CD8+ T cells can also produce IFN-γ (28, 29), we asked if there was a reduced number of CD8+ T cells in the DKO mice. We observed a significant reduction in CD8+ T cells in the spleen and thymus of DKO mice compared to WT, MC5r-/-, and A2Ar-/- mice (Figures 6A–H, J, L). In contrast, the number of CD4+ T cells between all four genotypes was not significantly different (Figures 6A–H, I, K). These observations suggest that a defect in the development of CD8+ T cells occurs in the DKO mice and could explain why these mice are resistant to EAU.




Figure 6 | Comparison of CD4 and CD8 T cells in WT, MC5r-/-, A2Ar-/-, and DKO mice. The spleens and thymus of naïve WT (n = 4-5), DKO (n = 6), MC5r-/- (n = 4) and A2Ar-/- (n = 4-5) mice were harvested and stained for CD8 and CD4. Representative pseudocolor flow cytometry dot plots are shown for CD8 and CD4 expression from the thymus (A–D) and spleen (E–H) with the mean ± SEM for all mice for thymic cells (I, J) and spleen cells (K, L). Each experiment consisted of 1-2 mice, and each experiment was repeated 2-3 times. Significance was assessed by nonparametric Mann-Whitney U test. Statistical significance (*P ≤ 0.05) is designated by *.





CD8 T Cells From WT Mice Allow for EAU Susceptibility in DKO Mice

We next tested if restoring the CD8+ T cell compartment in DKO mice is sufficient to eliminate resistance to EAU. EAU scores of mice that received a transfer of WT CD8 T cells before immunization for EAU were significantly elevated compared to DKO mice immunized for EAU that did not receive a cell transfer (Figure 7A). Additionally, the maximum EAU scores were not significantly different between the DKO EAU mice that received a CD8 T cell transfer and DKO EAU mice that received no cell transfer (Figure 7B). These observations demonstrate that a WT CD8+ T cell compartment is necessary to overcome the resistance to EAU observed in DKO mice.




Figure 7 | The course of EAU in DKO mice following transfer of WT CD8+ T cells. EAU was induced in DKO mice that received an adoptive transfer of WT CD8+ T cells two days before immunization (solid line with circles, n = 18) or EAU DKO mice that did not receive a cell transfer (solid line with squares, n = 19).  Mice were immunized for EAU and evaluated from the time of immunization every 3 - 4 days for clinical signs of uveitis (A). The severity of disease is indicated by the maximum score of each mouse over the entire course of disease (B).  Each experiment consisted of 4-7 mice, and each experiment was repeated 3-4 times. Significance was assessed by two-way ANOVA with Bonferroni post-test for EAU scores over the course of disease and nonparametric Mann-Whitney U test for maximum scores. Statistical significance (*P ≤ 0.05 or **P ≤ 0.01) is designated by * and **.






Discussion

In this report, we sought to further define the role of MC5r and A2Ar in the induction of post-EAU regulatory immunity and determine the role of MC5r and A2Ar during the course of disease. Our observations reveal a more complicated role for MC5r expression of APC and A2Ar on Treg cells in the induction of post-EAU regulatory immunity that remains to be investigated. This observation drove us to create a DKO mouse to investigate the role of a deficiency of both MC5r and A2Ar in the same mouse. We unexpectedly found that DKO mice were resistant to disease. The DKO mice had a similar APC compartment, but elevated Tregs, and reduced CD8+ T cells. We found that a transfer of CD8+ T cells from WT mice was sufficient to overcome the disease resistance in DKO mice. These observations demonstrate the complexity of MC5r and A2Ar on the pathogenesis of EAU and in the induction of regulatory immunity, and shows the importance of CD8+ T cells in susceptibility to autoimmune disease. Based on this work we suggest that CD8+ T cells that are dependent on MC5r and A2Ar expression suppress Tregs and are necessary to induce autoimmune uveitis (Supplementary Figure 3).

The RORγt T cell transcription factor expression in DKO mice was elevated in the DKO compared to A2Ar-/- mice. However, the observation that cytokine production was no different for IL-17A, IL-22, IL-6, or TNF-α suggests that while the transcriptional profile was altered, there was no polarization towards Th17 in the DKO mice. We did observe a significantly increased number of Tregs in the DKO compared to MC5r-/- and A2Ar-/- mice, which suggests the resistance to disease may be due to an increased abundance of Tregs. This is not unexpected, given previous observations that Tregs are necessary for resolution of disease (15). We further observed the Tregs in the DKO mice did suppress EAU when transferred to WT EAU mice, which showed the DKO Tregs are functionally suppressive.

The observation that the Th1 transcription factor, Tbet, was expressed in significantly more CD4+ T cells in DKO mice compared to WT, MC5r-/-, and A2Ar-/- mice suggested DKO mice were skewed to a Th1 polarization. However, the significant reduction of IFN-γ production suggested the DKO mice were not skewed toward a Th1 phenotype. We further explored this possibility by quantifying the CD8+ T cells in the spleen and thymus and found DKO mice had significantly less CD8+ T cells in both tissues. In order to determine if the lack of CD8+ T cells in DKO mice was the cause of disease resistance, CD8+ T cells were transferred from WT mice, and we observed disease in mice that received the transfer. These observations demonstrate the resistance to EAU in the DKO mice is dependent on CD8+ T cells. However, further investigation of the role of the melanocortin-adenosinergic pathway in CD8+ T cells is needed to understand the melanocortin-adenosinergic role in CD8+ T cells during the induction of EAU. A potential mechanism that could explain the requirement for A2Ar and MC5r on CD8+ T cells to induce EAU could be that the limited number CD8+ T cells from these mice are deficient in their effector functions. Since significantly fewer CD8+ T cells were observed in the thymus of DKO mice, this suggests there is a defect in thymic development of the CD8+ cells in the DKO mice. There may be an insufficient activation signal that allows for CD8+ T cells to undergo positive selection, a defect with negative selection in CD8+ T cells, or the deficiency in A2Ar and MC5r blocks expression of the CD8 co-receptor. This possibility will be investigated in future studies. However, if this is the mechanism for the reduction of CD8+ T cells in DKO mice, this would be a novel mechanism that highlights a nuance between CD4 and CD8 T cell development.

Others have demonstrated the importance of minimally activated CD8+ T cells in uveitis in rats and mice (16–19), and CD8+ T cells are present in eyes of uveitis patients (20, 21). While it is clear that effector CD8+ T cells are involved in the inflammatory immune response, the connection with activation of these cells with the melanocortin-adenosinergic pathway is paradoxical. CD8+ regulatory T cells are an essential component of anterior chamber associated immune deviation (ACAID) (30, 31), and minimally activated CD8+ T cells in EAU are suppressive (32). These observations suggest there may be some overlap between the induction of post-EAU regulatory immunity and the ACAID response, and provides some possible insight into the paradoxical observation that a MC5r and A2Ar deficiency results in reduced susceptibility to EAU. While additional work is needed to better understand this observation, it suggests that MC5r and A2Ar have a role in the development of CD8+ T cells, and this population may have a role in the induction of post-EAU regulatory immunity. A future question to address is if the defect is intrinsic to bone-marrow derived cells, which could be addressed with bone marrow chimeras.

These observations also illustrate the disconnect between the induction of post-EAU regulatory immunity that provides resistance to relapse and resolution of disease with resolution of EAU. A mechanism of ocular immune privilege is the induction of systemic regulatory immunity against ocular antigen. We and others have found this regulatory immunity to emerge at resolution of uveitis (10, 26, 27, 33). However, we have found that resolution of uveitis can occur without induction of post-EAU regulatory immunity (12, 14). Therefore, this report adds to the body of evidence that resolution of uveitis does not necessarily provide the regulatory immunity that provides resistance to relapse. The unfortunate consequence of the independent induction of this regulatory immunity and resolution is that patients may experience remission, but are susceptible to relapse. It is possible that the 33% of uveitis patients that become chronic (5) do so because of the lack of regulatory immunity that provides resistance to relapse. Our previous observations that stimulation of the melanocortin-adenosinergic pathway only induces regulatory T cells in a subset of patients (14, 26, 34), supports this hypothesis based on our animal model observations.

While ocular immune privilege may have evolved to protect the delicate light-gathering tissues of the eye, it is not perfect. It is thought the selection pressure to maintain vision had a selective evolutionary advantage in the gathering of food and detection of predators (35–37). In the context of evolutionary pressure, elimination of lethal pathogens would have taken precedence over preservation of vision. Therefore, another explanation for our paradoxical results could be that a compensatory mechanism for survival exists in the DKO mice that also provides resistance to EAU. As such, in some cases the evolutionary pressure for survival comes at the cost of loss of ocular immune privilege, followed by the loss of vision.
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The clinical severity of Staphylococcus aureus (S. aureus) respiratory infection correlates with antibacterial gene signature. S. aureus infection induces the expression of an antibacterial gene, as well as a central stress response gene, thus activating transcription factor 3 (ATF3). ATF3-deficient mice have attenuated protection against lethal S. aureus pneumonia and have a higher bacterial load. We tested the hypothesis that ATF3-related protection is based on the increased function of macrophages. Primary marrow-derived macrophages (BMDM) were used in vitro to determine the mechanism through which ATF3 alters the bacterial-killing ability. The expression of ATF3 correlated with the expression of antibacterial genes. Mechanistic studies showed that ATF3 upregulated antibacterial genes, while ATF3-deficient cells and lung tissues had a reduced level of antibacterial genes, which was accompanied by changes in the antibacterial process. We identified multiple ATF3 regulatory elements in the antibacterial gene promoters by chromatin immunoprecipitation analysis. In addition, Wild type (WT) mice had higher F4/80 macrophage migration in the lungs compared to ATF3-null mice, which may correlate with actin filament severing through ATF3-targeted actin-modifying protein gelsolin (GSN) for the macrophage cellular motility. Furthermore, ATF3 positively regulated inflammatory cytokines IL-6 and IL-12p40 might be able to contribute to the infection resolution. These data demonstrate a mechanism utilized by S. aureus to induce ATF3 to regulate antibacterial genes for antimicrobial processes within the cell, and to specifically regulate the actin cytoskeleton of F4/80 macrophages for their migration.
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Introduction

Staphylococcus aureus (S. aureus) is a major human pathogen that causes severe respiratory infections (1). Innate immune cells, mainly macrophages and neutrophils, act as gatekeepers in their interactions with S. aureus, killing the strain by phagocytosis to clear the infection (2). The important role of macrophages in protecting from S. aureus infection by using a wide range of killing mechanisms has attracted increasing attention. S. aureus has evolved multiple strategies to survive, such as manipulating and evading macrophages (2, 3). Macrophages and S. aureus affect the outcome of infection through various direct interactions. In addition, S. aureus has developed resistance to a variety of antibiotics; thus, effective treatment strategies for these bacteria are limited (4). S. aureus can exploit the immune system to evade the host’s defense system. Therefore, S. aureus is a serious threat to human health, and new treatment strategies are needed.

Although neutrophils are important antibacterial cells, their capability to produce inflammatory cytokines/chemokines is more limited than that of macrophages. Depletion of macrophages has been reported to significantly affect the host’s defense response and impede bacterial clearance, suggesting that control of infection is dependent on innate subpopulations of cells rather than on adaptive immune cells (5). In addition, adoptive transfer experiments have shown that macrophages primarily mediate the prevention of staphylococcal reinfection. Macrophages release large amounts of proinflammatory cytokines, chemokines, and antimicrobial peptides (AMPs), and by recruiting immune cells to coordinately fight against pathogens (6).

Macrophages sense and clear the invading microbial pathogens. S. aureus initial Toll-like receptor (TLR)-2 mediates local production of soluble mediators, including cytokines, chemokines, and AMPs (7). Such an inflammatory response can also promote the production of IL-17 to orchestrate the host immune response. Recent findings have suggested that IL-17 and IL-22/IL-23 regulate the function of macrophages, thereby inducing the expression of AMPs, such as regenerated islet-derived protein 3 (Reg3) and defensins, which can kill or inactivate microorganisms (8, 9). Therefore, inactivation of IL17, IL-22, and IL-23 leads to an increased bacterial load in the lungs, exacerbation of S. aureus pneumonia, and higher mortality (8, 10). Given the critical role of TLR2 and IL-17/IL-22/IL-23 pathways in host defense responses, it is important to elucidate the mechanisms involved and search for factors with regulatory potential.

Activating transcription factor 3 (ATF3) is a hub cellular stress response gene in the pathogenesis of the disease. For modulation of infection and inflammation, ATF3 encodes a member of the ATF/cyclic adenosine monophosphate (cAMP) response element (CRE) binding (CREB) transcription factor family (11). ATF3 plays an important role in the negative feedback loop response by suppressing TLR-mediated cytokine expression (12). This implies that ATF3 is a key regulator of host resistance to invasive pathogens and inflammatory diseases, including S. aureus infection (13). However, the exact mechanisms involved in ATF3-related regulation of proinflammatory cytokines, chemokines, and AMPs for the antimicrobial effects in S. aureus infection are still unclear. Furthermore, the role of ATF3 in S. aureus infection and the mechanism of its action remain to be determined.

In the present study, we demonstrated that ATF3 can promote bacterial clearance through the regulation of the host’s defense response and thus alleviate lethal S. aureus pneumonia. During S. aureus infection, the expression level of ATF3 closely correlated with the level of the host’s AMPs. We found that ATF3-deficient mice or cells had a higher bactericidal loading. Furthermore, we found that ATF3 positively correlated with AMPs gene expression (e.g., Reg3 that ATF3 transcription factors directly regulated AMPs genes via chromatin immunoprecipitation analysis of putative binding sites, consistent with macrophage bactericidal and migratory functions. ATF3 also affected the migration of F4/80 macrophages in the lungs, which correlated with actin filament severing through ATF3 regulation. Our data suggested that ATF3 plays an important role in early Staphylococcus aureus. infection through positive regulation of the host immunity against bacterial infection by regulating macrophage Reg3 expression, AMPs gene-mediated bacterial clearance, and F4/80 macrophage recruitment.



Materials and Methods


Mice

ATF3 -/- mice were reported by us previously (14). Sex- and age-matched (8–10 weeks) WT and ATF3 KO mice were used during the whole experiments. The mice were bred and kept on a 12 h reverse light/dark cycle and were provided with adequate water and food under specific pathogen-free conditions. The animals were transferred and housed in an animal facility for 3 d of stable housing prior to any experiments. The experiments were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.



Cell Culture

RAW 264.7 murine macrophages were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum at 37°C in a 5% CO2-humidified incubator. For bone marrow-derived macrophages (BMDMs), isolation and differentiation were performed in line with our published procedure with minor changes (15). Briefly, we flushed the tibias and femurs with precooled phosphate-buffered saline (PBS) using a 25-gauge needle and a 5 mL syringe. Then, the collected bone marrow was gently resuspended into single-cell suspension, and sometimes it was necessary to use red blood cell lysis solution (Sangon Biotech, Shanghai, China) to lyse the red blood cells in it. The cells were centrifuged at 700g for 4 min at room temperature. Then, they were resuspended using a 10 mL conditioned medium (DMEM + 10% fetal bovine serum (FBS) 1% penicillin/streptomycin, and 30% L929) and transferred into a 10-cm cell culture dish. Three days later, 10 mL of fresh conditioned medium was used to replace the old medium in the Petri dishes, and most of the cells were found to be stuck to the Petri dishes. After 7 d of cultivation, fresh medium was replaced, and the cells were used for experiments.



S. aureus Growth and Labeling Conditions

The MRSA strain (USA300) reported by our previous study (16) was cultured in Luria Bertani broth at 37°C until its stable growth phase, and then collected by centrifugation at 8,000 rpm for 5 min. The bacteria were washed three times with PBS and resuspended to an optical density of 0.8 at 600 nm. Then, 500 µL of the bacterial suspension was incubated with an equal volume of 5.0 μM solution of 5(-and 6) carboxyfluorescein diacetate succinimidyl ester (CFDA/SE, Selleck) for 30 min in the dark at 37°C. Subsequently, the stained bacteria were washed three times with PBS and the resuspended bacteria were used for later experiments.



Pneumonia Model

For lung bacterial infections, a total volume of 40 μL of PBS containing S. aureus (5 × 106 CFU/mouse) was injected into the trachea of mice. For survival experiments, we used 2 × 108 CFU/mouse of S. aureus and observed their survival 48 h after the infection. The survival rate of the mice was monitored every 3 h.



Bronchoalveolar Lavage Fluid (BALF) Collection

BALF collection was performed in line with our published procedure with minor modifications (16). Briefly, we sacrificed the mice by cervical dislocation and exposed the trachea. A 20-gauge catheter was used, and 0.8 mL of PBS was dripped into the lungs and gathered into clean tubes. This process was repeated four times to collect about 3 mL of BALF from each mouse. We used a cell counting plate to count the total number of cells in the alveolar lavage fluid and a flow cytometer to count the number of macrophages and neutrophils in BALF. The remaining BALF was then centrifuged at 700 g for 5 min, and supernatants were stored at −80°C until cytokine analysis.



Internalization and Killing of Bacteria

To evaluate the phagocytic capability, macrophages were incubated with CFSE-labeled S. aureus (MOI 10) for the indicated time periods. Then, the infected cells were washed using PBS, and extracellular bacteria were eliminated by treatment with lysostaphin (20 μg/mL) for 30 min. Macrophages were then collected, and intracellular bacterial loads were quantified by flow cytometry. To determine the bactericidal capability of macrophages, the cells were seeded on coverslips for 24 h and incubated with CFSE-labeled S. aureus (MOI 10) for 2 h. The cells were then washed and further cultured in a fresh medium containing lysostaphin (2 μg/mL) for the indicated time periods. Thereafter, the cells were fixed, and the nuclei were counterstained with DAPI, and then they were observed by fluorescence microscopy.



Macrophage Killing Assay

The intracellular killing assay was conducted following a previously described procedure with slight modifications (17). BMDM cells from WT and ATF3 KO mice were infected with S. aureus (MOI 10) for 2 h. The cells were then washed and treated with a medium containing gentamicin (300 µg/mL) for 30 min to kill the extracellular bacteria. Then, the cells were further cultured in a fresh medium containing gentamicin (100 µg/mL) for the indicated time periods (2 h, 6 h, 12 h, and 18 h). Subsequently, the cells were washed several times with PBS and then lysed with 0.1% Triton X-100 to release the bacteria inside the cells. To estimate the number of bacteria, the lysate was serially diluted with sterile PBS, applied to LB plates, and incubated overnight in a dedicated bacterial incubator.



Quantitative PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s guidelines. One microgram of total RNA was reverse-transcribed to cDNA using SuperScript II (Invitrogen, Carlsbad, CA), and qRT-PCR was performed using SYBR Green technology (Takara, Tokyo, Japan). β-actin was used for normalization, and data were analyzed through the ΔΔCt method. The primers used for the detection in the study were synthesized by GENEWIZ (Suzhou, China), and sequences are shown in Supplementary Table 1.



Myeloperoxidase (MPO) Activity Assay

MPO activity was assessed as an indicator of neutrophil accumulation in lung tissues by using Myeloperoxidase (MPO) Activity Fluorometric Assay Kit (#K745-100, BioVision, California, USA) in accordance with its instruction.



Immunofluorescence Microscopy

WT and ATF3 KO BMDM cells were seeded on glass slides and stimulated with S. aureus for the indicated time. The cells were washed twice with prewarmed PBS and fixed with 4% paraformaldehyde solution for 15 min at room temperature. We washed the samples and permeabilized them in 0.1% Triton X-100 for 20 min. After washing the samples three times with PBS, we added the fluorescent phalloidin staining solution to each coverslip and incubated them in a covered container for 50 min at room temperature. We again washed the samples three times with PBS, and recorded immunofluorescence images by laser scanning confocal microscopy.



Histological Analysis of Lung Tissues

For histological analysis, mouse lung samples were thoroughly washed in PBS, fixed in 4% (wt/vol) paraformaldehyde for 24 h, embedded in paraffin, and sliced into 5-μm-thick sections. Hematoxylin and eosin staining was performed in line with standard procedures. For immunostaining, the lung sections were deparaffinized, hydrated, and blocked in Dulbecco’s phosphate-buffered saline (DPBS)containing 2% normal goat serum. The slides were then stained with the indicated primary antibody and biotin-conjugated secondary antibody and then incubated with streptavidin-conjugated horseradish peroxidase (HRP). Finally, the slides were incubated with DAB reagent and counterstained with hematoxylin for observation.



Cytokine Measurement

The levels of TNFα, IL-6, IL-1β, and IL-12 in the cell culture supernatants and BALF were measured by ELISA kits (R&D Systems, Minneapolis, MN) in accordance with the manufacturers’ guidelines.



Transwell Migration Assay

BMDMs (1 × 105 cells) were seeded onto the top chamber of an 8-μm pore transwell insert (Corning, NY, USA) in a 24-well plate with media containing 2% FBS. After 36 h, the media within the transwell inserts were carefully removed, and the cells were fixed with 2% paraformaldehyde and stained with 0.2% crystal violet. Cells that did not migrate across the transwell membrane were wiped from the top of the chamber. The migrated cells were viewed using a Nikon DS-F2 microscope. The inserts were then incubated with 30% acetic acid, and the absorbance was read at 570 nm. The experiment was repeated three times.



Western Blot

The cell lysate was prepared with SDS-lysis buffer (Beyotime, Shanghai, China). Total protein concentration was measured by Nano-100 Micro-Spectrophotometer. Protein was then separated by 10% SDS-polyacrylamide microgel and transferred to 0.45-μm polyvinylidene difluoride membranes (Invitrogen). The PVDF membranes were then blocked in Tris-buffered saline containing 5% nonfat dry milk (w/v) (Sangon Biotech) in Tween-20 (TBST) for 1 h at room temperature. After that, the membranes were incubated with the indicated primary antibodies overnight. Then, they were incubated with a secondary antibody conjugated with HRP. We used Tanton™ Chemistar High-sig ECL Western Blotting Substrate (ECL) to display the signal. Full blots of images cropped for presentation are presented in Supplementary Material.



Chromatin Immunoprecipitation Assay

The ChIP assay was performed using the ChIP-IT Express Magnetic Chromatin Immunoprecipitation kit (53008, Active Motif, Carlsbad, CA, USA) according to the manufacturer’s instructions. The chromatin solution was immunoprecipitated using either an anti-ATF3 antibody (CST, USA) or normal anti-IgG antibody (CST, USA) and then incubated with magnetic beads overnight at 4°C with rotation. Next, the DNA-Antibody complexes were washed sequentially by CHIP buffer1 and CHIP buffer2 and then eluted with elution buffer AM2. Then, RT-PCR was performed using purified DNA fragments and primers directed to the specific area spanning the putative ATF3-binding motif. Primer pairs used for ChIP are shown in Supplementary Table 2.



Generation of Stable Cell Lines

The plasmids pLVX-flag-REG3β-IRES-Puro and pLVX-flag-REG3γ-IRES-Puro were purchesed from Shanghai Xitubio biotechnology Co., Ltd. To generate stable cell lines expressing REG3β or REG3γ, pLVX-flag-REG3β-IRES-Puro or pLVX-flag-REG3γ-IRES-Puro plasmid together with the packaging plasmids (psPAX2+pMD2.G) were transfected into human embryonic kidney 293T (HEK293T) cells using EZ Trans transfection resgents (Life iLab Bio-Technology, China). The supernatants containing the virus were harvested after 48 h post–transfection and filtered using a 0.45-μm filter. Cells were incubated with viral supernatants plus equal complete medium in the presence of 5 μg/mL polybrene (Sigma) for 24 h. After infection, positive clones were selected by puromycin selection and infection efficacy were validated by immunoblotting assays.



Statistical Analyses

Unless otherwise stated, all data are expressed as the mean ± SD of three independent experiments. Student’s t test or one-way analysis of variance was used for comparison between groups. P values < 0.05 were considered statistically significant. Kaplan–Meier survival analysis with log-rank test was used to evaluate the survival curve. All calculations were performed using the Prism 8 software program (GraphPad Software).




Results


ATF3 Plays a Host Protective Role in Pneumonia Caused by S. aureus

To explore the potential role of ATF3 in the host’s lung defense against S. aureus infection, we used a lethal dose of S. aureus (US 300) (2 × 108 CFUs/mouse) to infect WT and ATF3 KO mice intratracheally and observed survival patterns for 48 h. Although all ATF3 KO mice died within 24 h, 60% of WT mice survived more than two days after infection (Figure 1A). To determine whether the difference in survival was due to the difference in bacterial load in various organs, we measured the bacterial load in the lungs, BALF, and extrapulmonary organs after infecting mice with a sublethal inoculum (5 × 107 CFU) of S. aureus. Compared with WT mice, ATF3 KO mice had a higher bacterial load in the lungs and BALF, while there was no significant difference in spleen and blood bacterial load at 6 and 18 h after infection (Figures 1B–E). Meanwhile, the total protein (a measure of lung leakage) in the BALF of ATF3 KO mice was higher than that in the WT mice (Figure 1F). This suggests that ATF3 has a protective function against lethal S. aureus pneumonia and limits the host bacterial load.




Figure 1 | ATF3 provides protection against S. aureus infections. (A) WT and ATF3 KO mice were challenged intratracheally with 2 × 108 CFU/mouse of a lethal inoculum of S. aureus (USA 300) and then observed to survive for 48 h. For the functional analysis, WT and ATF3 KO mice were infected intratracheally with a sublethal S. aureus inoculum (5 × 107 CFU/mouse) and then euthanized at 6h and 18hafter infection to quantify the bacterial load in the lungs (B), BALF (C), spleens (D), and blood (E). (F) Total protein in BALF was measured. ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.





ATF3 Promotes Macrophage Recruitment and Enhances Resistance to S. aureus

Macrophages and neutrophils are necessary to control S. aureus infection in the lungs (18). Since macrophages and neutrophils are critical to the survival of pneumonia, we investigated whether the loss of ATF3 affects the recruitment of macrophages or neutrophils to the alveolar space during S. aureus pneumonia. ATF3 KO mice displayed profound lung pathology during the infection (Figures 2A, B). To further analyze the neutrophil accumulation in the lung parenchyma, we performed MPO assay and showed that the MPO activity was similar between the two genotypes (Figure 2C). We also found that WT and ATF3 KO mice had a comparable neutrophil number as reflected by s100a9 staining and Ly6G+/CD11b+ population in the FACS analysis in post-infection lung tissue sections (Figures 2D, E). In addition, the total number of infiltrating cells was very similar between the WT and ATF3 KO mice from BALF samples (Figure 2F). Interestingly, we noticed that, compared to WT mice, ATF3 KO mice had fewer macrophages recruited into alveolar spaces, as revealed by F/80 staining for the macrophages (Figure 2G). We further confirmed ATF3 controls F4/80 macrophage cell recruitment to the lung with histologic observations, the increased F4/80 macrophage cell in the WT mice lung through time-dependent manner during the S. aureus infection (added Figure 1 Supplementary Data). ATF3 KO mice also had a lower macrophage infiltration from BALF samples the FACS analysis and absolute cell counts (Figures 2H, I), which indicated that ATF3 had a host protective effect on survival through macrophage-mediated anti-S. aureus immunity. Collectively, in S. aureus infection, ATF3 exerts host protection by increasing the number of macrophages in the alveolar lavage fluid.




Figure 2 | Macrophages confer host protection in WT mice compared with the ATF3 KO. (A) Tissue sections of lung tissues stained with hematoxylin and eosin. (B) Pathological damage scores of lung tissues. (C) Measures of MPO activity as quantified by ELISA in lung extracts from WT or ATF3 KO mouse after S. aureus infection. (D) Representative images of WT and ATF3 KO mice lung tissues were assessed for neutrophils (S100A9) after S. aureus infection. (E) Representative zebra plot showing CD11b+ Ly6G+ cells from WT or ATF3 KO mice lung tissues after S. aureus infection. (F) Mice BALF was collected; counts of total cells are shown. WT and ATF3 KO mice were infected intratracheally with S. aureus (5 X 107 CFU/mouse). After 6h, the mice were euthanized and their BALF was collected, stained and subjected to flow cytometry. (G) Representative images of WT and ATF3 KO mice lung tissues were assessed for macrophage (F4/80) after S. aureus infection. (H) Representative dot plot showing CD11b+ F4/80 + cells. (I) Quantification of (H) Data are shown as the mean ± SD. *P < 0.05; ***P < 0.001 by Student’s t test.





ATF3 Enhances Macrophage Bacterial Clearance Ability

We next examined the effect of ATF3 on the ability of macrophages to clear bacteria. The phagocytic activity of macrophages was initially assessed by carboxyfluorescein succinimidyl ester (CFSE)-labeled S. aureus. There was no significant difference in the number of internalized bacteria between the WT and ATF3 KO macrophages (Figures 3A, B), indicating that ATF3 had no significant effect on macrophage phagocytosis. However, the count of bacterial colony-forming units (CFU) showed that the bacterial load was significantly reduced in WT, while ATF3 KO had less reduction during the 6-18 h infection process (Figure 3C). To further evaluate the bactericidal ability of macrophages, we conducted a lysostaphin protection test, in which the survival of internalized bacteria was observed with a fluorescence microscope (19). Remarkably, the number of living bacteria was increased in ATF3 KO macrophages compared to WT macrophages and lungs (Figures 3D, E), indicating that ATF3 enhanced the ability of macrophages to eliminate invading bacteria.




Figure 3 | ATF3 enhances macrophage bacterial clearance ability. WT and ATF3 KO BMDM cells were infected with S. aureus (MOI = 1) for the indicated time periods. (A, B) The phagocytic ability was evaluated by taking up the percentage of macrophages with CFSE-labeled S. aureus. Representative plots and quantification by bar graphs from five independent experiments of flow cytometry are shown. (C) The bacterial load was measured and calculated in BMDM cells within the indicated time period after infection. (D, E) Intracellular bacteria measured by immunofluorescence microscopy. At 2, 10, and 18 h after infection, the uptake of S. aureus in BMDM cells is marked by CFSE (green). The nuclei are stained with DAPI (blue). Five representative images of each group were analyzed. Scale bar, 30 μm. ns, P > 0.05, *P < 0.05, **P < 0.01.





ATF3 Enhances Macrophage Bacterial Clearance Independent of Lung Released Pro Inflammatory Cytokines

Given the importance of macrophages in host defense against bacterial infections (5, 20), we next evaluated the effect of ATF3 on macrophages during staphylococcal infection. First, we noticed that ATF3 was induced in BMDM cells and RAW264.7 macrophages in a time-dependent manner after S. aureus infection (Figures 4A, B). Our previous study has reported that ATF3 is a crucial response gene in the lipid/cholesterol mediated inflammatory responses (14). The other study also showed that the transcriptional response suggests that the cholesterol de novo synthesis increases considerably in RAW264.7 cells to compare other macrophage cells, by those ATF3 was the top list of upregulated genes (21). It is indicated that ATF3 appears to have differing effects in immune response and is related to the metabolic regulation. Such an altered expression was also observed in the lungs from staphylococcal infection mice (Figure 4C). Indeed, the similar regulatory effect between WT and ATF3 KO significantly increased the expression of M1 proinflammatory cytokines, such as IL-1β, TNF-α (Figures 4D, E), with the exception of IL-6 and IL-12p40 being more significantly elevated in BMDM of WT (Figures 4F, G), while there were no differences in BALF among the major proinflammatory agents involved in the antimicrobial response in vivo (Figures 4H–K). In conclusion, our data suggest that ATF3 promotes the inflammatory response of macrophages in the early stages of staphylococcal infection regardness of lung released pro inflammatory cytokines.




Figure 4 | ATF3 enhances macrophage bacterial clearance independent of M1/M2 macrophages. WT and ATF3 KO mice were challenged with 5 × 106 S. aureus colony forming units (CFU) and sacrificed 12 h later for subsequent functional analysis. (A, B) BMDM cells and RAW264.7 cells were infected with S. aureus for the indicated time periods. The cells were then lysed, and ATF3 protein levels were examined by immunoblotting. (C) Lungs obtained from S. aureus-infected mice for indicated time points were homogenized and ATF3 protein expression were measured by immunoblotting. (D–G) Macrophages derived from WT and ATF3 KO mice were infected with S. aureus for the indicated time periods, and cytokine levels in the cell supernatants were determined by ELISA. (H-K) WT and ATF3 KO mice were challenged with 5 × 106 CFUs of S. aureus and sacrificed 6 h later for the subsequent functional analysis. The levels of BALF cytokines (IL-1β, TNF-α, IL-6, and IL-12) were detected by ELISA. ***P < 0.001.





ATF3 Enhances Macrophage Bacterial Clearance Dependent on Antimicrobial Signature

There is increasing evidence that antimicrobial peptides (AMP) play a central role in restricting bacterial replication and preventing tissue damage (22). The AMP such as Regenerating islet-derived protein type 3 [Reg3] was regulated by the IL-17, IL-22/23 through stat3 signaling (23). First, we experimentally found no significant difference in STAT3 signaling between WT and ATF3 KO cells with respect to the expression of phosphorylated STAT3 and its target gene SOCS3 (Figures 5A, B). Given that IL-22 can mediate the expression of many AMPs, including Reg3 family and S100A8,9 (24), we examined whether ATF3 has an effect on AMP and analyzed the changes in IL-22 levels. Notably, increased levels of IL-22 and the related cytokines IL-17 and IL-23 were observed in macrophages infected by S. aureus, but no differences in induction of IL-17, IL-22, and IL-23 were observed between WT and ATF3 KO cells (Figure 5C). Interestingly, the expression levels of the molecules with antibacterial properties, such as S100A8 and Reg3 family genes were increased in WT macrophages but decreased in ATF3-null cells (Figures 5D, E). Further we found that WT and ATF3 KO BMDM cells had a comparable induced expression of cytokines, chemokines after S. aureus infection (Figures 5F, G). Collectively, our data suggest that ATF3 enhances the production of its antimicrobial effector molecules, thereby potentially enhancing the ability of macrophages to clear bacteria.




Figure 5 | ATF3 enhances macrophage bacterial clearance dependent on an antimicrobial signature. WT and ATF3 KO BMDM cells or mice were infected with S. aureus (MOI = 1) for the indicated time periods. (A, B) The cells were lysed; the protein levels of STAT3 and p-STAT3 were analyzed, and the amount of SOCS3 mRNA was detected using quantitative PCR (qPCR). (C–G) qPCR analysis of the indicated cytokines (IL-17, IL-22, and IL-23), AMPs (S100A8,S100A9,REG3β, REG3γ, REG3δ), and other cytokines (IL-10, IL-18, and IL-33), chemokines (CCL2, CXCL1, and CXCL2) associated with bactericidal activity. All results are from three independent experiments and are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 by the Student’s t test.





ATF3 Directly Regulates the Antimicrobial Genes Through the ATF3 Binding Sites

We next investigated the functional relevance of ATF3 induction by S. aureus infection with respect to AMP expression. We studied the regulatory role of the transcription factor ATF3 in AMP transcription. To explore whether ATF3 could regulate AMP expression, CiiiDER, a tool for predicting and analyzing transcription factor binding sites was used to analyze the potential ATF3 binding site in these AMP genes (25). In our computational prediction results, those AMP genes had at least one predicted ATF3-binding site (Figure 6A). Consistent with Reg3β and Reg3γ as a direct target, chromatin immunoprecipitation analysis revealed that endogenous ATF3 bound to different regions of Reg3β and Reg3γ regulatory elements containing ATF3 or ATF/CREB binding sites; such binding was abolished by ATF3 KO BMDM (Figures 6B, C). Hence, ATF3 seems to regulate the levels of Reg3β and Reg3γ via direct transcription control. To evaluate a role for antimicrobial protein Reg3, we overexpressed Reg3β and Reg3γ in macrophages. Immunoblotting of BMDM cell lysates showed the exogenous Reg3β and Reg3γ proteins (Figures 6D, E). Reg3β and Reg3γ have potent growth-inhibitory activity against S. aureus (Figures 6F, G). These data are consistent with the finding that Reg3 has selective bactericidal activity against pulmonary S. aureus infections (9).




Figure 6 | ATF3 directly regulates the antimicrobial genes through the ATF3-binding sites. (A) Schematic linear map shows the putative binding sites of ATF3 and other transcription factors of the AMP genes. (B, C) The diagram shows the regulatory regions of the AMP gene that contain or lack the high-affinity ATF3-binding site (black and white boxes on the map). ChIP assays was performed in WT and ATF3 KO cells using either anti-IgG or an anti-ATF3 antibody to assess binding ability at the putative ATF3 binding site in Reg3β and Reg3γ promoter pretreated with PBS or S. aureus. (D, E) The efficiency of WT and ATF3 KO BMDM cells stably over-expressing REG3β or REG3γ was assessed by immunoblotting. (F, G) WT and ATF3 KO BMDM cells and cells stably over-expressing REG3β or REG3γ were infected with S. aureus (MOI = 1) for the indicated time periods and then the bacterial load was measured and calculated in BMDM cells after infection. ns, P > 0.05, *P < 0.05, **P < 0.01, ***p < 0.001.





ATF3 Exerts its Effect on Macrophage Migration and Recruitment in Acute Lung Infection by Regulating F-Actin

Figure 2H shows that ATF3 KO mice had a lower macrophage infiltration after S. aureus infection. To further investigate how ATF3 controls cell recruitment through motility, we studied the effect of ATF3 on the actin cytoskeleton. The polymerization and depolymerization of filamentous (F) actin have been reported to control the reorganization of the cytoskeleton, which is essential for cell movement through morphological changes (26). We next investigated whether ATF3 may regulate cellular recruitment by altering the actin cytoskeleton. We performed staining for F-actin in WT and ATF3 KO BMDM, revealing that there was no significant difference in actin stress fibers between WT and KO cells. Interestingly, in the case of S. aureus infection, we found that WT cells had significantly more actin stress fibers(Figures 7A, B).In addition, this impacted F-actin correlated with actin-modifying protein gelsolin (GSN) expression, which was regulated by ATF3, as described in our previous study (27). Positive or negative regulation of GSN by ATF3 is dependent on cofactors, such as different histone deacetylases (HDACs) in a context-dependent manner. Results showed that ATF3 negatively regulated the GSN mRNA and proteins expression in BMDM and GSN expression was higher in ATF3 KO cells compared to WT cells after S. aureus infection (Figure 7C, D). We further examined the role of ATF3 in cell motility and found no significant difference in the degree of migration of WT BMDM and ATF3 KO BMDM in the unstimulated conditions; however, WT BMDM were significantly more migratory than ATF3 KO cells in S. aureus-stimulated conditions (Figures 7E, F). These data show that ATF3 regulates cell motility in vitro and may drive macrophage recruitment in lung tissues.




Figure 7 | ATF3 regulates GSN and cytoskeleton remodeling for macrophage motility and recruitment. (A) Representative images of the actin cytoskeleton stained with phalloidin in WT and ATF3 KO BMDM cells and cells infected with S. aureus (MOI = 1). The white arrow indicates F-actin. (B) The intensity of F-actin is quantified on the right (*P < 0.05). (C, D) The GSN expression was analysis by the qPCR analysis and immunoblotting assay between WT and ATF3 KO BMDM cells with or without S. aureus infection. (E) The effect of S. aureus infection on WT and ATF3 KO BMDM cells migration was evaluated by trans-well assay in 24h. (F) Quantitative analysis of the cell migration ratio in (E). ns, P > 0.05, *P < 0.05, **P < 0.01.






Discussion

Macrophages, like neutrophils, are important immune sentinels that contribute significantly to innate defense but are also involved in adaptive immunity. However, despite their ability to control microbial infections, they fail to eradicate S. aureus, leading to immune evasion and causing chronic persistent infections (28). Despite significant progress in understanding the molecular details of the interaction between S. aureus and macrophages, which play an important role in the clearance of bacteria, many questions remain to be answered. In this study, we showed that infection with S. aureus significantly increased ATF3 expression, which accelerated bacterial clearance and could reduce the symptoms of pneumonia in mice. Meanwhile, ATF3 KO mice were more susceptible to S. aureus infection, had a higher bacterial load, and experienced exacerbated pneumonia tissue damages. Importantly, we also found that ATF3 expression correlated with antimicrobial gene expression, which corresponded to bacterial killing. ATF3-deficient cells and lung tissues had reduced expression levels of antibacterial genes, which in turn resulted in altered antimicrobial capacity. Our further studies showed that the antimicrobial genes upregulated during the antimicrobial process were direct targets of the transcription factor ATF3 as confirmed by chromatin immunoprecipitation analysis. Furthermore, anti-S. aureus infection was primarily mediated by macrophages, which were regulated by ATF3-mediated chemokines and antimicrobial peptides to recruit macrophages to synergistically combat pathogens. The immune regulation of ATF3 against S. aureus infection primarily involved proinflammatory cytokines, but it was independent of the local release of cytokines, and also independent of STAT3 activation, leading to IL-17 and IL-22 expression.

One of the most important findings of this study is that ATF3 contributes to S. aureus-induced AMPs production. First, S. aureus infection induced the accumulation of ATF3, which in turn upregulated AMPs, and we also identified the increased AMPs genes containing the putative ATF3/CREB consensus pattern by ChIP analysis. Second, ATF3 regulated the expression of antimicrobial genes that correspond to bacterial killing, rather than those affecting phagocytosis. Third, ATF3 exerted a cell motility-dependent effect on macrophage recruitment by regulating the expression of the actin GSN.

The original study has reported that ATF3 functions to suppress TLR-mediated cytokine expression through a negative feedback loop. Subsequently, the function of ATF3 was applied to the study of multiple bacterial infection responses. During bacterial sepsis, hosts responded to infection by upregulating or inhibiting cytokines through ATF3 (29, 30). In the case of Gram-negative bacterial infection, ATF3 acted as a negative regulator to inhibit the production of inflammatory cytokines during the invasion of Escherichia coli and Neisseria gonorrhoeae (31, 32). Therefore, ATF3 KO mice showed longer survival times than WT controls after infection with Gram-negative bacteria due to the induction of ATF3-mediated sepsis-related immunosuppression on the major reactive oxygen species (ROS) condition (29). In contrast, in Gram-positive bacterial infections, ATF3 acted as a positive regulator to enhance the production of proinflammatory cytokines against pathogens such as Streptococcus pneumoniae, Listeria monocytogenes, and S. aureus (13). In the present study, we found that during S. aureus infection, ATF3 promoted the antimicrobial response, as well as macrophage infiltration, increasing the production of inflammatory cytokines. Proinflammatory cytokines, such as IL-6, TNF-α, and IL-1β, have been shown to play a guiding role in the production of antimicrobial cytokines or other effector molecules and contribute to resolving infections. For example, TNF-α induced by recruited monocytes is necessary for IL-17 production, macrophage phagocytosis, and bacterial clearance, and therefore, for facilitating recovery from pneumonia (33). To date, S. aureus remains one of the leading causes of iatrogenic and community-associated infections, with high mortality and with limited therapeutic options, while the functional significance of ATF3 in Gram-positive infections remains poorly understood. ATF3 KO mice are sometimes more susceptible and sometimes more resistant to bacterial infections, regardless of Gram-negative or positive strain or the action of inflammatory cytokines. It is more dependent on the antimicrobial response via AMPs.

It has been reported that IL-17 and IL-22 can induce the expression of AMPs that can kill or inactivate microorganisms by regenerated islet-derived protein 3 (Reg3) and defensins (34). Accordingly, the loss of IL-17 or IL-22 leads to a higher lung bacterial load and severe staphylococcal pneumonia (35). The production of IL-17 and IL-22 is regulated by a key signal event from STAT3 activation (36). In our study, the loss of ATF3 did not alter the STAT3 phosphorylation; subsequently, we also analyzed the downstream target genes of STAT3, such as IL-17 and IL-22, or AMPs; we only found a decrease in Reg3 and S100A8, but no difference in IL-17 and IL-22 between WT and ATF3 KO BMDM after S. aureus infection. These data indicated that ATF3 may be downstream of STAT3 and IL-17/IL-22 signaling, and some studies have indicated Toll-like receptor (TLR)-induced ATF3 by c-Src (30), which may pass STAT3 or crosstalk to STAT3 downstream signaling, such as AMPs genes. Whether those kinases can regulate ATF3-mediated cellular antimicrobial and migration needs further characterization. Our current study elucidated a regulatory mechanism mediated by the ATF3/AMPs axis, which plays a key role in modulating macrophage antibacterial responses. However, since ATF3-driven antimicrobial signaling is also triggered by other immune cell subpopulations, such as innate lymphocytes and T cells (37), we think that the early response and macrophage-mediated antibacterial infection may exclude the effect of other immune cells’ response. In addition, Alveolar macrophages (AMs) are a lung-specific type of Tissue-resident macrophages (TRM). They play a central role in maintaining alveolar homeostasis by removing cellular debris, excess surfactant, and inhaled bacteria. Still, they are also crucial in preserving lung function during pulmonary infections. Two alveolar epithelial cell types surround AMs. alveolar type 2 cells (AT2s) produce surfactant, act as facultative progenitors in case of alveolar injury, and activate the immune system in response to pathogen-related stimuli. Granulocyte-macrophage colony-stimulating factor (CSF), also known as CSF2, and granulocyte CSF, also known as CSF3, are important survival and proliferation factors for neutrophils and macrophages. AT2-derived GM-CSF continues to be a critical niche factor for the maintenance of AM in the adult alveoli (38). In our case, CSF2 and CSF3 were significantly induced by S. aureus infection at WT lung, which may support long term macrophages survival, but not for short term (few hours) macrophages migration (added Figure 2 Supplementary Data). ATF3 mediated macrophages recruitment finding was supported by the mechanical of ATF3 regulates the actin cytoskeleton of F4/80 macrophages within the cell for their migration, rather than cytokines and chemokine mediated the cell recruitment.

Our data indicate that ATF3 plays a role in repressing the ability of GSN to sever actin stress filaments (depolymerization) and trigger macrophage migration consistent with the recent report that lipopolysaccharide (LPS) induced the expression of microRNA miR-21, which downregulated GSN expression and reversed the high-density phenotype, indicating the high motility of macrophages (39). Epigenetic repression of the tumor suppressor GSN is frequently observed in cancers, and chronic inflammation can promote tumor progression via aberrant DNA methylation (40). Downregulated GSN leads to increased cell mobility through actin stress filaments, which can promote cancer metastasis (27). We propose here that the low level of GSN in macrophages may be due to the increased expression of ATF3, and that ATF3 is directly bound to GSN regulatory elements. Other reports have indicated that epigenetic silencing plays a role in the regulation of GSN, and histone deacetylase (HDAC) and DNA methylation inhibitors both increase GSN levels. Others have previously reported that ATF3 interacts with HDAC1 (31), which may be one of the reasons why ATF3 negatively regulates GSN. Our current findings that S. aureus induces ATF3 and regulates GSN-mediated F-actin polymerization fill a gap in the molecular regulatory mechanism of macrophage motility function, which is consistent with recent reports that TLR2 or LPS induces macrophages by enhancing actin polymerization and cell migration (41, 42).

In conclusion, this study revealed that the role of ATF3 in innate immunity involves the regulation of macrophage recruitment and function during early S. aureus infection. Furthermore, ATF3 contributes to bacterial killing in both lung tissues and BMDM cells, which is related to the regulation of AMPs gene promoter and their expression. ATF3 also triggers filamentous (F-actin) to control cytoskeletal reorganization in macrophages, thereby leading to morphological changes critical to cell motility in the intra infection sites of the lung, which may lead to antimicrobial processes within the cells.
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Local tissue acidosis affects anti-tumor immunity. In contrast, data on tissue pH levels in infected tissues and their impact on antimicrobial activity is sparse. In this study, we assessed the pH levels in cutaneous Leishmania lesions. Leishmania major-infected skin tissue displayed pH levels of 6.7 indicating that lesional pH is acidic. Next, we tested the effect of low extracellular pH on the ability of macrophages to produce leishmanicidal NO and to fight the protozoan parasite Leishmania major. Extracellular acidification led to a marked decrease in both NO production and leishmanicidal activity of lipopolysaccharide (LPS) and interferon γ (IFN-γ)-coactivated macrophages. This was not directly caused by a disruption of NOS2 expression, a shortage of reducing equivalents (NAPDH) or substrate (L-arginine), but by a direct, pH-mediated inhibition of NOS2 enzyme activity. Normalization of intracellular pH significantly increased NO production and antiparasitic activity of macrophages even in an acidic microenvironment. Overall, these findings indicate that low local tissue pH can curtail NO production and leishmanicidal activity of macrophages.




Keywords: pH, Leishmania, macrophages, NO, NOS2



Introduction

Immune responses in infected tissues are not only driven by inflammatory cytokines and mediators, but also by local ionic composition [reviewed in: (1)], metabolism (2–5), and oxygen availability [reviewed in: (6–8)]. Hypoxia is a hallmark of infected tissue [reviewed in: (6–9)]. It triggers anaerobic glycolysis which ultimately contributes to lactic acid production [reviewed in: (10, 11)]. Moreover, infection and inflammation can trigger excess metabolic breakdown of glucose to pyruvate, which surpasses the cell’s capability to fuel it into the mitochondrial respiration [reviewed in: (11, 12)]. Both factors ultimately contribute to accumulation of lactic acid and, thus, induce tissue acidosis [reviewed in: (10, 13)] and in case of systemic infection (sepsis), lactic acidosis [reviewed in: (11)].

The role of lactic acidosis especially in the diagnosis and treatment of septic patients has been studied intensively (reviewed in: [11, 14)]. The influence of local tissue pH, however, on antimicrobial immunity has received less attention. Therefore, to assess the role of an acidic microenvironment, we used a mouse model of cutaneous leishmaniasis, which is induced by the protozoan parasite Leishmania (L.) major (15–17). Control of L. major in this model critically depends on the ability of macrophages to produce high levels of leishmanicidal nitric oxide [NO; reviewed in: (18–20)]. The production of NO during cutaneous L. major infection not only ensures direct killing of the protozoan parasite [reviewed in: (21–23)], but NO also curtails the parasite’s metabolic activity (24) Moreover, NO impairs the recruitment of monocyte-derived phagocytes to the infectious lesions (25). This mechanism significantly contributes to antimicrobial control as recruited monocyte-derived phagocytes provide an important cellular niche that favor Leishmania replication (25–27).

Low extracellular pH levels can reportedly inhibit the activity of the enzyme NOS2 (28–30), which is required for NO production in macrophages. Therefore, we set out to quantify the pH levels in infected cutaneous Leishmania lesions and to assess the role of extracellular acidification on the ability of macrophages to fight intracellular Leishmania.



Materials and Methods


Reagents and Antibodies

Lipopolysaccharide (LPS) from Escherichia coli O111:B4, lactic acid (LA), sodium lactate (NaL), L-arginine hydrochloride (Arg-HCl), and L-arginine methyl ester dihydrochloride (Arg-ME) were purchased from Sigma Aldrich (Taufkirchen, Germany), whereas interferon γ (IFN-γ) and 1-[N-(2-aminoethyl)-N-(2-aminoethyl)amino] diazen-1-ium-1,2-iolate (DETA-NO) were obtained from Invitrogen (Darmstadt, Germany) and Cayman Chemical (Ann Harbor, MI), respectively. Hydrochloric acid (HCl) was purchased from Fisher Chemical (Schwerte, Germany). RPMI 1640, DMEM and PBS were purchased from Gibco (Darmstadt, Germany). Immunoblotting was carried out using the following antibodies: rabbit anti-Actin (A2066; Sigma Aldrich), mouse anti-HSP90α/β (sc-7947; Santa Cruz Biotechnology, Heidelberg, Germany), rabbit anti-NOS2 (ADI-KAS-NO001; Enzo Life Sciences, Lörrach, Germany) and mouse anti-Arginase 1 (sc-166920; Santa Cruz). Either swine anti-rabbit HRP (P0399, Dako, Hamburg, Germany) or goat anti-mouse HRP (P0447, Agilent) were used as secondary antibodies.



Cultivation of L. major

L. major promastigote strain MHOM/IL/81/FEBNI was propagated in RPMI 1640 (10% fetal calf serum) on Novy-MacNeal-Nicolle blood agar slants for a maximum of five passages and used as described earlier (31, 32). L. major promastigotes were collected from blood agar slants. After washing with phosphate-buffered saline (PBS), 3 x 106 parasites were used for infection. For in vitro infection of bone marrow-derived macrophages (BMDM), L. major were propagated in Schneider’s insect medium (Sigma Aldrich) for a maximum of five passages, washed with PBS and resuspended in RPMI microscopically 1640 complete medium.



In Vitro Infection of Macrophages

BMDM were generated from wildtype C57BL/6NCrl (Charles River Breeding Laboratories, Sulzfeld, Germany) as described earlier (33). Briefly, BMDM were harvested from Teflon bags (FT FEP 100 C; Dupont; purchased via APSOparts, Fellbach, Germany) and infected with L. major promastigotes with a multiplicity of infection of 30 for 4 h in RPMI 1640 medium, as described earlier (32). Thereafter, cells were washed with PBS and Leishmania-infected BMDM were costimulated with 20 ng/mL LPS/IFN-γ each (unless indicated otherwise) in the presence or absence of 10 mM LA in RPMI 1640 medium for indicated period of time. After 72 h, infected BMDM were stained with Diff-Quik (Eberhard Lehmann, Berlin, Germany) and analyzed for determination of the percentage of infected cells. Per high power field up to 34 cells were counted.



Immunoblotting

Preparation of cell lysates, extraction of proteins, and immunoblotting were carried out as described earlier (32, 34). Proteins were separated on TRIS-glycine gels (7.5% for NOS2 and 12% for Arginase 1) and transferred to PVDF membranes. Staining with appropriate primary and secondary antibodies was followed by signal visualization using the Chemo Star Imager (Intas Science Imaging Instruments, Göttingen, Germany). Densitometry of signals was done using ImageJ (Version 1.52a; Rasband, W., ImageJ, National Institutes of Health, USA, https://imagej.nih.gov/ij/).



Nitrite Production

Accumulation of nitrite in cell supernatants was quantified by the Griess reaction, as described earlier (32). In brief, supernatants of infected and/or stimulated BMDM were mixed with equal amounts of Griess reagent 1 (1% sulfonamide in 5% phosphorous acid) and Griess reagent 2 (0.1% N-1-naphtyletylenediamine in H2O). Sodium nitrite (Sigma) was used as standard. Absorbance was recorded at 540 nm using an iMark™ microplate absorbance reader (Bio-Rad, Feldkirchen, Germany).



Gene Expression Analysis

As described earlier (32), total RNA was extracted from stimulated cells after 24 h with TriFAST reagent (VWR International, Ismaning, Germany) and subjected to reverse transcription (high-capacity cDNA reverse transcription kit, Applied Biosystems, Darmstadt, Germany). Quantitative real-time PCR was performed on ABI Prism 7900 sequence detector (Applied Biosystems) using FastSTart Universal Probe Master (Rox) (Roche Diagnostics, Mannheim, Germany) and the following TaqMan probes: Hypoxanthine phosphoribosyltransferase 1 (Hprt1; Mm03024075_m1), Nos2 (Mm00440502_m1), and Arg1 (Mm00475988_m1). These probes were purchased from Applied Biosystems. The ΔΔcCT method was used for quantification. The ratio of target mRNA to control Hprt1 in non-stimulated (ns) specimen was set to 1.



NADPH/NADP+ Quantification

NADPH/NADP+-ratio was determined according to manufacturer’s instruction using the NADP/NADPH-Glo™ Assay (Promega GmbH, Walldorf, Germany) which allows for quantification of NADP/NADPH using a single-reagent. Briefly, BMDM were costimulated with LPS/IFNγ in absence or presence of lactic acid for 24 h and then mixed with NADP/NADPH-Glo™ reagent which quantifies NADP/NADPH in a single-step. Cells were incubated for 30 min at room temperature and luminescence was recorded on a Viktor3™ multilabel plate reader (PerkinElmer, Rodgau, Germany).



Arginine Quantification

BMDM were washed three times with PBS to remove remaining traces of cell culture medium. Then, 80% of cold aqueous methanol was added and samples were immediately frozen at −80°C. As described earlier for amino acid analysis (35), samples were thawed and 10 µL of an internal standard mix containing uniformly 13C- and 15N-labeled amino acids (MSK-CAA-1, Euriso-Top GmbH, Saarbrücken, Germany) and deuterated ornithine and deuterated hippuric acid were added. The samples were vortexed, and centrifuged at 9,560 x g for 5 min at 4°C. The supernatants were collected, followed by addition of 200 µL 80% methanol, vortexing and centrifugation to wash the pellets. The wash steps were repeated, but the samples were centrifuged at a higher speed (13,800 g). All supernatants were combined and dried in a vacuum evaporator (CombiDancer, Hettich AG, Bach, Switzerland) followed by reconstitution in 100 μL pure water. Amino acid analysis by HPLC-ESI-MS/MS (HPLC 1200 (Agilent, Waldbronn, Germany) with API 4000 QTRAP (AB SCIEX, Darmstadt, Germany) or ExionLC AD with Triple Quad 6500+, AB SCIEX) after derivatization with propyl chloroformate/propanol was performed using a 10 µL aliquot of the sample extract as described (36).

Intracellular amino acid amounts were normalized to total protein content, which was determined using an assay based on the fluorescent dye SERVA Purple (Serva, Heidelberg, Germany) as recently described (37). The relative arginine content was calculated in relation to the mean value of the LPS/IFN-γ costimulated cells of the respective experiment.



Recombinant NOS2 Enzyme Activity

For determination of recombinant NOS2 enzyme activity, 2 units of recombinant enzyme (Biomol, Hamburg, Germany) were incubated in appropriate buffer following the manufacturer’s protocol. In short, 50 mM HEPES (Carl Roth, Karlsruhe, Germany) and 1 mM magnesium acetate (Sigma Aldrich) were adjusted to pH 7.4 or 6.0 by addition of hydrochloric acid (Carl Roth). Prior to buffer use, 0.15 mM NADPH (Sigma Aldrich), 4.5 µM oxyhemoglobin (Sigma Aldrich), 18 µM tetrahydrobiopterin (Sigma Aldrich), and 180 µM dithiothreitol (Sigma Aldrich) were freshly added. 1 mM Arg-HCl (Sigma Aldrich) was also freshly added where indicated. After incubation at 37°C, nitrite accumulation was quantified at distinct time points between 1 h and 8.5 h using the Griess assay (32).



Measurement of Extracellular pH Levels In Vitro

pH levels in culture medium were measured non-invasively by using the PreSens technology (PreSens Precision Sensing GmbH, Regensburg, Germany), as described earlier (38). 0.5x106 BMDM were seeded in 24-well Hydrodish HD24 plates in 1 mL RPMI 1640 medium under cell culture conditions for the indicated period of time. pH levels were continuously monitored using the SDR SensorDish® Reader. Data were analyzed with SDR_v38 software package (Presens Precision Sensing GmbH, Regensburg, Germany).



Quantification of Intracellular pH in BMDM

Essentially, quantification of intracellular pH in BMDM followed an earlier published protocol (39). BMDM were incubated with indicated treatments for 24 h in RPMI 1640 medium. Afterwards, cells were loaded with 10 µM carboxy SNARF-1 AM acetate (Thermo Fisher Scientific, #C1272) in 1 mL Hank’s balanced salt solution (HBSS, containing 2 g/L NaHCO3) for 30 min and subsequently incubated with or without 10 mM lactic acid for 10 min in the presence or absence of increasing concentrations of Arg-HCl. For calibration curves, an intracellular pH calibration buffer kit (Thermo Fisher Scientific, #P35379) was used. In brief, BMDM were incubated with a mix of pH-controlled buffers and valinomycin/nigericin according to the manufacturer’s instructions. Intracellular pH was assessed by flow cytometry. In detail, pH-dependent spectral shifts of SNARF-1 were recorded and the ratios of the emission wavelength at λ1, transmitted by a 585/42 BP filter, to the wavelength at λ2, transmitted by a 670 LP filter were calculated, as described earlier (39). Treatment induced changes were delineated from the calibration curve, performed for each experiment. FlowJo software version 10.7.1 was used for data analysis.



Measurement of Lesional pH

All animal experiments followed a protocol that had been approved by the Animal Welfare Committee of the local governmental authority (Regierung von Unterfranken, Würzburg, Germany). Mice were infected subcutaneously with 3 x 106 stationary-phase L. major promastigotes (of low in vitro passage [≤ 5] in the right hind footpad in 50 µL PBS), as described earlier (32). 14 days post infection, mice were sacrificed and, immediately thereafter,  footpad pH was determined by a micro fiber optic pH meter with needle-type housed pH microsensors (20/0.4) using a manual micromanipulator (PreSens Precision Sensing GmbH) essentially as described earlier (38). After overnight calibration according to the manufacturer’s protocol, the microsensor was inserted 3 - 4 mm into the footpad and pH values were recorded over a period of 1 - 3 min after insertion of the pH sensor with the software pH1-View (PreSens Precision Sensing GmbH).



Statistical Analysis

Data is expressed as mean ± SEM (unless indicated otherwise). Statistical analysis was carried out using Prism v6.0 or v8.0 software (GraphPad). Outliers were identified using the ROUT test (Figures 4A, D). Comparing two groups, unpaired Student’s t-test ± Welch correction (if unequal variances were detected by the F-Test) was applied for datasets where the Kolmogorov-Smirnow test indicated normal distribution. Otherwise, the Mann-Whitney test was used. Multiple groups were tested either with Kruskal-Wallis test in combination with Dunn multiple-comparison test for not normally distributed data points or ANOVA followed by Bonferroni’s multiple-comparison test for normally distributed data. Unless indicated otherwise, p-values <0.05 were considered as significant.




Results


Leishmanial Skin Lesions Are Acidic

In our experimental setup, C57BL/6 mice usually develop a clear clinical lesion at day 14 after infection. At this point, the cutaneous lesion has reached its maximum or it barely enlarges thereafter, before it heals over several weeks (32, 40). Lesional pH was determined 14 days after infection with L. major in cutaneous lesions and contralateral uninfected healthy skin tissue. The pH of uninfected tissue was 7.1, while the pH of Leishmania-infected lesions dropped to 6.7, indicating that lesional pH is acidic (Figure 1A).




Figure 1 | pH levels found in L. major infected lesions can be simulated by addition of 10 mM lactic acid to LPS/IFN-γ-coactivated macrophages. (A) C57BL/6 mice were infected with L. major in their hind footpads. At day 14 post infection tissue pH (pHtissue) was determined in healthy and infected tissue (median, n = 4-7 animals from two independent experiments). *p < 0.05, Mann-Whitney test. (B) BMDM were stimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) for 24 h. Where indicated, cells were exposed to 10 mM lactic acid (LA). Determination of extracellular pH (pHex; mean + SEM, n = 3-5 from three independent experiments).



In vitro, addition of 10 mM lactic acid to LPS/IFN-γ-costimulated macrophages resulted in an immediate steep decrease in extracellular pH. Compared with LPS/IFN-γ-costimulated macrophages, pH remained lower in cells additionally treated with lactic acid throughout the 72 hour observation period. At 24 hours after the addition of lactic acid, this simulated quite well the situation in vivo. (Figure 1B).



Extracellular Acidification Impairs NO Production and Leishmanicidal Macrophage Activity

Macrophages play a critical role in fighting Leishmania [reviewed in: (20, 41)]. Therefore, we tested whether acidification of the extracellular microenvironment would influence the ability of LPS/IFN-γ-cotreated macrophages to produce leishmanicidal NO and to ward off Leishmania. Addition of 10 mM lactic acid to LPS/IFN-γ-costimulated macrophages curtailed their ability to produce NO (Figure 2A). Its sodium salt [sodium lactate (NaL)], in contrast, did not impact the release of NO from macrophages (Figure 2B). Extracellular acidification with hydrochloric acid (HCl) also impaired NO production of LPS/IFN-γ-coactivated macrophages (Figure 2C). Decreased NO release under acidic conditions was accompanied by a reduced ability of the macrophages to clear Leishmania (Figures 2D, E). Addition of NO donor 1-[N-(2-aminoethyl)-N-(2-aminoethyl)amino] diazen-1-ium-1,2-iolate (DETA-NO) restored not only NO levels (Figure 2F) but also leishmanicidal activity (Figure 2G) of activated macrophages exposed to 10 mM lactic acid.




Figure 2 | Low pH reduces NO production and impairs anti-leishmanial defenses of LPS/IFN-γ-coactivated macrophages. (A, B) BMDM were stimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) or left unstimulated (ns) for 24 - 72 h. Where indicated, 10 mM lactic acid (LA) or 10 mM sodium lactate (NaL) were added. (A) Nitrite levels were determined at indicated time points (means + SEM, n = 10-29 samples from at least four independent experiments; *p < 0.01, Student’s t-test + Welch correction or Mann-Whitney test). (B) Nitrite levels were determined at indicated time points (mean + SEM, n = 16-40 samples from ten independent experiments; *p <0.01, Mann-Whitney test). (C) As in (A), but cells were stimulated with 10 mM HCl for 24 h (means + SEM; n = 12-16 from at least two independent experiments; *p < 0.05, Student’s t-test or Mann-Whitney test). (D–G) BMDM were infected with L. major and costimulated with LPS (20ng/mL)/IFN-γ (20 ng/mL) or left unstimulated (ns) for 72 h. Where indicated cells were additionally exposed to 10 mM HCl or 10 mM LA and/or 25 µM DETA-NO (DETA). (D) Infection rate (mean + SEM, n = 29-30 high power fields from three independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test). (E) Infection rate (mean + SEM, n = 16 high power fields from two independent experiments; *p < 0.05, ANOVA with Bonferroni’s test). (F) Nitrite content of supernatants (mean + SEM, n = 14 from three independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test. (G) Infection rate (mean + SEM, n = 18 high power fields from three independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test).





Induction of Nos2 mRNA and Protein Expression Is Maintained Upon Exposure to Lactic Acid

Next, we wanted to elucidate the mechanism that underlies the reduced ability of macrophages to produce NO. Production of high-level NO in macrophages hinges on the ability of macrophages to induce the expression of the type 2 NO synthase (NOS2) [reviewed in: (19, 20)]. In contrast to only LPS-stimulated macrophages (28, 30), addition of lactic acid to LPS/IFN-γ-costimulated macrophages did not interfere with Nos2 expression at both the mRNA (Figure 3A) and protein (Figure 3B) level. From these findings we concluded that reduced NO production was not caused by impaired Nos2 expression.




Figure 3 | Induction of Nos2 on mRNA and protein level is preserved upon exposure to lactic acid in LPS/IFN-γ-coactivated macrophages. (A, B) BMDM were costimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) or left unstimulated (ns) for 24 h. Cells were treated with 10 mM lactic acid (LA), unless indicated otherwise. (A) Nos2 mRNA levels (mean + SEM, n = 14-15 samples from five independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test). (B) Left panel: NOS2 and Actin protein levels (representative out of six similar independent experiments). Right panel: Densitometry of NOS2 normalized to Actin protein levels after treatment with 10 mM LA (mean + SEM, n = 6 from six independent experiments; Student’s t-test).





NADPH- and L-Arginine Availability Do Not Explain Reduced NO Production of Acid-Exposed Macrophages

Alternatively, addition of lactic acid might affect the availability of L-arginine and NADPH, both of which are required for NO production by NOS2 [reviewed in: (42)]. Extracellular acidification increased the NADPH/NADP+-ratio compared to controls suggesting that reduced NO production is not due to lack of NADPH (Figure 4A). Acidic conditions can induce the expression of arginases (43) and, thereby, limit the availability of L-arginine. Here, addition of lactic acid to LPS/IFN-γ-costimulated macrophages led to a minor, non-significant increase in Arginase 1 (Arg1) expression at both the mRNA (Figure 4B) and protein levels (Figure 4C), which nonetheless resulted in a significantly reduced intracellular pool of L-arginine (Figure 4D). Next, we tested the impact of L-arginine shortage on NO release from activated macrophages exposed to acidic conditions. For that purpose, we used cell permeable L-arginine methyl ester dihydrochloride (Arg-ME) to replenish the intracellular L-arginine pool (Figure 4D). In contrast to Nω-nitro-L-arginine methyl ester hydrochloride [reviewed in: (44)], Arg-ME did not inhibit NO production (Figure 4E). Of note, addition of Arg-ME to infected macrophages did not restore NO production by LPS/IFN-γ-costimulated macrophages exposed to acidic conditions (Figure 4E). This suggests that the reduced L-arginine availability is not limiting NO production under acidic conditions.




Figure 4 | Lactic acid-induced changes in cosubstrate availability do not underlie impaired NO production in LPS/IFN-γ coactivated macrophages. (A–E) BMDM were costimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) or left untreated (ns) for 24 h. Cells were treated with 10 mM lactic acid (LA), unless indicated otherwise. (A) Relative NADPH/NADP+-ratio (mean + SEM, n = 11-12 from three independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test). (B) Arg1 mRNA levels (mean + SEM, n = 14-15 from five independent experiments; *p < 0.05, Kruskal-Wallis test and the Dunn post hoc test). (C) Left panel: Arginase 1 and HSP90 protein levels (representative of six similar independent experiments). Right panel: Densitometry of Arginase 1 normalized to HSP90 protein levels after treatment with 10 mM LA (mean + SEM, n = 6 from six independent experiments; Mann-Whitney test). (D) Relative L-arginine levels (mean + SEM, n = 9-28 from at least two independent experiments; *p < 0.05, Student’s t-test or Mann-Whitney test). (E) LPS/IFN-γ stimulated BMDM ± LA were treated with 10 mM L-arginine methyl ester dihydrochloride (Arg-ME) for 24 h. Nitrite accumulation in supernatants (mean + SEM, n = 16 from two independent experiments; *p < 0.05, Mann-Whitney test).





Low pH Levels Directly Inhibit Enzymatic NOS2 Activity

Extracellular acidification can trigger intracellular acidification (45). Therefore, we used the pH-sensitive dye SNARF-1 to monitor intracellular pH levels (46). In line with earlier findings in mouse dendritic cells (47), we found that coactivation of macrophages with LPS/IFN-γ resulted in a drop in intracellular pH (Figure 5A). More importantly, exposure of LPS/IFN-γ costimulated macrophages to acidic conditions resulted in a further significant decrease in intracellular pH (Figures 5A, B). Acidic pH is known to affect the activity of various enzymes [reviewed in: (48)] including NOS2 (29). Therefore, we tested whether the pH (pH 5.81 ± 0.19) encountered within LPS/IFN-γ-costimulated macrophages upon exposure to lactic acid (Figure 5A) was able to inhibit the enzymatic activity of recombinant NOS2 directly. These experiments showed that enzymatic NOS2 activity at pH 6.0 was substantially diminished compared to its activity at pH 7.4 (Figure 5C).




Figure 5 |  Exposure to lactic acid triggers low intracellular pH levels which directly impair NOS2 enzyme activity in LPS/IFN-γ coactivated macrophages (A) BMDM were costimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) or left unstimulated (ns) for 24 h. Where indicated, cells were treated with 10 mM lactic acid (LA). Determination of intracellular pH. Left panel: representative histograms out of four similar independent experiments upon exposure to calibration buffers (in grey), unstimulated (ns), 10 mM lactic acid (LA), and LPS/IFN-γ ± LA treated BMDM. Right panel: intracellular pH (mean + SEM, n = 4 samples from four independent experiments; *p < 0.05, Mann-Whitney test. (B) BMDM were costimulated with LPS (10 ng/mL)/IFN-γ (20 ng/mL) for 24 h. Where indicated, cells were treated with additional 10 mM hydrochloric acid (HCl). Determination of intracellular pH in percent of unstimulated (ns) cells (mean + SEM, n = 4 samples from four experiments; *p < 0.05, Mann-Whitney test). (C) In vitro activity of recombinant NOS2 at different pH values over time. Nitrite accumulation (mean + SEM, n = 9 from four independent experiments; *p < 0.05, Student’s t-test or Mann-Whitney test). (D) As in (A), but 1, 5 or 10 mM L-arginine monohydrochloride (Arg-HCl) were added where indicated. Left panel: histogram of LPS/IFN-γ ± LA stimulated BMDM cotreated with Arg-HCl (representative out of five similar independent experiments). Right panel: intracellular pH of LPS/IFN-γ ± LA stimulated BMDM exposed to 10 mM Arg-HCl (mean + SEM, n = 5 samples from five independent experiments; *p < 0.05, Student’s t-test). (E) As in (A), but 10 mM Arg-HCl was added, where indicated. Nitrite accumulation (mean + SEM, n = 29-38 from seven independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test or Mann-Whitney test). (F) BMDM were infected with L. major and costimulated with LPS (20 ng/mL)/IFN-γ (20 ng/mL) ± 10 mM Arg-HCl for 72 h. Infection rate (mean + SEM, n = 26 high power fields from five independent experiments; *p < 0.05, Kruskal-Wallis test and Dunn post hoc test).





Increasing Intracellular pH Restores Leishmanicidal Activity of Macrophages in an Acidic Microenvironment

Infusion of arginine hydrochloride (Arg-HCl) lowers extracellular pH in rats, but increases intracellular pH levels (49). In line with this, we found that Arg-HCl treatment significantly elevated the intracellular pH levels in LA-exposed macrophages in vitro (Figure 5D). This was accompanied by a significant increase in NO production (Figure 5E) and leishmanicidal activity (Figure 5F) of LPS/IFN-γ-cotreated macrophages exposed to lactic acid. Taken together, these findings demonstrate that normalization of intracellular pH is able to restore NO production and leishmanicidal macrophage activity in acidic microenvironments.




Discussion

In this report, we provide evidence that extracellular acidification resulted in direct inhibition of NOS2 enzyme activity and subsequent reduced production of leishmanicidal NO in macrophages, which ultimately impeded their antimicrobial activity. In addition to cancerous tissues [reviewed in: (50, 51)], increased proton concentrations and tissue acidosis are found in inflamed, infected, and ischemic tissues [reviewed in: (10, 13, 52)]. We reported earlier that Leishmania skin lesions displayed low oxygen levels when the skin lesions reached their maximum size around 14 days post infection (40). Our findings of low lesional tissue pH at day 14 after infection conforms with this, because low tissue oxygenation is paralleled by increased proton levels in afflicted tissues [reviewed in: (10, 11)]. Healing of Leishmania lesions was accompanied by normalization of tissue oxygenation (40). It is tempting to speculate that resolution of disease is associated with restoration of lesional pH to normal as well. The mechanisms that trigger low tissue pH warrant further investigation. For instance, following and extending earlier reasoning [reviewed in: (10)], it is possible that infection-associated cell death [reviewed in: (53)], infection-induced increases in glycolysis and metabolic reprogramming [reviewed in: (12)] and/or infection-triggered induction of low tissue oxygen [reviewed in: (6)] contribute to low tissue pH.

Increases in extracellular proton concentrations are able to impact the function of immune cells [reviewed in: (54, 55)]. For instance, acidic microenvironments are able to activate immature dendritic cells (56) and to promote the phagocytic capacity of neutrophils (57). Moreover, acidosis can trigger inflammasome activation in human macrophages (58). Acidic conditions can increase the production of interleukin-1β by murine macrophages in response to Pseudomonas aeruginosa infection (59). Based on these findings, extracellular acidosis has been proposed as a “danger signal” (58).

In tumor environments, low pH potentiates the immunosuppressive function of macrophages and thereby promotes tumor growth (43, 60). Although many antimicrobial peptides require low pH for their optimal activity [reviewed in: (61)], to the best of our knowledge, data on the impact of low pH on antimicrobial macrophage activity is limited. Extracellular acidosis reportedly enhances Zika virus replication in various cells including human monocytes (62). Enhanced viral replication in this study was linked to increased viral attachment to heparan sulphate, which is expressed on the surface of host cells (62). In a porcine model of cystic fibrosis, airway surface liquid was more acidic compared to healthy lungs (63). This pH reduction in the airway surface liquid inhibited the antimicrobial activity (63). Interestingly, the airway mucosal microenvironment undergoes large excursions in pH during breathing (64). Transient alkalinization seems to be important for host defense (64).

Here, we demonstrate that increases in extracellular protons curtail LPS/IFN-γ-triggered NO production, which is critical for anti-leishmanial control in macrophages (21–23). Our findings are in line with others who have found decreased NO production in macrophages (28) and mesangial cells (29) cultivated under acidic conditions. However, the opposite observation of increased NO production by macrophages upon exposure to increased extracellular proton availability has also been reported (30, 65). A comprehensive model that reconciles these disparate findings into a unified concept does not exist yet. Differences in the experimental setup might explain the divergent findings. For instance, using HCl to adjust pH, exposure of the LPS-stimulated mouse macrophage-like cell line RAW 264.7 to mild acidic conditions increased NO release, while harsh acidic conditions resulted in suppressed NO production (30). Of note, in the same study lactic acid inhibited NO production in a dose dependent manner (30). In this situation, reduced NO production upon exposure to acidic conditions was correlated with impaired binding of the nuclear factor (NF)-κB to DNA and reduced Nos2 expression (30). In line with this, acidic conditions are able to impair Nos2 gene expression in renal kidney cells directly (66). When we compared cells costimulated with LPS and IFN-γ and tested the impact of increased proton concentrations on the expression of Nos2, we did not detect a significant difference. This suggests that in our experimental setup transcriptional regulation of Nos2 was not linked to a decrease in NO production. It is possible that costimulation with LPS and IFN-γ overrode the effect of low pH on NF-κB-dependent transcriptional responses in cells which were only stimulated with LPS.

Further, our experimental data does not suggest that the sole lack of L-arginine and/or NADPH/H+ caused the observed decrease in NO production by LPS/IFN-γ-costimulated macrophages exposed to lactic acid. Rather, intracellular acidification impairs enzymatic activity of NOS2 directly. This notion is supported by at least partial rescue of both, NO production and leishmanicidal activity in macrophages upon treatment with arginine hydrochloride, which was paralleled by a partial normalization of intracellular pH. This very much recapitulates earlier findings in mesangial cells, where low pH levels directly interfered with NOS2 enzyme activity (29). Intracellular acidification has also been shown to impair superoxide and hydrogen peroxide production of neutrophils, which could further diminish antimicrobial control and support microbial proliferation (67).

Since administration of bicarbonate promoted cancer immunotherapy (68, 69), buffering might represent a strategy to reduce the suppressive effects of acidification on immune cell activation and, ultimately, on their antimicrobial potential. In the case of Leishmania infection, it is tempting to speculate that buffering might increase local NO production in leishmanial lesions. This could enhance direct leishmanicidal activity (22) and, in addition, might inhibit the excess influx of mononuclear cells, which in turn serve as cellular niches for Leishmania replication (25). Whether bicarbonate and/or Arg-HCl treatment are useful for this purpose will require additional experimentation, which, for instance, may include monitoring of lesional pH, tissue NO levels and parasite burden.

In addition, the mechanisms that facilitate entry of protons into macrophages that ultimately result in intracellular acidosis are unclear and warrant further investigation. For instance, the transient receptor potential cation channel subfamily V member (TRPV) 1 is able to sense increased availability of protons and to increase proton concentrations in neurons (70). TRPV1 is also expressed on macrophages (71). Moreover, other transporters, channels, and exchangers such as Na+/H+ exchangers or monocarboxylate transporters (39, 47, 72–75) may play a role as well. Finally, the cellular mechanism that results in at least partial normalization of intracellular pH by addition of Arg-HCl is unclear and warrants further investigation.

In summary, our findings demonstrate that leishmanial lesions displayed low pH and that acidic conditions impaired the leishmanicidal activity of macrophages via inhibition of NOS2 enzyme activity. Of note, normalization of the intracellular pH largely restored NO production and leishmanicidal activity even in an acidic microenvironment.
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Natural aging
In INK-ATTAC mice

Natural aging p16-
3MR mice and fast
aging

Xpd TTD/TTD mice

Nephrogenesis

uuo

Renal IRI

Renal IRI

Diabetic
Nephropathy

Renal Transplant

Senescent cell
transplant (young
and older mice)
Diabetic Kidney
Disease (Human)

Modulation of Senescence

INK-ATTAC +AP20187 or
vehicle administration

to deplete p16™“42+ cells
FOXO4-DRI agent causes
P53 nuclear exclusion.
Ganciclovir Rx to p16-3MR
mice causes p16™424+
restricted cell death

WT vs

P219P" KO mice with
deficient growth arrest in
nephrogenesis

WT vs p16™“@ KO mice with
impaired cell cycle arrest
WT vs P21°P" KO mice with
impaired cell cycle arrest

WT vs p16™43/p19~7F
Double KO mice with
impaired cell cycle arrest
WT vs p21PT KO

WT vs p274°" KO

p16™42 KO mice with
impaired cell cycle arrest
Dasatinib and Quercetin (D
+Q) - senolytic administration

Dasatinib and Quercetin (D
+Q) - senolytic administration

Outcome

1Glomerulosclerosis
1 B-gal positivity

1Serum Urea

ILmnb1 expression
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(both Xpd ™™ and aged p16-3MR)

1 B-gal positivity in P21°®" KO mice utero.
1Ki67 expression but tApoptosis maintains
development

UUO induces B-gal positivity, apoptosis, and
collagen deposition in WT mice

WT mice show tubular injury and raised blood
urea levels after IRI

WT mice show marked p16™“2 and p19"**
induction 28d after IRI, with apoptosis and
reduced tubular density

WT mice develop albuminuria and glomerular
hypertrophy

WT mice develop interstitial fibrosis and
tubular atrophy

1 Frailty

1 Mortality

1 Senescent burden

1 1 Probability of end-stage kidney failure
1 Senescent burden

Effect of Any Intervention

IGlomerulosclerosis
1B-gal positivity

FOXO4-DRI or GCV to p16-3MR admin:
1Serum Urea

fLmnb1 expression

ISASP expression

(both Xpd ™™™ and aged p16-3MR)

Use of PI3K inhibitor augments developmental
senescence in WT mice

| B-gal positivity |Apoptosis

1Collagen, tproliferation after UUO in p16™“2 KO
tproliferation

1Renal function

tMortality in P219"" KO

p16™42 and p19°°* deficient mice show improved
epithelial and microvascular repair, with increased
myeloid cell recruitment

Both p27*P! KO and p21°°! KO mice were
protected from proteinuria and glomerular
expansion

p16™“a KO mice develop less atrophy and fibrosis
after Tx

1In frailty-related + pro-inflammatory cytokines (IL-6,
IL-8, CCL2, PAI-1, GM-CSF)

1 Survival

1 p16™K4 and p21°P1 positive cells

1 SASP (IL-1at, IL-2, IL-6, IL-9, MMP-2, MMP-9,
MMP-12)

| CD68* macrophages

Transgenic and genetic knockout mice have been used to study the impact of 1) deficiencies in the induction of senescence or 2) depletion of established senescent cells. Several of these
models are summarized in this table, with description of the experimental model of renal disease used, the alteration in senescence induction employed and any alterations in renal disease
outcomes. TTD/TTD, trichothiodystrophy/trichothiodystrophy; GCV, ganciclovir; WT, wild-type; KO, knock-out; UUO, unilateral ureteric obstruction; IRI, ischemia-reperfusion injury; Tx,
Transplant; PAI-1, plasminogen activator inhibitor-1; GM-CSF, granulocyte macrophage colony-stimulating factor; IL-, Interfeukin-; MMP-, Matrix Metalloprotease. Adapted with
permission (160).
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